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Part I
Medicine: Nanomedicine



Potential and Challenges of Graphene
in Medicine

Marta Skoda, Ilona Dudek and Dariusz Szukiewicz

Abstract Graphene due to its excellent properties has attracted the great attention
in the area of nanomedicine. Due to the high surface area and capability of bio-
functionalization graphene provides an efficient platform for drug and gene deliv-
ery. Many studies indicate that graphene is an attractive tool for cancer diagnosis
and therapy, allowing the improvement of already existing techniques by providing
more precision and effectiveness in cancer treatment and also by reducing sec-
ondary side effects. Furthermore, graphene is able to induce tissue-specific induc-
tive capabilities which are desirable in tissue engineering and its high
biocompatiblity makes it very suitable for the growth and maintenence of adherent
cells. In vitro studies show that graphene promotes stem cell growth and differ-
entiation which makes it a valuable nanomaterial in regenerative medicine.
However, because of the variety of different forms of graphene and different
methods of synthesis, the existing findings regarding graphene toxicity and bio-
logical interactions are ambiguous and sometimes even contradictory. The incon-
sistency of available data and the lack of sufficient information make it hard to fully
assess the suitability of graphene as a biomaterial or nanocarrier. Indeed, more
systematic and standarized research procedures in graphene production are
required. In this chapter we will focus on the possible applications of
graphene-based materials in numerous areas of medicine such as cancer therapy,
drug and gene delivery, tissue engineering and bioimaging.
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1 Introduction

Nanotechnology provides an essential improvement in many areas of science
ranging from molecular physics to medicine. The medical applications of
nano-technology provide a wide range of new strategies useful in diagnosis,
treatment, and disease prevention. The discovery of graphene, a two-dimensional
crystal composed of carbon atoms arranged in a single-layer structure, triggered a
multidisciplinary research in many areas of science. Because of its unique prop-
erties such as chemical inertness, electrical conductivity, high flexibility, and ability
to adapt to different surfaces, graphene has enabled a wide application potential in
biomedicine [1]. However, many of currently existing systems still lack stability,
specificity, or induce cytotoxicity which reduces their efficacy. In the last few years,
an unlimited potential application of graphene was extensively explored. Graphene
family nanostructures provide new application opportunities in medicine (Fig. 1).
Indeed, they have been extensively explored in tissue engineering, drug and gene
delivery nanoplatforms, and as bioimaging agents due to their unique structure and
ability to interact with living cells and tissues. Numerous studies have proved
graphene as a promising biomaterial with the potential to replace and improve
existing ones. However, some concerns remain relatively to the potential toxic
effects of graphene-based materials. The biocompatibility studies performed until
now showed very divergent results, which do not allow to obtain clear evidences
regarding the safe use of graphene derivatives in the human body.

Fig. 1 Possible applications of graphene-based nanomaterials in medicine

4 M. Skoda et al.



1.1 Graphene Nanomaterials Biocompatibility

Graphene is composed of sp2-hybridized carbon atoms arranged in monolayer with
large flat surface (2630 m2/g) [2]. The planar structure of graphene is susceptible to
participate in many reactions and surface modifications allowing attachment of
various chemical compounds in high concentrations via chemical bonding, elec-
trostatic interactions, or physisorption. However, graphene functionalization
required for specific applications slightly changes its properties. The bending
rigidity of single-layered graphene equals 1.44 eV (2.31 � 10−19 N m) which
resembles the values of lipid cell bilayer (1–2 eV) and makes graphene suitable for
many biological applications [3]. Most of the nanovector systems enter into the
cells by endocytosis and release the drug into the endosomal compartment. The
physical interactions of graphene with the cell membranes are one of the major
causes the cytotoxicity of graphene family materials [4]. Due to the 2D structure
and specific surface area, graphene can interact with different organic molecules and
even pass through the cell membranes without damaging it. Inside the cells, one
graphene derivative, graphene oxide (GO), can be surrounded by endosome-like
structures or can accumulate in the cytoplasm which suggest a combination of
active and passive mechanisms involved in the GO uptake [5]. However, the precise
uptake mechanisms are not fully recognized and precise questions concerning
nonspecific interactions of cell membrane with nanoparticles still remain to be
answered. The Langmuir monolayer technique used to understand the relation
between GO and lipid models showed that they are governed by electrostatic
interactions. GO can be incorporated only into the monolayer of positively charged
lipids, but not into negatively and neutrally charged phospholipids present in the
cell membranes. GO enters the cells through the membrane rather than by elec-
trostatic interactions [6].

Graphene influences the processes occurring on the cell surface including cel-
lular transport or polarization. Hydrophobic forms of pristine graphene interact with
the cell membrane lipids, while the other forms may bond to the cell receptors and
modify the cell metabolism, inhibit nutrient supply, and induce oxidative stress or
cell death [7]. The interactions of GO with the cells may lead to excessive ROS
generation, which is the first step in the mechanisms of aging or cancerogenesis.
More dangerous are direct interactions of graphene with cell genetic material based
on DNA intercalations indicating mutagenic potential [8, 9]. Reduced graphene
oxide (rGO) has high affinity to the cell membranes and the irregular and sharp
edges may affect their integrity and activate mitochondrial pathways causing
apoptosis [10].

The cytotoxicity of graphene depends on its size, shape, or surface coating which
determines the interactions with the cell membranes, intracellular uptake, and
clearance pathways. In a comparative study, large, small, and very small GO sheets
differed in the behavior toward the examined cells. The smaller particles are more
cytotoxic than bigger ones and cause apoptosis by the direct cellular membrane
damage (Fig. 2) [5]. GO, as an amphiphilic molecule, contains both free surface p
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electrons from unmodified areas of graphene capable for noncovalent functional-
ization and negatively charged groups which provide colloidal stability allowing
weak interactions, hydrogen bonding, and other various reactions [11]. These
characteristics can be exploited while designing high loading graphene nanocarri-
ers. The surface functionalization of nanomaterials is crucial for their biocompat-
ibility and controlled behavior. Electrostatic interactions between modified carbon
surface and cell phospholipid bilayer may facilitate the transmembrane drug
delivery [11].

Graphene biocompatibility and solubility can be improved by several surface
modifications. However, additional coatings change the graphene properties and
influence the interactions with the cells. One of the most frequently used polymers
for graphene surface functionalization is poly(ethylene glycol) (PEG). PEG coating
provides good dispersibility, enhances photothermal effect, helps GO to avoid
macrophage recognition, and does not cause hemolysis [12]. The comparison of GO
samples engineered with PEG, poly(ether imide) (PEI), and bovine serum albumin
(BSA) demonstrated different mechanisms of macrophage endocytosis. Positively
charged GO-PEI favored membrane binding and endocytosis, amphiphilic BSA
restricted cell interactions, while negatively charged GO-PEG complexes hindered
endocytosis almost completely. Additionally, GO-PEI with a high positive zeta
potential appeared to be the most harmful to macrophages, whereas PEGylated GO
with more neutral potential had a negligible impact on the cell viability [13].
Polyethylene glycol-grafted GO had no influence on mice survival after intravenous
administration and improved the delivery of tested drugs (Fig. 3) [14].

Fig. 2 TEM images of human monocyte-derived macrophages (hMDM) (a) and primary murine
intraperitoneal macrophages (mIPM) (b) incubated with 0 h-GO, 2 h-GO, and 26 h-GO
(50 lg ml−1) for 24 h. Pictures at the bottom consist of the enlargement of the dotted areas
identified in the respective images at the top. Black dotted arrows indicate cellular membrane;
black arrows indicate vesicles; N nucleus. Scale bars correspond to 2 lm (top line) and 500 nm
(bottom line), respectively. Reproduced from Russier et al. [5] with permissions, Copyright 2013,
Royal Society of Chemistry
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The use of graphene for biomedical applications requires systematic investiga-
tions regarding its toxicity and biocompatibility. The influence of graphene and GO
on the immune system depends not only on the shape, chemical composition, and
method of synthesis but also on the route of administration (e.g., intravenous, nasal)
[15]. The interactions with blood are especially important while introducing gra-
phene intravenously in case of cancer treatment or in the contact with blood and

Fig. 3 In vivo
biodistribution of pGO
nanophysisorplexes.
SCC7-bearing mice were
systemically treated with
pGO, free Ce6, Ce6/pGO, or
with Ce6/Dox/pGO (Ce6
10 mg/kg and Dox 5 mg/kg).
After 1 h (a), 24 h (b), and
48 h (c), the in vivo
distributions of Ce6
fluorescence were visualized
using a molecular imaging
system. d Optical images are
provided for location of
tumors. e Relative photon
counts of tumor sites in
comparison with untreated
group were quantitated at 48
post-dose by in vivo imaging
system. *Significantly higher
(p < 0.05) compared to the
other groups (assessed by
ANOVA and the Student–
Newman–Keuls test).
Reproduced from Miao et al.
[14] with permissions,
Copyright 2013, Elsevier
Limited
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material surface. The research showed that both pristine and functionalized gra-
phene possess anticoagulation properties and do not cause red blood cell hemolysis.
However, they induced the production of proinflammatory cytokines in murine
macrophages without the influence on lymphocyte proliferation. Graphene func-
tionalization reduced toxicity of pristine samples and allowed the entrance inside
the cells [16]. Pristine graphene flakes stay close to the cell membranes, hinder the
uptake of nutrients, and interact with surface channels and molecules causing
excessive ROS generation. Another study has confirmed high cytotoxicity of
GO-PEI conjugates concerned with lymphocyte membrane damage resulting in
apoptosis [17].

Toxicity of graphene is desirable when used against cancer cells but not in case
of surrounding healthy tissue. Pristine graphene can induce cytotoxicity and trigger
apoptosis in murine macrophages through the reduction of the mitochondrial
membrane potential and intracellular ROS generation [18]. However, both graphene
and GO can effectively inhibit cancer cell metastasis by the influence on mito-
chondrial respiration [19]. Additionally, graphene can directly interact with dif-
ferent genes encoding important proteins and enzymes. The difference in the
structure of rGO and GO makes rGO more powerful to penetrate cell compartments
and directly interacts with the nuclear DNA resulting in genotoxic effects [20]. The
influence of graphene on the immune system is still at a very early stage of
investigation together with the activation of specific immunological response
molecules [17]. Pristine graphene in sub-cytotoxic concentrations stimulates the
production of proinflammatory cytokines in macrophages through TLR-mediated
and NF-jB-dependent transcription [21]. Similarly, GO alone or with PVP coating
increased the production of NF-a, IL-1b, and IL-6 in dendritic cells (DCs) [22].
Despite of the great interest of the use of graphene-based nanomaterials in cancer
treatment there is still too little data concerning graphene immunity. Further
research should be considered, especially concerning graphene biodegradation and
the fate in human organisms.

2 Graphene Nanoplatforms for Drug Delivery

The majority of the research concerning cancer treatment (73 %) focuses on the
drug and gene delivery systems. Graphene nanoparticles are the perfect candidates
for these applications because of the good biocompatibility, extremely large surface
area, and high loading capacity compared with existing systems [23]. Among the
most popular nanomaterials used in biological systems there are relatively inert
gold, silver or iron covered nanoparticles, amphiphilic polymers and nanoliposomes
with the central hydrophobic region, dendrimers, carbon nanotubes, fullerenes,
carbon bullets, and recently graphene nanomaterials with the flat surface prone for
the modification [24]. In the last few years an unlimited potential of GO was
extensively explored which can be confirmed by a growing number of publications
regarding its recent applications in drug delivery (Fig. 4).
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Nanoscience gives the possibility to create multifunctional drugs able to recog-
nize and exterminate cancer cells. Specially designed nanoparticle systems loaded or
bound to anti-cancer drugs can enhance the delivery and intracellular accumulation
of desired substances in selected organs or tissues. The drugs can be protected from
the enzyme degradation and released from nanoplatforms in a controlled manner,
under appropriate pH or temperature [23]. For the first time in 2005, the U.S. Food
and Drug Administration (FDA) approved Abraxane® as a novel nanosystem
solution for more effective treatment option for patients with metastatic breast
cancer. It is a combination of paclitaxel and albumin particles which facilitate
intratumor drug accumulation and allow to overcome the solvent-related problems.
The FDA is currently reviewing 130 similar nanoparticles with various drugs for
more precise biodistribution and cancer treatment [25]. Different graphene-based
materials have been designed in order to eliminate undesirable side effects such as
toxicity or immunogenicity, to achieve maximum efficacy and to improve drug
pharmacokinetics and pharmacodynamics [26, 27]. Additionally, graphene-based
nanomaterials functionalized with known biopolymers can be successfully loaded
with several drugs and used for even more precise targeted cancer therapies
(Tables 1, 2). Poorly soluble substances can be conjugated with graphene and its
derivatives to increase their solubility and stability without losing their efficiency.

Among all the graphene family members, GO possesses the highest drug loading
capacity and a number of advantages. GO can be successfully bound with dox-
orubicin (DOX), widely used anti-cancer drug, as an intracellular cytosolic delivery
system [28]. The administration of DOX immobilized on GO surface through p-p
interactions bypasses cellular barriers and allows the direct drug release in appro-
priate acidic pH around the cancer [29]. Additionally, the proper surface coating of
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Fig. 4 The growing number of scientific publication regarding GO as a drug delivery system.
Data based on ScienceDirect statistics
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Table 1 Graphene-based in vitro models for drug delivery

Nanohybrid Drug Target cells

PF127-GN (pluronic
F127-graphene nanosheets)

Doxorubicin (DOX) MCF-7 [105]

FA-CD-GO (folic acid-modified
b-cyclodextrin)

Doxorubicin (DOX) HeLa [106]

NGO-HDex Doxorubicin (DOX) MCF-7 [107]

HA-GO (hyaluronic acid) Doxorubicin (DOX) HepG2 [108]

PEG-BPEI-rGO Doxorubicin (DOX) PC-3 [109]

GO@Ag (Asn-Gly-Arg peptide
motif)

Doxorubicin (DOX) MCF-7 [110]

GO-DTPA-Gd
(diethylenetriaminepentaacetic
acid-gadolinium)

Doxorubicin (DOX) HepG2 [26]

MGMSPI (magnetic
graphene-mesoporous silica)

Doxorubicin (DOX) U251 [64]

PEG-GO/CuS Doxorubicin (DOX) HeLa [111]

CGN (rGO-chitosan) Doxorubicin (DOX) TRAMP-C1 [112]

GO-SiO2 microspheres Doxorubicin (DOX) HepG2 [63]

NGO-PEI-Ag Doxorubicin (DOX) HeLa [113]

GON-Cy-ALG-PEG Doxorubicin (DOX) HepG2 [114]

MSP-BA-GOF (mesoporous
silica-broic acid-folate GO)

Doxorubicin (DOX) HeLa [115]

RGD-RC-GO (cyclic
RGD-modified chitosan)

Doxorubicin (DOX) Bel-7402, SMMC-7721,
HepG2 [64]

rNGO@mSiO2@pNIPAM-co-
pAAm (mesoporous silica shell)

Doxorubicin (DOX) HeLa [116]

GIAN
(graphene-isolated-Au-nanocrystal)

Doxorubicin (DOX) MCF-7 [117]

MGMSPI (mesoporous silica
coating)

Doxorubicin (DOX) U251 [64]

CHA-rGO (cholesteryl hyaluronic
acid)

Doxorubicin (DOX) HeLa [118]

nGO-PEG Doxorubicin (DOX) EMT6 [32]

FA-NGO-PVP Doxorubicin (DOX) HeLa, A549 [119]

FA-nGO (folic acid) Doxorubicin (DOX),
Camptothecin (CPT)

MCF-7 [120]

rGO-PEI-FA Elsinochrome A (EA)/
Doxorubicin (DOX)

CBRH7919 [121]

GO Adriamycin (ADR) MCF-7 [122]

PPG (polyethylenimine/poly
(sodium 4-styrenesulfonates))/GO)

Adriamycin (ADR) MCF-7 [123]

(continued)
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GO with chitosan, a naturally occurring polysaccharide, helps to eliminate GO
hemolytic activity. Chitosan-GO complexes possess high loading capacity for
water-insoluble anticancer drug, camptothecin (CPT) [30]. To fully utilize the
properties of GO and avoid possible limitations some other efficient methods have
been used. GO was successfully functionalized with various highly biocompatible
substances such as PEG, BSA, dextran (DEX), or poly(amidoamine) (PAMAM)
dendrimer [12]. PEG has been approved by the FDA for the human use as a
non-toxic polymer easily eliminated from organism. PEG in conjugation with GO
provides good dispersibility and prevents the macrophage uptake [12]. For the first
time, in 2008 Liu and coworkers synthesized PEGylated GO conjugated with
water-insoluble aromatic molecule SN38 which is a camptothecin (CPT) analog.
They presented an ultrasmall SN38 drug molecule complex with graphene as a
potential colon cancer treatment [31]. Zhang et al. demonstrated an effective drug
delivery system composed of polyethylenimine (PEI)-functionalized GO (PEI-GO)

Table 1 (continued)

Nanohybrid Drug Target cells

GO-CD-HAADA (hyaluronated
adamantine)

Camptothecin (CPT) MDA-MB-231 [124]

GO-CS (chitosan) Camptothecin (CPT) HepG2 [30]

FA-PEG-Pep-GO Camptothecin (CPT),
Curcumin (CUR),
Evodiamine (EVO), Silbin
(SIL)

HeLa, A549, HUVEC
[125]

GO-PEG Paclitaxel (PTX) A549, MCF-7 [126]

GO-IO Anastrozole (ANS) MCF-7 [127]

Gn Gambogic acid (GA) MCF-7, Panc-1 [128]

GO-F38 (pluronic F38), GO-T80
(Tween 80), GO-MD
(maltodextrin)

Ellagic acid (EA) MCF-7, HT29 [129]

GO, DGO, GQD Curcumin (CUR) HCT 116 [130]

G@C-folate Curcumin, Paclitaxol,
Camptothecin, Doxorubicin

HeLa [131]

GR-PY+-Chol Tamoxifen Citrate (TmC) A549, HeLa, HepG2,
NIH3T3, MCF-7,
MDA-MB231 [132]

Fe3O4-rGO b-lapachone (b-lap) MCF-7 [133]

Fe3O4-GN (MGNs) 5-fluorouracil (5-FU) HepG2 [134]

GO-PAA (polyacrylic acid) BCNU (1,3-bis
(2-chloroethyl)-1-nitroso
urea)

GL261 [135]
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with high effectiveness in chemotherapy [32]. However, studies on
surface-engineered graphene nanomaterials revealed that GO-PEI conjugates tend
to interact with mitochondria and change the membrane potential followed by
intracellular ROS generation and cytochrome C release [33]. On the other hand,
Kim and colleagues successfully synthesized biocompatible nanotemplate com-
posed of reduced GO covalently conjugated with both branched polyethylenimine
(BPEI) and PEG for the direct release of DOX into the cancer cells by endosomal
disruption triggered by photothermal stimulation [34] (Fig. 5). Doxorubicin
hydrochloride (DXR) was also applied on the nanohybrid formed by a chemical
deposition of Fe3O4 particles on GO surface [35]. Soluble GO-Fe3O4-DXR com-
plexes accumulate in acidic environment, move in the magnetic field, and hence
they can serve as a candidate for pH-triggered targeted therapy [35, 36]. An out-
standing property of gold nanoparticles has been used for graphene functionaliza-
tion which resulted in drug delivery platform with near-infrared thermal properties
useful in cancer treatment [37]. Similarly, the combination of PEG-GO nanohybrid
with CuS particles grafted on its surface exhibited pH-dependent drug release
enhanced additionally by NIR laser irradiation [38].

Graphene-based materials have been extensible explored as a bioplatform for
multiple drug conjugations, including doxorubicin (DOX) camptothecin, rituxan,

Table 2 Graphene-based in vivo models for drug delivery

Nanohybrid Drug Target cells

HA-GO (hyaluronic
acid)

Doxorubicin (DOX) H22 hepatic cancer
cell-bearing mice [108]

GO, DGO, GQD Curcumin (CUR) HCT tumor-bearing
mice [130]

GO@Ag-NGR
(Asn-Gly-Arg peptide
motif)

Doxorubicin (DOX) S180 tumor-bearing
mice [110]

PEG-GO/CuS Doxorubicin (DOX) HeLa cell-bearing
mice [38]

GO Cisplatin (CDDP) CT26 colon
tumor-bearing mice
[136]

nGO-PEG Doxorubicin (DOX) EMT6 cell-bearing
mice [32]

HA-GO/pluronic Mitoxantrone (MIT) MCF-7 cell-bearing
mice [137]

FA-PEG-Pep-GO Camptothecin (CPT), Curcumin (CUR),
Evodiamine (EVO), Silbin (SIL)

HeLa tumor-bearing
mice [125]

Tf-PEG-GO
(transferrin)

Doxorubicin (DOX) C6 glioma-bearing rats
[23]

rGO-CHA (cholesteryl
hyaluronic acid)

Doxorubicin (DOX) KB tumor-bearing
mice [14]
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cisplatin, adriamycin, paclitaxel, and many more [24]. Tables 1 and 2 present some
already existing graphene-based nanosystems used both in in vitro and in vivo
models which prove their efficacy in cancer treatment. Graphene nanohybrids allow

Fig. 5 NIR-responsive DOX release from PEG-BPEI-rGO in vitro. Flow cytometry histogram
profile of recovered DOX fluorescence from PEG-BPEI-rGO/DOX complexes (a) and free DOX
fluorescence (b) in PC-3 cells upon different NIR irradiation times. c Confocal microscopic images
in PC-3 cells treated with PEG-BPEI-rGO/DOX complexes in the dark (top) and under NIR
irradiation (bottom) after various incubation times (3, 6, 12 h). Nuclei were stained with DAPI
(blue), DOX has specific light emission (red). Reproduced from Kim et al. [34] with permissions,
Copyright 2013, American Chemical Society

Potential and Challenges of Graphene in Medicine 13



to reduce the dose needed for the treatment and make it possible to use some of the
drugs that would not otherwise be applied independently. The conjugation of drugs
with graphene enhances their cellular uptake and inhibits the proliferation of cancer
cells [12]. The unique graphene surface not only allows the conjugation of multiple
drugs but also of different proteins, RNA, DNA, antibiotics, or other nanoparticles.
The possibility of graphene functionalization together with the reduced cytotoxicity
offers endless possibilities in biomedical applications including diagnosis and
treatment of infectious diseases and cardiovascular or neurodegenerative disorders.

3 Graphene Nanoplatforms for Gene Delivery

The evolution of nanomedicine and molecular biology has led to the development of
new alternative and novel therapies associated with the targeted drug delivery or
other therapeutic molecules including genes locally administered at the site of disease
pathology. Gene therapy can be used not only to treat cancer but also in other
conditions which results from the presence of defective genes. There are two main
approaches that can be utilized in gene therapy, transduction, and transfection.
Transduction mediated by viral vectors is highly efficient but presents some safety
concerns. Non-viral transfection involves plasmids carrying the transgene or
liposome-entrapped plasmids, which facilitates the entry of the transgene into the
cell. Nucleic acids due to their hydrophilic properties and size cannot pass directly
through the cell membranes. The role of gene vectors is to allow the cellular uptake
and protect DNA or RNA from nucleases [39]. To overcome the safety problems
related to viral vectors the chemical approaches for the gene delivery have been
developed. Currently used non-viral gene vectors include lipids, polymers, or
nanomaterials (gold and silica nanoparticles), which interact with the plasmid DNA
and form nanocarriers able to pass through the cell membranes [40]. However, most
of these systems present several drawbacks concerning aggregation, low solubility,
or immunogenicity. To increase the transfer efficiency and minimize the toxicity of
chemical reagents many modifications of these vectors have been established. The
development of nanotechnology and growing interest in graphene gave the possi-
bility to apply it as an efficient delivery system. Despite of good biocompatibility,
low toxicity, and production on a large scale in a cost effective manner, GO provides
an effective immobilizing agent for chemical drugs and nucleic acids [23]. Lu et al.
demonstrated fast absorption of single-stranded DNA (ssDNA) on GO at room
temperature but low binding affinity toward double-stranded DNA (dsDNA) mole-
cules [41]. The graphene-based nanomaterials, thanks to the large surface area, high
loading capacity, and the possibility of surface modifications, allow to create an
efficient nanocarriers widely used for gene therapy. Zang and coworkers successfully
and for the first time delivered to cancer cells small interfering RNA (siRNA)
silencing Bcl-2 protein using polyethylenimine PEI-GO as a nanocarrier [32].
Formation of covalent, amide bonding between GO and PEI improved solubility and
stability of GO in saline solution and changed the surface charge for more positive to
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facilitate the cellular uptake. Attachment of negatively charged RNA or DNA was
also possible by positive zeta potential of PEI-GO complex. This may suggest that
properly functionalized GO is able to interact with negatively charged biological
membranes and directly deliver nucleic acids into the cells [32]. After RNA/DNA
dissociation graphene is released from the cell via exocytosis (Fig. 6).

Fig. 6 Schematic representation of graphene-based gene delivery process. Functionalized
graphene surface is able to interact with negatively charged nucleic acids. Graphene protects
DNA from degradation and facilitates endocytosis. After DNA dissociation graphene is removed
through exocytosis. The dissociation of graphene-DNA complexes is the key step for the
transfection efficiency
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Single-stranded, short microribonucleic acids (miRNAs) present both in the nucleus
and the cytoplasm are responsible for the regulation of several gene expressions by
direct interactions with their mRNA. Additionally, miRNAs can function directly on
the DNA influencing transcription and epigenetic alterations and thus may serve as a
potential therapeutic target. Deregulations in miRNA expression are often present in
most of the breast cancer cells and frequently correlate with the drug resistance in
patients with this type of cancer. Zhi et al. [42] designed a miRNA complex com-
posed of GO functionalized with polyethylenimine (PEI)/poly(sodium
4-styrenesulfonates) (PSS), prepared using the layer-by-layer method.
Administration of anticancer drug adriamycin (ADR) along with targeted
silencing-miRNA (anti-miR-21) complex based on GO nanoparticles may help
overcome the multidrug resistance (MDR) and restore the chemosensitivity of cancer
drugs. Mutations in the signal transducer and activator of transcription Stat3 promote
survival in a wide spectrum of skin cancer cell. In the study of Yin et al. GO was
conjugated with polyethylenimine and polyethylene glycol (GO-PEI-PEG) and used
as a plasmid-based Stat3-specific small interfering RNA (siRNA) carrier. The results
showed the regression in both tumor growth and weight. The histological exami-
nation and blood chemistry analysis in mice did not show any significant side effects
after the treatment with plasmid-based GO-PEI-PEG [43].

Many various gene delivery systems have been explored for the potential cancer
treatment (Table 3). Graphene-based nanovectors are promising candidates in gene
transfection; however, they still need to be further explored. Currently, the
researchers focus on more complex multifunctional nanocarriers capable of loading
not only DNA, RNA, or drugs but also immune adjuvants, which additionally

Table 3 Graphene-based in vitro studies for targeted gene delivery

Nanohybrid Gene Target cells

GO-BPEI (branched polyethylenimine) pDNA (pCMV-Luc) HeLa, PC3
[138]

PPG (polyethylenimine-poly(sodium
4-styrenesulfonates)-GO)

miRNA (anti-miR-21) MCF-7 [139]

nGO-PEG-dendrimer miRNA (anti-miR-21) A549 [140]

GO-CS (chitosan) pDNA (pRL-CMV) HeLa [30]

GO-PEI (polyethylenimine) pDNA (EGFP) HeLa [141]

GO-PEI (polyethylenimine) siRNA
(Bcl-2-targeted)

HeLa [142]

GO-PEI (polyethylenimine) pDNA (Cy3-labeled
pGL-3)

HeLa [143]

CMG (chitosan) pDNA (lipofectamine) A549 [144]
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stimulate immune response in the host organisms [44]. Such nanovectors can provide
synergistic therapeutic effects triggered by the appropriate pH or photothermal
irradiation.

4 Graphene-Based Materials for Photothermal
and Photodynamic Therapy

4.1 Photothermal Therapy (PTT)

Electromagnetic radiation, mostly near-infrared (NIR), has been widely used for the
treatment of cancer and various medical conditions. Photothermal therapy (PTT) is
based on the use of photosensitizing agents which generate heat after light absorption
and destroy the surrounding cells. The major challenge in such approach is to place
photosensitizer selectively to avoid nonspecific reactions in healthy cells. Materials
such as gold nanoparticles and carbon nanotubes (CNTs) have recently been
explored extensively because of the high optical absorbance of NIR [45]. Robinson
et al. prepared highly effective alternate photothermal agent from reduced GO
nanosheets uncovalently bound with PEG for the potential use in photothermal
therapy [46]. The studies using PEGylated graphene nanosheets in mice revealed
high tumor accumulation, strong NIR optical absorption and efficient tumor
destruction with no obvious cytotoxicity toward the healthy cells [47]. Sheng et al.
used rGO to create a photothermal platform without any surface modifications. The
researchers developed an effective nano-rGO theranostic agent in one-step uncom-
plicated method using bovine BSA as reductant and stabilizer of the synthesis [48]
(Fig. 7). The same method was used for the construction of BSA-functionalized rGO
loaded with anticancer drug DOX. The combination of high drug loading ability of

Fig. 7 Infrared thermographic maps of mice in different conditions and histological staining of
the excised tumors (bar 50 lm). (The NIR laser, 808 nm, 0.6 W/cm2). Reproduced from Kim
et al. [48] with permissions, Copyright 2013, Elsevier
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graphene with excellent light absorption resulted in twofold greater release of DOX
from the DOX-BSA-rGO nanosheets when the NIR irradiation was used [49].
Laser NIR heating can also influence the cell membrane permeability allowing more
efficient cellular uptake of GO nanocarriers [50]. However, the greatest improvement
in photothermal ablation effect on tumor cells was achieved by the combination of
gold nanoparticles with GO functionalized with an NIR dye-labeled matrix
metalloproteinase-14 (MMP-14) peptide substrate (CP). The researchers presented
an efficient, image-guided enhanced photothermal therapy method. Synthesized
nanocomplexes exhibited efficient tumor ablation with additional fluorescence signal
triggered by MMP-14 endopeptidase present on the cancer cell surface [51].
Graphene-based dual therapies for the synergistic combination of PTT and
chemotherapy significantly reduce the possibility of side effects in comparison to the
conventional chemotherapy and bring novel opportunities to the treatment of cancer
and other diseases. Most of the studies combining graphene and PPT in cancer
treatment focus on breast, cervical, lung, and brain cancers [45].

4.2 Photodynamic Therapy (PDT)

The number of research concerning the use of graphene in photodynamic therapy
(PDT) is relatively low. In comparison to chemo- and radiotherapy, PDT is more
specific, shows less side effects, and gives the possibility to avoid repeated doses of
the drug. It is based on photosensitizers which after suitable irradiation trigger
production of reactive oxygen species (ROS) inducing cytotoxicity. Most of the
photosensitizers are based on porphyrin molecules. However, alone they possess
some limitations including prolonged cutaneous photosensitivity, low selectivity,
and poor water solubility. To eliminate these drawbacks such photosensitizing
agents can be efficiently loaded on different carriers including polymers, liposomes,
gold, or magnetic nanoparticles and recently also on the surface of graphene [52]. In
most PDT therapies using graphene as a nanoplatform, PEG, polyvinylpyrrolidone
(PVP), and other coatings are used to improve graphene biocompatibility and to
ensure the stability in biological fluids. Huang and coworkers proposed an uptake
mechanism of graphene-based nanocarrier for Chlorin e6 (Ce6), the
second-generation photosensitizer, for the targeted photodynamic therapy against
gastric tumor cells. According to them the process begins with the complex
endocytosis directed by the conjugation of folic acid molecules present on the
surface of GO with the specific folate cell receptors. The change in pH during
endosome into lysosome conversion allows the Ce6 release and appropriate pho-
todynamic activation after single-wavelength laser irradiation [52]. The combina-
tion of PDT and PTT was proposed by Sahu et al. The researchers used
noncovalently functionalized GO with pluronic block copolymer complexed
through electrostatic interaction with methylene blue, a positively charged photo-
sensitizer. The release of photosensitizer was obtained at acidic environment of the
extracellular tissues of tumor and both photothermal and photodynamic therapy
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were initiated after NIR light irradiation [53]. Another type of combined anticancer
approach was obtained by simultaneous loading of chemotherapy drug (SN-38) and
photosensitizer (Hypocrellin A) on the surface of GO using noncovalent interac-
tions [54]. Such strategy highly improved anticancer activity of both antiprolifer-
ative agents giving the opportunity for more efficient cancer treatment. Tumor cells
thanks to the overexpression of many biomarkers on their surface can be precisely
localized by different molecules which are especially useful in cancer therapy and
diagnosis. However, targeting of the key cellular organelles responsible for the
apoptosis would be even more effective therapeutic approach. The development of
such a nanosystem capable of accumulation in tumor mitochondria was recently
achieved [55] (Fig. 8). The researchers constructed a nanodrug based on GO

Fig. 8 Subcellular localization of PPa-NGO-mAb in U87-MG cells at different times. a U87-MG
cells stained with Rhodamine 123 (shown with green) or LysoTracker Red (shown with blue) were
incubated with PPa-NGO-mAb or only PPa for various time durations. The confocal images show
the subcellular localization of PPa-NGO-mAb and PPa, using the mitochondria and lysosome-
specific probes, respectively. Scale bar 10 lm. The histograms show the ratio of targeted
mitochondria with different incubating times (b) and the ratio of drug localization at the
mitochondria and lysosome (c). d The possible localization mechanism of NGO induced by the
mitochondrion. Reproduced from Wei et al. [55] with permissions, Copyright 2016, Royal Society
of Chemistry. (Color figure online)
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platform coated with polyethylene glycol and conjugated with pyropheophorbide-a
(PPa) to induce phototoxicity and integrin avb3 monoclonal antibody (mAb) for
tumor targeting. They created a system which is activated not until it reaches its
final destination which diminishes side effects and enhances the treatment outcome.
To cope with the needs of constantly developing medicine novel dual single-light-
induced phototherapy with imaging capability was proposed for the therapy of
unresected ovarian cancer. Taratula et al. [56] used luteinizing hormone-releasing
hormone (LHRH) to target tumor cells and phthalocyanine (Pc) as a photosensitizer
loaded on polypropylenimine dendrimers (PPIG4). Graphene nanosheets conju-
gated with poly(ethylene glycol) served as a nanoplatform for both Pc and LHRH.
Low-power single-wavelength (690 nm) NIR irradiation was used for ROS pro-
duction and heat generation exhibiting pronounced antitumor effect. In addition,
graphene prevents fluorescence quenching of Pc, thus allowing to monitor the
photosensitizer accumulation after systemic administration.

5 Graphene Nanostructured Materials for Bioimaging

Multifunctional nanoparticles for cancer treatment and imaging are recently in the
area of interest. In the context of imaging, the use of graphene is highly profitable
because of excellent photostability and possibility to avoid toxic dyes and chemical
agents [57]. Graphene derivatives such as GO and graphene quantum dots (GQDs)
exhibit intrinsic photo-luminescence emitted after UV excitation and exhibit stable
strong fluorescence along with electrical and thermal conductivity. GQDs can be
used in in vivo and in vitro drug delivery monitoring or photodynamic therapy [58,
59]. Optical properties of GQDs can be additionally enhanced by surface modifi-
cations via p-p interactions. Nahain et al. utilized GQDs with hyaluronic acid
(HA) anchored to its surface to visualize tumor tissue in mice and deliver doxoru-
bicin directly to the cancer cells [60]. GQDs can be conjugated with various bio-
molecules to track molecular events not only involved in the metastatic processes.
GQDs conjugated with insulin can serve as fluorophore for real-time tracking of
insulin receptors in adipocytes [61]. Surface functionalization of photoluminescent
miniaturized versions of GO sheets does not cause any translocations and adverse
effects on nematode Caenorhabditis elegance animal model. Nitrogen-doped GQDs
have no influence on lethality and life span in both in vitro and in vivo models, and
hence can be used in cellular and deep-tissue engineering [62].

The optical imaging potential of graphene was extensively studied as a part of
multifunctional theranostic approach. Nanocarrier composed of GO functionalized
by magnetic/fluorescent SiO2 microspheres for targeted drug delivery carrier can
serve additionally as an excellent imaging tool for the identification of nanohybrids
presence inside the tumor cells [63]. Magnetic graphene-based mesoporous silica
nanosheets (MGMS) modified by a targeting peptide were used as a nanoplatform
to directed delivery of anticancer drugs with the possibility of magnetic resonance
imaging (MRI) and monitoring of therapeutic progress [64]. Positron emission
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tomography (PET) imaging, widely used technique in oncology, detects gamma
rays emitted indirectly by a positron-emitting radionuclide. Such a radioactive
isotope could be incorporated in GO conjugate and used as the PET label for
imaging and pharmacokinetics assessment of tumor-targeted drug in living
organisms [65] (Fig. 9). Optical properties of graphene can be used in imaging
techniques for precise visualization of therapeutic processes but also at the sub-
cellular level to identify cancer even at the very early stage [57]. Graphene-based
materials can serve in both optical and non-optical imaging studies. Raman spectra
of graphene derived from vibrational excitation of wide range of molecules are used
to characterize graphene structure but also as a valuable bioimaging approach. The
Raman spectroscopy signal can be additionally enhanced using metal nanoparticles
(Au, Ag) due to the dipole and plasmon resonance (SER) effects [66, 67].
Surface-enhanced Raman scattering (SERS) is a perfect analytical tool for the
precise detection at the single-molecule level. Huang et al. employed SERS spec-
troscopy for the study of the cellular uptake of GO-Au particles [68]. They showed
that SERS spectroscopy can be very useful for the understanding of GO-cell
interactions, especially while studying GO-based targeting for the drug delivery
applications.

Fig. 9 Serial coronal PET images of 4T1 tumor-bearing mice at different time points post-injection
of 64Cu-NOTA-RGO-TRC105, 64Cu-NOTA-RGO, or 64Cu-NOTA-RGO-TRC105 after a
pre-injected blocking dose of TRC105. Tumors are indicated by arrowheads. Reproduced from
Shi et al. [65] with permissions, Copyright 2013, Elsevier
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6 Graphene-Based Templates for Tissue Engineering

The chemical inertness, electrical conductivity, and mechanical properties of gra-
phene such as high flexibility, elasticity, and ability to adapt to different surfaces
can provide a specialized environment for cell culture. Graphene is a nanomaterial
whose chemical, physical, or mechanical properties permit the active tissue inte-
gration of desirable cell types and tissue components. Tissue-engineered bone
constructs based on graphene has emerged high interest because of the possibility to
augment bone regeneration and replace already existing materials which still lack
some of the characteristic of an ideal scaffold [69].

The preliminary studies on the interactions with adherent cells show that gra-
phene is suitable for their growth and maintenance suggesting the potential use of
graphene as a biomaterial in tissue engineering [70]. Cardiac tissue engineering is
based on ability of stem cells to repair and regenerate injured myocardium.
Mesenchymal stem cells (MSCs) promote angiogenesis, attenuate cardiac remod-
eling, and improve cardiac regeneration. The study of Park and colleagues revealed
that incorporation of rGO flakes into MSC spheroids used for the myocardial repair
improves the expression of cardiac-specific markers resulting in enhanced thera-
peutic efficacy of rGO-MSC hybrids in comparison to either hMSCs or rGO alone
[71]. Cardiac scaffolds should mimic both mechanical and electrical properties of
natural environment. Addition of GO to methacryloyl-substituted recombinant
human tropoelastin (MeTro), highly elastic and conductive biomaterial for cardiac
tissue engineering, improved greatly its physical properties. Enhanced electrical
signal propagation doubled the number of cardiomyocytes after one day of culture
and increased the expression of specific cardiac biomarkers [72]. Different
approaches have been used in an attempt to improve the biocompatibility of stents
including antimitotic coatings or regrowth endothelium coverage (stent grafts). An
ideal stent material should be inert, hemo-, and biocompatibile and not cause
toxicity and injury in a biological system. Recently used materials have been tested
as biocompatible implant surfaces, but they still lack some properties and do not
meet all the criteria for an ideal material for stent development. The investigations
of graphene as a surface coating for nitinol stents showed no significant in vitro
toxicity for endothelial and smooth muscle cell lines which confirmed its bio-
compatibility and additionally improved durability and impermeability of nitinol
alloys [73]. Stainless steel 316L is one of the most commonly used materials in
implant devices. It exhibits limited resistance to corrosion and wear which even-
tually leads to the release of potentially harmful metallic ions contributing to
medical complications such as thrombus formation or cell apoptosis. Coating
SS316L with graphene improved its mechanical and anticorrosive properties.
Cytotoxicity studies with human endothelial cells (huvec) on ss316L coated with
rGO showed no adverse effects against the cell morphology or spreading [74].

Because of excellent physical and chemical properties graphene was also
implemented as a substrate for the growth of neuronal cells and human osteoblasts.
The use of stem cell technologies is especially attractive for the treatment of

22 M. Skoda et al.



neurodegenerative disorders because neurons are unable to undergo mitosis. Human
neural stem cells (hNSCs) after growth on graphene films transferred to glass cov-
erslips and covered with laminin showed proper adhesion, better attachment, and
enhanced neuronal differentiation. Graphene worked as an excellent growth substrate
even for the long-term period and induced differentiation of hNSCs toward neurons
rather than glial cells [75]. The report concerning the cellular neurogenesis on pristine
graphene-covered glass showed successful and significantly greater differentiation of
human neuroblastoma cells SH-SY5Y relative to glass control even with the absence
of the soluble neurogenic factor. Additional studies within the same experiment
suggested focal adhesion (FAK) and p38 MPAK signaling involvement in the pro-
cess of cellular neurogenesis on graphene [76]. Graphene substrates influence the
activity of neuronal networks and stimulate both growth and development of primary
motor neurons. This can be due to the activation of calmodulin kinase pathways
achieved by the depolarizing effect of graphene on voltage-gated Ca2+ channels
which increases calcium concentration inside the cells [77]. 3D graphene foam
(3D-GF) was found to support the neural stem cells (NSCs) growth, proliferation, and
differentiation toward neurons [78]. Neuronal differentiation may be enhanced in
such 3D porous structures in comparison to 2D graphene-based materials because of
their anisotropic microstructure. Revolutionary three-dimension (3D) printing
technology was used to fabricate graphene scaffold by layer-by-layer method using
liquid ink composed of graphene flakes and biocompatible and biodegradable poly
(lactide-co-glycolide) (PLG). The researchers revealed that PLG, a hyperelastic
polyester used in biomaterials research, together with GO has neuronal-inducing
capabilities. 3DG scaffold served as conducting microenvironment and favored
hMSCs differentiation without additional neurogenic stimuli showing the great
potential in nerve tissue engineering [79].

The biosafety is the critical concern in the research of implantable medical
devices. In hard tissue engineering it is essential to develop high-performance and
biologically active scaffolds to repair and regenerate the tissue properly. The scaffold
should provide mechanical support and be able to control the proliferation and
differentiation of the cells. The unique properties of graphene, good biocompatibility,
and tissue-specific inductive capabilities are responsible for its great potential in
tissue engineering [69]. Graphene as a biomaterial should be safe and not cause any
inappropriate host response. Bone tissue engineering starts with the osteoprogenitor
cells which form the extracellular matrix and provide the tissue remodeling. Typical
bone scaffolds are made of porous biodegradable materials which support the cell
growth and regeneration of damaged tissue. Kalbacova et al. studied the growth of
human mesenchymal stem cells (hMSCs) and osteoblasts on single-layer graphene
on glass substrates (SiO2/Si). The research resulted in increased cell proliferation of
cells compared to SiO2/Si substrate alone together with the higher rate of differen-
tiation of hMSCs into osteoblasts [80]. Similar studies of Nayak et al. showed that
graphene not only does not affect cell morphology and viability but also does not
disturb the natural growth and differentiation of hMSCs into osteoblasts. They also
proved that hMSCs differentiate into bone cells in a comparable manner to samples
after growth factor administration [81].
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Human mesenchymal stem cells are so likely to differentiate into osteoblasts on
graphene substrates due to the accumulation of osteogenic inducers, rough surface
morphology, and electrical conductivity. Additionally, strength and high elastic
modulus of graphene-based materials (*1-2,4 TPa) can be a driving force to
induce spontaneous osteogenic differentiation [82]. The major goal for the suc-
cessful tissue engineering is the development of material able to act as a natural
carrier or template for the cell growth which would facilitate additionally tissue
formation processes. Hydroxyapatite (HA), currently used for bone repair because
of close similarity to bone minerals, was reinforced by GO-gelatin composite.
Detailed characteristics of GO-Gel hybrid interactions with osteoblast cells showed
improved cell adhesion, proliferation, and differentiation together with enhanced
HA mineralization [83] (Fig. 10). GO nanoparticles can improve mechanical
properties of PCL (polycaprolactone) composites causing better proliferation of
preosteoblasts on planar 2D substrates and higher differentiation and mineralization
rate in 3D composite scaffolds [84]. The great potential of graphene to promote
osteogenic differentiation was confirmed in both 2D and 3D graphene models.

Bone-related protein expression was upregulated in periodontal ligament stem
cells (PDLSCs) grown on the graphene substrates without the use of osteogenic
stimuli [85]. GO shows great osseopromotive properties not only when incorpo-
rated into 3D hydroxyapatite structures [86, 87] but also as a coating of collagen
scaffolds [88]. The researchers made a comparative study to show the differences
between bioactivity of GO and rGO collagen-modified scaffolds directly in rats
connective tissue. The results were different for both types of graphene suggesting
that rGO is more effective for osteogenic differentiation. However, both samples

Fig. 10 SEM images of MC3T3-E1 cells after 14 days of culture in osteogenic medium on glass
(a, d), GO (b, e), and GO-Gel (c, f). White arrows indicate cells and black arrows indicate the
mineral. The inset shows the magnified image from the boxed portion of the micrograph.
Reproduced from Liu et al. [83] with permissions, Copyright 2014, Royal Society of Chemistry
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were tissue compatible while inflammatory cells were rarely present around the
probes [89]. Incorporation of GO into the chitosan scaffold provided an increase in
osteoblast attachment, growth, and proliferation [90] as well as reinforcement of
tensile strength in silicone constructs covered with GO [91]. Graphene was also
successfully incorporated into the nano-58S bioactive glass scaffold. Despite of the
great reinforcement of the mechanical properties of the composite, it was favorable
for the growth and colonization of human bone cells [92]. Therefore, graphene can
serve as a multifunctional material, which can assembly bone-like structures,
enhance stem cells differentiation into bone cells, and promote mineralization [93].
Orthopedic implants used to replace a missing bone or joint are usually made of
stainless steel or titanium alloys covered with plastic to act as an artificial cartilage.
Among major complications present after implantation are poor osseointegration
resulting in the lack of bone tissue integration, wear, and infections [69]. Zancanela
et al. showed that the presence of GO in the osteoblast cell culture increased the
viability of the cells on the plastic surface and mineralization rate of titanium
substrates [94]. Additionally, some studies have shown that GO possesses
antibacterial properties [95]. Graphene-based nanomaterials have an enormous
potential in bone regeneration not only because of the unique properties but also the
possibility of surface functionalization and ability to tailor various structures [96].
In contrast to bone tissue, cartilage is unable of spontaneous regeneration because
of the presence of only 1 % of chondrocytes and the lack of vasculature. Therapies
using MSCs are especially useful in cartilage tissue regeneration. Graphene cell
composites were also proposed as a platform for cartilage tissue engineering. The
presence of GO accelerated cellular chondrogenic differentiation and improved
mechanical strength and conductivity of the cartilage scaffolds [97–99]. Similarly,
GO can serve as a skin or adipose tissue engineering platform [100, 101]. 3D
graphene foam loaded with bone marrow-derived MSCs improved wound healing
in animal models. Despite of good biocompatibility 3D graphene scaffold promoted
growth and proliferation of MSCs and improved wound healing through enhanced
vascularization and reduced scarring [100]. Adipose-derived stem cells (hASCs)
showed strong affinity to GO films and enhanced differentiation rate toward dif-
ferent types of cells including osteoblasts, adipocytes, and epithelial cells depending
on the culture medium composition [101]. All these results confirm graphene
potential as a coating and reinforcement material for tissue regeneration or as a
scaffold enhancing cell adhesion, proliferation, and desired cellular differentiation
which may find various applications in tissue engineering.

7 Conclusions

The unique properties of graphene, good biocompatibility, and tissue-specific
inductive capabilities are responsible for its great potential for medical applications.
However, existing data regarding the adherent cell behavior on the pristine gra-
phene surface do not include the precise control over the quality, number of layers
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or substrate coatings. Because of the variety of different forms of graphene and
methods of synthesis existing findings regarding graphene toxicity and biological
interactions are ambiguous and sometimes even contradictory [102]. Most of the
experiments, including biological response and safety tests, have been conducted on
graphene derivatives such as GO or rGO. This is mainly because of the easier
methods of synthesis and administration and also because GO and rGO are more
hydrophilic than pristine graphene. Additional oxygen functional groups increase
their solubility and allow them to remain stably dispersed in water. These polar
groups reduce the thermal stability of graphene but facilitate interactions with other
molecules and cell components. The research concerning nanoparticles used as
adjuvants showed that positively charged nanoparticles are more likely to induce
inflammatory responses in comparison to neutral or negatively charged variants
[103]. Pristine graphene has exceptional chemophysical properties, yet it is strongly
hydrophobic. Stable solutions of pristine graphene in polar solvents can be obtained
only with the addition of proper surfactants. On the other hand, the hydrophobicity
of large-area graphene synthesized by chemical vapor deposition (CVD) seems to
support cell adhesion, growth and differentiation [104].

More comprehensive investigation is needed regarding the interactions of pris-
tine graphene with human cells not only in the form of graphene flakes suspension
but as a surface coating material. So far no report has been closely associated with
the biosafety of single-layer pristine graphene and the limited information is
available regarding the cellular events, including cell viability, adhesion, and
spreading, which occur when mammalian cells interface with pure form of gra-
phene. There are relatively a low number of researches concerning graphene
hemocompatibility and the influence of graphene on the immune system is still at a
very early stage of investigation. However, graphene due to its excellent physic-
ochemical properties and good biocompatibility is still a perfect candidate inno-
vative therapeutic strategy. The researches on the biomedical use of graphene and
GO that have been being carried out until now are promising and show high
medical potential of graphene nanomaterials. However, the insufficient knowledge
about two-dimensional carbon structure needs further explanations especially
regarding the biodistribution and foreign body response at the implant-tissue
interface. Before any clinical use also the long-term biocompatibility of graphene
should be carefully addressed. Utilizing graphene as a nanomaterial in biomedical
applications requires more thorough and standardized research procedures due to
various sizes, shapes, and production methods.
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Graphene-Based Materials in Biosensing,
Bioimaging, and Therapeutics

Sivaramapanicker Sreejith, Hrishikesh Joshi and Yanli Zhao

Abstract Biomedical research has become extremely important in these days due to
its direct impact on human health. The quest for the development of sophisticated
materials for sensitive sensing, selective imaging and effective therapeutics has led to
the creation of a unique class of materials known as graphene-based materials
(GBMs). GBMs can be broadly classified into three groups: graphene-based
nanocomposites, graphene quantum dots, and graphene-wrapped hybrids. These
materials possess remarkable electrical, physical, and chemical properties, which can
be exploited to develop efficient sensors, probes, and drugs. In this chapter, a detailed
account about the synthetic strategies of these materials along with the mechanisms
governing their performance in biosensing, bioimaging, and therapeutics is presented.
The chapter highlights the suitability of GBMs in non-conventional and emerging
techniques such as nonlinear photonics and photoacoustic imaging. The GBMs can
also be employed to fabricate synergistic materials that are capable of simultaneous
imaging and therapeutic actions. Therefore, the GBMs provide a promising platform
for cutting-edge developments in the field of biomedical research.
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1 Introduction

Biosensing, bioimaging, and therapeutics are three important aspects of biomedical
research. The major focus of this area lies in the development of probes for selective
detection and treatment of diseases. Therefore, this research area has grabbed a lot
of attention due to its immense applicability in terms of analyte detection, pho-
tonics, and drug delivery. The synthetic diversity that enables the fabrication of
inorganic, organic and inorganic–organic hybrid materials serves as a unique
platform for targeted applications. As a result, a wide range of materials have been
developed for biomedical applications, including mesoporous silica [1, 2], zeolites
[3], graphene [4], quantum dots [5], organic probes [6, 7], polymer composites [8],
and supramolecular self-assemblies [9]. However, introducing biocompatibility and
selectivity are two important challenges that accompany the material synthesis
pursuits. Amongst the aforementioned list, materials encoded with graphene are
extensively employed in biology-based research due to their inherent biocompati-
bility, structural flexibility, and easy synthesis. These properties have led to the
development of several classes of graphene-based materials (GBMs) such as gra-
phene nanocomposites, graphene quantum dots (GQDs) and graphene-wrapped
hybrids, which serve as effective biosensors, targeted imaging probes, and drug
carriers.

The three directions of biomedical research are discretely classified on the basis
of their functionality. For instance, biosensing deals with the
qualitative/quantitative recognition of a specific type of analytes by characterizing
spectroscopic, electrochemical, or magneto-chemical behavior of the systems. Due
to immense advancements in technology, a wide range of characterization tech-
niques can be used to enhance the biosensing capabilities and develop highly
efficient, stable and commercially viable sensors. Most importantly, biosensing
facilitates the detection of biomolecules (e.g., enzymes, proteins and nucleic acids)
and bioessential chemical analytes (e.g., metals and sugars) that help in monitoring
the biochemical processes.

Bioimaging can be considered as the extrapolation of biosensing toward the
detection of the specific type of biological components for diagnostic purposes.
Along with high specificity to target molecules, materials used for bioimaging have
to be biocompatible and nontoxic. As bioimaging is concerned with the visual
detection of components, the most commonly employed detection technique is
optical spectroscopy. Increasingly, a wide range of techniques have been used for
bioimaging such as fluorescence spectroscopy, photoacoustic imaging (PAI),
positron emitting tomography (PET), and nonlinear optical spectroscopy that pro-
vide a large scope for the development of new imaging probes. Bioimaging studies
are generally performed in two types of environments, i.e., in vitro and in vivo,
where the efficacy of the developed imaging probes could be determined [10].

Therapeutics is a field that deals with drug delivery and treatment of infected
biological components (e.g., cells, tissues, and bones). The materials used for
therapeutics have to be highly selective and nontoxic to minimize the adverse
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effects on the host cells [11]. Each direction of biomedical research demands a
unique set of properties from the materials, while some requirements related to the
physiochemical behavior are quite similar. In this chapter, we conduct a compre-
hensive review to explicate the extensive applicability of GMBs in all directions of
the biomedical field, i.e., biosensing, bioimaging, and therapeutics.

2 Graphene

Graphene is a single layer two-dimensional (2D) nanomaterial composed of p
conjugated benzene rings, which has high mechanical flexibility and electrical
conductivity [12]. Graphene possesses a delocalized p electron cloud that enables it
to interact non-covalently with other chemical species. Graphene has typically three
important forms, i.e., graphene, graphene oxide (GO), and reduced graphene oxide
(rGO). The structures are shown in Fig. 1. Interestingly, GO and rGO are highly
susceptible to chemical modification and coupling reactions due to the presence of
different kinds of functional groups.

Typically, graphene can be synthesized by several top-down approaches that can
exfoliate graphite by chemical or physical means. The most popular synthetic route
to synthesize GO and rGO is the Hummer’s method. A chemical disintegration of
graphite sheets is used to provide thin graphene sheets that are then subjected to
oxidation and reduction reactions to form GO and rGO, respectively [13]. Over the
years, Hummer’s method has undergone several modifications, which is collec-
tively known as the modified Hummer’s method [14, 15]. Another popular
approach to synthesize graphene is the physical exfoliation of graphite. This
approach was devised by Geim and Novoselov in 2004, which was a cutting-edge
development in the field of graphene science [16]. Graphene can also be

Fig. 1 Structures of a graphene, b graphene oxide (GO) and c reduced graphene oxide (rGO)
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synthesized in the gas phase by chemical vapor deposition (CVD) on nickel
(Ni) and copper (Cu) substrates [12], Recently, graphene was synthesized by the
use of spark plasma sintering process without the use of substrates or catalysts [17].
Typical transmission electron microscopy (TEM) images of graphene, GO, and
rGO are shown in Fig. 2. Table 1 shows their basic mechanical and chemical
properties [17–19].

To employ graphene in biomedicine, several kinds of post-modification strategies
have been developed and implemented. As graphene has a high planar surface with
chemical and physical flexibility to facilitate post-treatments, it has been very well
exploited to prepare different kinds of nanomaterials. These materials can be broadly
classified into three groups, graphene nanocomposites, GQDs and graphene-wrapped
hybrids. The most common techniques used for physical characterization of these
materials are X-ray photoelectric spectroscopy (XPS), Fourier transformed infrared
spectroscopy (FTIR), powder X-ray diffraction (XRD) spectroscopy, Raman
scattering spectroscopy, and electron microscopy. A detailed discussion of all the
synthetic strategies involved in the fabrication of these materials is provided in
Sects. 2.1, 2.2, and 2.3.

Fig. 2 TEM image of a graphene. Reprinted with permission from [18]. © 2011 American
Chemical Society. TEM images of b GO and c rGO. Reprinted with permission from [19]. © 2010
Nature Publishing Group

Table 1 Zeta potential, tensile strength, powder X-ray diffraction (XRD) peak and d spacing
values of graphene, GO, and rGO

Materials Zeta potential
(mV)a

Tensile strength
(GPa)

XRD peak
(2h)b

d spacing
(nm)

Ref.

Graphene −42.0 130 25.0c *0.350 [17, 18]

GO −50.3 0.150 10.2 0.875 [19]

rGO −34.2 0.100 26.0 0.350 [19]
aThe values are reported at pH = 10 as zeta potential is dependent on pH
bWide angle XRD peak
cSingle layer graphene shows a broad peak in wide angle XRD spectrum
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2.1 Graphene Nanocomposites

Graphene nanocomposites are fairly simple to synthesize and can be used in a wide
range of biomedical applications. GO and rGO possess a lot of functional groups
such as carbonyl, hydroxyl, epoxy, and carboxyl groups to couple with biomole-
cules, chemical receptors, imaging probes and drugs for biomedical applications
[12]. The basic strategy for synthesizing graphene-based nanocomposites is shown
in Fig. 3. Some of the typical graphene-based nanocomposites synthesized from
this strategy are poly(diallyldimethylammonium chloride)-capped gold nanoparticle
functionalized graphene [20], polyethylenimine-graphene nanocomposite [21],
rGO-AuPd alloy [22], and Ru–ZnO graphene nanocomposites [23].

The major advantage of such nanocomposites is that the inherent properties of
graphene are preserved along with the properties of constituent materials.
Therefore, these materials provide a way for introducing additional properties by
encoding different kinds of substrates for targeted applications. On the other hand,
most of the nanocomposites have an open structure that is often detrimental to
bioimaging applications. This gives rise to a new class of graphene-based materials
called graphene-wrapped hybrid, which is discussed in Sect. 2.3.

GO / rGO 

Linker/coupling agent

SubstrateSubstrate

Metal/metal-oxide 
nanoparticles 

Enzymes 

Receptors (hosts) 

Linker/coupling agent 

Organic linkers 

Exogenous 
mediators 

Biological linkers 

Graphene based 
nanocomposites 

Fig. 3 Schematic representation of the synthetic strategies for graphene-based nanocomposites
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2.2 Graphene Quantum Dots

GQDs are nano-dimension fragments of graphene with remarkable photophysical
properties owing to the quantum confinement effects and edge effects. Thesematerials
can be synthesized by simple top-down approaches involving a hydrothermal treat-
ment or cutting process. The synthesis schemes may be modified slightly to suit the
application. The underline mechanism that breaks down graphene sheets into nano-
sized dots (quantum dots) remains universal to all the top-down approaches [24]. In
this hydrothermal approach, graphene sheets are subjected to high pressure and
temperature, causing them to disintegrate into nanosized dots. On the other hand,
there are some bottom-up approaches for the synthesis of GQDs such as cage-opening
reactions of fullerene and solution chemistry [25]. A schematic diagram showing the
two types of processes for the formation of GQDs is illustrated in Fig. 4a, b. Though
the bottom-up approach provides a better morphological control, it is more intricate as
compared to the top-down approaches [26].

Interestingly, GQDs can also be found naturally in coal. The extraction process
gives about 20 % yield, and the obtained GQDs are soluble and fluorescent in

1. Hydrothermal 
treatment

2. Reduction to tune 
size of particle

(d)

Graphene/GO/rGO 

Citric Acid 

(a)

(b)

Graphene 
quantum dots  

Incomplete
tarbonization Pyrolysis 

Top-down approach 

Bottom-up approach 

i. ii.

Graphene 
quantum dots  

While light UV light

Dots-3 

Dots-2 
Dots-1  

(c)

Fig. 4 General schematic representation of a a top-down and b a bottom-up approach for the
synthesis of GQDs. c Typical TEM image of GQDs. Inset HRTEM of GQDs showing the fringe
pattern. Reprinted with permission from [25]. © 2012 American Chemical Society. d Agarose gel
(0.75 %) of the as-prepared GQDs in aqueous solution. The images were taken under (i) white and
(ii) UV light (302 nm). Reprinted with permission from [26]. © 2016 American Chemical Society
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aqueous solutions [27]. The TEM image of GQDs prepared by hydrothermal
reaction is shown in Fig. 4c with an inset graph showing its fringe pattern. The dots
are uniformly spherical with a relatively broad size distribution. Moreover, the
photophysical property of GQDs varies with its particle size, which is inversely
proportional to band gap. This synthetic approach provides a range of distinctly
fluorescent particles (Fig. 4d). Owing to extensive electronic and morphological
flexibility, GQDs are widely employed in bioimaging applications.

2.3 Graphene-Wrapped Hybrids

Graphene-wrapped hybrids are a new kind of GBMs that were developed to
overcome limitations of open structured graphene nanocomposites. These were
essentially synthesized to isolate biological and chemical species. They can be
considered as a special case of graphene-based polymers where the graphene sheet
is used as an encapsulation material rather than a two-dimensional support.
A combination of mesoporous silica and graphene serves as an excellent host for
the encapsulation of dyes/probes required in imaging. To synthesize these hybrids,
each component of the hybrids is synthesized independently and then subjected to
conjugation reactions. Recently, we reported the synthesis of GO-wrapped
squaraine-loaded mesoporous silica for bioimaging using above strategy [28].
The squaraine dye was loaded into the mesoporous silica prior to its coupling
reaction with graphene as shown in Fig. 5a. This encapsulated dye showed high
applicability in fluorescence bioimaging.

Fig. 5 a Scheme for the preparation of graphene-wrapped mesoporous silica loaded with
squaraine dye. Inset TEM images of unwrapped and wrapped hybrids. Adapted with permission
from [28]. © 2012 American Chemical Society. b TEM image of protein-functionalized
graphene-wrapped bacteria. Reprinted with permission from [30]. © 2011 American Chemical
Society
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Another interesting wrapped hybrid is the wrapped biological hybrid. Akhavan
et al. [29] demonstrated such an encapsulation by a simple photo-reduction reaction
between the graphene sheets and melatonin-bacterial suspension. Similarly,
Mohanty et al. [30] reported the encapsulation of bacteria by obtaining a wet phase
TEM image of Gram-positive bacteria, Bacillus subtilis, as shown in Fig. 5b. While
graphene-wrapped hybrids have not been studied extensively, the most common
usage of these materials is in the field of imaging.

3 Biosensing

Biosensing particularly deals with the detection of biologically abundant analytes
such as ions, amino acids, small biomolecules, RNA (ribonucleic acid), DNA
(deoxyribonucleic acid), and proteins. The most commonly used techniques for
biosensing are electrochemical and Förster resonance energy transfer (FRET)-based
detections. This is because these techniques are very efficient and sensitive.
However, techniques like fluorescence spectroscopy, surface plasmon resonance
(SPR) and surface enhanced Raman scattering (SERS) have also shown promising
results in biosensors. The analytes under investigation in biosensing are generally
essential components that can be used to monitor the changes within a biological
system. Although biosensing has been established since the late 1900s [31–33], the
initial studies on the use of graphene in biosensing were reported in 2008. These
reports showed the fabrication of graphene-based transistors [34] and electrodes
[35] for selective detection of dopamine and DNA, respectively.

The most eminent biosensors currently are the electrochemical glucose sensors.
The quantification of glucose content by electrochemical analysis of the glucose
oxidase biochemical reaction is the primary mechanism behind these sensors [36].
Shan et al. [37] and Kang et al. [38] reported the fabrication of graphene-based
electrodes for electrochemical detection of glucose based on this strategy.
Graphene-based nanocomposites perform extremely well in electrochemical sens-
ing regimes owing to their enhanced electronic properties and diverse combinatorial
compositions. For instance, several metal nanoparticles like gold and silver [39, 40]
can be inserted into graphene matrix to make nanocomposites that facilitate the
charge transport during electrochemical cycling. Auxiliary biomolecules such as
chitosan can be coupled with graphene to catalytically activate the glucose oxidase
biochemical reaction [41]. Horseradish peroxide (HRP), another important
bio-enzyme, can be easily coupled with graphene sheets to catalyze the enzymatic
glucose cascade reaction for electrochemical sensing [42].

The most important advantages that graphene offers in these nanocomposites are
the high electrical conductivity and the extensive post-modification capability.
Graphene-based hybrids can be easily deposited, drop-casted, or chemically cou-
pled to the electrode surfaces. Graphene-based nanocomposites can also be
spin-coated on the surface of glassy carbon electrodes (GCE) [36]. Moreover, there
are several ways in which the electrochemical sensing can be conducted, such as
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chronoamperometry, voltammetry, and impedance-based detection. Table 2 shows
few examples of different types of electrochemical sensors fabricated by using the
aforementioned strategies.

As illustrated in Table 2, several modifications to the initial strategy of elec-
trochemical sensing have led to the development of numerous kinds of biosensors
[43–48]. They are classified as the first, second, and third generation biosensors. In
the first generation biosensors, the reaction between oxygen and glucose oxidase
produces peroxide, which could be electrochemically detected on electrodes. The
second generation sensors use auxiliary exogenous mediating agents to facilitate
this process, whereas the third generation sensors involve a direct electrochemical
reaction without the use of mediators [49]. Figure 6 clearly illustrates the differ-
ences between different generations of sensors.

Due to the success of graphene-based glucose biosensors, the electrochemical
sensing was soon extended to other analytes. Easy synthesis of graphene hybrids
and extensive capability of post-modification rendered the GBMs highly suitable
for electrochemical sensing of analytes such as alcohol, ascorbic acid [50], and
nucleic acid [51]. Figure 7 highlights some of the typical examples of electro-
chemical sensors based on graphene. The most common strategies for electro-
chemical sensing are cyclic voltammetry (Fig. 7a) and chronoamperometric method
(Fig. 7b), as they directly correlate to the current generated over a range of applied
voltage and at a specific voltage, respectively. Electrochemical sensing using
resistance as a quantification tool is an indirect method, but it has been a powerful
tool to develop sensors for pH and relative humidity [52, 53]. One such example of

Table 2 List of the first, second, and third generation of graphene-based electrochemical glucose
biosensors

Generation Sensor Materials Range (LOD) Ref.

First PVP-protected graphene-GOD-PFIL modified
GC electrodes

2–14 mM (#) [43]

Reduced graphene sheets-AuPd alloy 0.01–3.5 mM
(0.07 mM)

[44]

Second NAD–GDH-FePhenTPy-SPCE 1.6–33 mM
(0.6 mM)

[45]

Graphene-PANI(COOH)-
PEI-Fc/Cu-MCNB/GC electrodes

0.15–15 mM
(0.16 mM)

[46]

Third AgNP/F-SiO2/GO 0–8 mM (#) [47]

AuNP_graphene_GOD 0.05–7.35 mM
(0.02 mM)

[48]

PVP polyvinylpyrrolidone, GOD glucose oxidase, PFIL polyethylenimine-functionalized ionic
liquid, GC glassy carbon, NAD-GDH nicotinamide adenine dinucleotide-dependent-glucose
dehydrogenase, FePhenTPy 5-[2,5-di (thiophen-2-yl)-1H-pyrrol-1-yl]-1,10-phenanthroline iron
(III) chloride, SPCE screen printed carbon electrode, G-PANI(COOH) poly(aniline-co-anthranilic
acid)-grafted graphene, PEI polyethylene imine,MCBN redox polymer multicomponent nanobead,
Cu copper, Fc ferrocene, AgNP silver nanoparticles, F-SiO2 functionalized SiO2, AuNP gold
nanoparticles
# Not mentioned in the report
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electrochemical sensor for pH is shown in Fig. 7c [54]. The most important aspect
about these sensors is the function of graphene. As stated earlier, due to the huge
electron cloud of graphene, subtle changes in the electrochemical circuit can be
detected very effectively, which allow for the development of sensitive sensors.
Any perturbation on the graphene surface due to analyte attachment or because of
the changes in refractive index of electrolyte can cause changes in the electrical
parameters. Therefore, GBMs can be extensively used for the fabrication of sen-
sitive, efficient, and highly selective sensors.

FRET-based detection is another important technique to develop biosensors with
graphene. Graphene has a highly conjugated electronic system, which allows it to
be a good acceptor of electrons. If coupled with an appropriate donor moiety at a
specific distance (Förster distance), the hybrid may exhibit FRET, which can be
used for biosensing. Graphene/GO offers a chemically susceptible 2D planar sheet
for incorporating donors like quantum dots, nanoparticles, biomolecules, and
organic probes [12, 55]. This strategy has been adopted to fabricate a wide range of
FRET-based biosensors for the detection of analytes such as nucleic acid
(DNA/RNA) [56], concanavalin A [57], bisphenol A [58], thrombin [59], protease
[60], and kanamycin [61]. The schematic illustration for the basic mechanism of
FRET-based biosensing with graphene is shown in Fig. 8. Myung et al. [62]
reported a hybrid with Fe3O4 nanoparticles encapsulated by graphene for cancer
detection. The encapsulation of nanoparticles increased the surface to volume ratio,
which significantly improved its FRET-based detection limit for HER2 (human

(a) (b) (c)

e-

e-

e- e-

Flat surface – Electrochemical interface (for (c) modified electrochemical surface)
Black arrow – Essential sensing reaction (e.g: Glucose  gluconic acid) 
Orange oval – Enzyme (e.g.: Glucose oxidase) 
Yellow arrows – Mediator reaction (e.g: HRP enzyme) 
Double arrows – Essential components for sensing (e.g: H2O2 and O2)

Fig. 6 Schematic representation of the electrochemical sensing mechanism involved in a the first,
b second, and c third generation sensors. Only the effective reactions taking place at the electrode
surface are illustrated in figure
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epidermal growth factor receptor 2) and EGFR (Epidermal growth factor receptor)
cells. Another typical example of GO/quantum dot-based FRET sensing was
demonstrated by Dong et al. [63], where the CdTe quantum dots were modified
with cyclin molecular beacon (MB) to selectively target DNA. The sensing
mechanism was based on the FRET between GO and modified quantum dots. The
schematic diagram showing the sensing activity of the hybrid is given in Fig. 8c, d.
Graphene served as a very good mediator for the electron transfer from quantum
dots via the FRET mechanism.

As seen from Fig. 8c, graphene is capable of quenching fluorescence from
quantum dots in all three cases, which shows that the post-modification of donor
motifs hardly interferes the FRET process between graphene and the quantum dots.

Fig. 7 a Square wave voltammograms of mercuric sensor versus [Hg2+] ions in 20 mL of Tris
containing 10 mM KCl (10 mM, pH 7.4) between −0.7 and 0 V under pulse amplitude of 25 mV
and frequency of 10 Hz with a step potential of 4 mV. Reprinted with permission from [53]. ©
2016 American Chemical Society. b Time course of the H2O2 release from PC 12 cells upon the
successive addition of 1 lM ascorbic acid. Inset The release of H2O2 from 6.0 � 106 cells in
2 mL of deoxygenated PBS upon injection of 3 lM ascorbic acid. Reprinted with permission from
[54]. © 2015 American Chemical Society. c Electron transfer resistance (Rct) versus pH for
polymer exfoliated graphene in solution. The frequency range to generate the Rct values was
0.02 Hz to 100 kHz. Reprinted with permission from [55]. © 2016 American Chemical Society

Graphene-Based Materials in Biosensing, Bioimaging, and Therapeutics 45



Interestingly, graphene can also be used as an effective encapsulation agent that
encloses virus for FRET-based detection of antibody as demonstrated by Bhatnagar
et al. [64]. Due to the presence of a high electron cloud, graphene can also be used in
electrical and SPR-based sensing of analytes. Huang et al. [65] fabricated a biosensor
for detection of E. coli bacteria based on the changes in the conductance. Graphene
typically offers a large surface area for detection and also provides homogeneous
functionalization that helps in improving the performance of such biosensors. The
enhanced electrochemical and electrical property of graphene facilitates the fabri-
cation of graphene-based field effect transistors (FET) for analyte sensing. As gra-
phene provides structural and morphological flexibility, it can be casted into several
forms. For instance, Park et al. [66] reported the fabrication of FET-based bioelec-
tronic nose that was highly selective toward an odorant amyl butyrate (AB) with a
limit of detection (LOD) of 1.47 � 10−14 M. Graphene is typically used as a trans-
ducer and a bioconjugation site in FET sensors, and the most common analytes
detected with these sensors are proteins, glucose, DNA, and pH.

Graphene-based hybrids encoded with gold nanostructures show remarkable
SPR properties. The encapsulation of graphene over gold intensifies the surface
electron density and enhances the performance of SPR-based sensors. Graphene is
also useful in controlling the oxidation of metal nanoparticles, which contributes to

Fig. 8 a Scheme showing the mechanism of FRET in graphene-based nanocomposites.
b Schematic representation of GO-induced fluorescence quenching of MB-quantum dots and
biosensing mechanism. c Fluorescence emission spectra of (I) quantum dots (120 nM), (II)
MB-quantum dots (120 nM), and (III) MB-quantum dots incubated with target (800 nM) in the
buffer before (i) and after (ii) adding GO (0.1 lg/mL) for 5 min. Reprinted with permission from
[63]. © 2010 American Chemical Society
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increasing the lifetime of the biosensors. SPR sensing can be performed in typically
two ways: (a) the guest molecule attaches on the host to perturb the electronic
distribution, and (b) the guest molecule eliminates the host from the hybrid to cause
changes in the electronic distribution (Fig. 9). Both the strategies can be effectively
quantified in terms of analyte addition as shown in Fig. 9c, d. Another typical

Au Au+ - Drain Source 

Host molecule 

Guest molecule/analyte 

SiO2

Silicon substrate

+

(a)

(b)

(c) (d)

Fig. 9 Schematic illustration of a FET and b SPR-based sensing with graphene-containing
nanocomposites. c Schematic diagram of a liquid-ion gated FET using aptamer-conjugated,
polypyrrole-converted, nitrogen-doped few-layer graphene (PPy-NDFLG). R Ag/AgCl reference
electrode; C platinum counter electrode; S, D source and drain electrodes). The real time response
and calibration curves for the device were also shown. Reprinted with permission from [70]. ©
2015 American Chemical Society. d Refractive index versus SPR angle plot for the [GO(+)/GO
(−)]3-Au sample. Reprinted with permission from [71]. © 2015 American Chemical Society
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example of SPR-based sensing is a biosensor developed by Fu et al. [67] for the
detection of heparin by using the colorimetric quenching property of graphene. In
this report, protamine was used as a mediator to quantitatively detect the changes in
SPR and absorbance signals. Moreover, nanocomposites of graphene with silver
and gold nanomaterials also showed very high selectivity and sensitivity to analytes
like immunoglobulin class G (IgG) [68], immunoglobulin class E(IgE), and
single-stranded DNA (ss-DNA) [69] for SPR-based sensing [69–71].

Raman spectroscopy is another powerful and sensitive technique that can be
used for detection of analytes. Recently, we reported the synthesis of Au
nanoparticles wrapped by GO to serve as SERS-based sensors in the detection of
Raman signals from HeLa cells [72]. Similarly, Xu et al. developed
graphene-encapsulated Cu nanoparticles for the detection of adenosine. The rigid
graphene encapsulation was pivotal in intensifying the SERS signals, which was
achieved via a co-precipitation technique [73]. Among the three kinds of GBMs,
graphene-based nanocomposites are the most widely used materials for biosensing
applications. This is because they possess a wide range of electrical, physical and
chemical properties that can be effectively used for the fabrication of biosensors. On
the other hand, GQDs and graphene-wrapped hybrids are special types of materials
showing better usability in bioimaging and therapeutic applications due to their
morphological and electronic structures.

4 Bioimaging

Bioimaging is an important aspect of diagnostic research, as it can be used to
monitor the healthy conditions of biological components in typically two types of
environments, in vivo and in vitro. The primary requirements of materials used for
bioimaging are high specificity, nontoxicity and sensitivity. While graphene can
alleviate the toxicity of fabricated probes, introducing the selectivity and sensitivity
is still a challenge in the material synthesis. The most widely employed
graphene-based materials in bioimaging are GQDs. The initial studies on GQDs as
imaging probes were reported in early 2000s, wherein GQDs were prepared by
hydrothermal cutting of graphene sheets [74]. As these dots showed remarkable
photophysical properties, fluorescence spectroscopy was the commonly used
technique for imaging biological components.

Contradicting the primary function of graphene as a platform for
post-modifications, GQDs serve as effective imaging agents due to their morpho-
logical and electronic confinement. Quantum dots with varying size show distinct
photophysical properties as shown in Fig. 4. GQDs are generally coupled with
polymeric supports such as polypeptides [75], polyethyleneimine [76], polystyrene
[77] and carbon nanotube-polymers [78] to effectively administer in biological
environments. Though the optical properties can be tuned by controlling the size of
GQDs, very recently Qu et al. [79] showed that GQDs can be co-doped with sulfur
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(S) and nitrogen (N) to obtain distinctly emissive dots with different excitations.
Moreover, the introduction of sophisticated techniques like positron emitting (PET),
nonlinear optical spectroscopy, and photoacoustic imaging provides a versatile
platform for the fabrication of new imaging probes. Recently, Liu et al. demonstrated
the use of nitrogen-doped GQDs for two-photon imaging (excitation at 800 nm) of

Fig. 10 a Two-photon cell imaging under (i) bright field and (ii) 800 nm excitation. (iii) The
merged image of (i) and (ii). (iv) Cell viability after the incubation with N-GQD for 12 and 24 h.
Reprinted with permission from [80]. © 2013 American Chemical Society. b Epifluorescence
microscopy images of HeLa cancer cells internalized with GO–MSNP. The blue fluorescence is
from 4’,6-diamidino-2-phenylindole (DAPI) nuclear counterstain and the red fluorescence is from
GO–MSNP. (i) Image of nuclei. (ii) Fluorescence of GO–MSNP (dark-field). (iii) Overlay of
(i) and (ii). (iv) Overlay of (iii) with the phase contrast image. Reprinted with permission from
[28]. © 2012 American Chemical Society. c (i) Cell viability for crude-GQDs (C-GQD),
hydrothermally treated-GQDs (H-GQD), and GQDs embedded in a PEG matrix (P-GQDs) as
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Controls:
GQDs with a PEG shell (S-GQD, 8 mg/mL); only cells. (ii) Cellular labeling of HeLa cells with
GQDs. Blue: GQDs. Reprinted with permission from [81]. © 2014 American Chemical Society
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HeLa cells (Fig. 10a). The cell viability plots and confocal images confirmed the
efficacy of these materials for bioimaging applications [80].

The demerit of using GQDs for bioimaging is that extensive post-functionalizing
capability is reduced. Hence, ease of synthesis associated with the introduction of
selectivity is compromised. In light of this limitation, graphene-wrapped hybrids
serve as viable substitutes for developing sensitive and selective imaging probes.
This is because the graphene encapsulation can isolate the chemical/biological
species in several environments and provide post-functionalization capabilities as
well. Very recently, we reported the fabrication of squaraine dye-loaded meso-
porous silica wrapped with ultrathin GO sheets (GO–MSNP). This hybrid material
served as an excellent imaging probe for HeLa cells (Fig. 10b) [28].

The toxicity of graphene-based materials is relatively lower than most of
heterogeneous materials. However, all three forms of graphene without any
post-treatment are normally cytotoxic and/or genotoxic in vitro as well as in vivo.
Hence, they are not directly suitable for imaging or therapeutics. This limitation can
be easily alleviated by coupling or embedding with biocompatible species like
polyethylene glycols (PEGs). Chandra et al. investigated the cytotoxic effect of
different kinds of GQDs along with their imaging capability. The typical cell via-
bility plots and confocal images from this study are shown in Fig. 10c [81]. The
images clearly suggested that PEG functionalized GQDs are relatively nontoxic and
provide a good image contrast.

In a conventional perspective, optical bioimaging is generally conducted by
materials that exhibit stokes-shifted photoluminescence. An interesting class of
compounds that display such a photoluminescence is the near-infrared
(NIR) probes. These NIR dyes allow for in vivo imaging, with minimal medium
interference. For instance, Wang et al. [82] demonstrated the application of a
turn-on NIR probe for the detection of cancer cells composed of transferrin gold
functionalized GO. GO was used as an acceptor to deactivate the probe by FRET.
The function of graphene was similar to FRET-based biosensors. However, in this
case its activity was not quantitative. Conventional photoluminescence has proven
to be an effective tool for imaging. On the other hand, anti-stokes photolumines-
cence, a nonlinear optical phenomenon, is an emerging branch in bioimaging,
which was proposed by Nicolaas Bloembergen as a theoretical possibility in 1954
[83]. The most widely used anti-stokes photoluminescence materials are the
upconversion nanoparticles (commonly abbreviated as UCNPs) involving lan-
thanides. Graphene is generally employed a 2D support or host for these materials
to be used in bioimaging [84]. As demonstrated by Zhu et al. [85], GQDs can also
exhibit upconversion photoluminescence if they are modified adequately and
excited at wavelengths in the NIR region.

Bimodal imaging is a new arena in which the materials are active to two kinds of
imaging techniques to increase the sensitivity and efficiency of the probes. A typical
example of this strategy is shown in Fig. 11a, where the synthesized probe is a
two-photon active probe and additionally capable of generating photoacoustic
signals. The schematic diagram of this material and its corresponding two-photon
and photoacoustic activity is shown in Fig. 11b, c [86].
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Another approach in the field of bioimaging is the graphene wrapping of bio-
logical components. As demonstrated by Mohanty et al. [30], the graphene shells
used for the encapsulation were perfectly electron-transparent and did not impose
any contrast artifacts, at least at the moderate resolution needed for the imaging of
bacteria. This property could improve the visibility of bacteria during electron
microscopy measurements. The encapsulated bacteria were exposed to different
doses of electron irradiation in the microscope and compared with untreated bac-
teria under similar conditions. While the unwrapped bacteria shrank considerably
and showed clear signs of damage due to the evaporation of water, the wrapped
ones remained undamaged and stable even at a high irradiation dose. Such direct
encapsulations of biological components by graphene are extremely useful in
conducting mechanistic investigations and bioimaging studies.

5 Therapeutics

Therapeutics is the central area of biomedical research and has given rise to
essential fields like bioimaging and biosensing. Therapeutics primarily deals with
the treatment of diseased cells by selective administration of drugs in order to cure
the affected cells or perform targeted cellular apoptosis to eliminate those cells [87].
Drug/gene delivery, photothermal therapy and chemotherapy are some of the ways
by which these goals can be achieved. As GBMs show remarkable applicability in
bioimaging and biosensing, these materials were frequently employed to the field of

Fig. 11 a Schematic illustration for the preparation of (4-(4-diethylaminostyryl)-1-methyl
pyridinium iodide) loaded GO-mesoporous silica followed by coating with polyacrylic acid
(PAA@NS1). b Two-photon microscopic images of HeLa cancer cells incubated with PAA@NS1
(1 lg mL−1): (i) bright field image, (ii) fluorescence image (kex = 800 nm), and (iii) overlay
image of (i) and (ii) showing the localization of the hybrid inside the cell cytoplasm.
c Photoacoustic images of PAA@NS1-embedded gelatin inside a model chicken tissue. Reprinted
with permission from [86]. © 2014 John Wiley & Sons, Inc
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therapeutics. However, the biocompatibility and selectivity of these materials still
remain the most important aspect of their therapeutic applications.

Nanocomposites of graphene sheets such as gold encoded graphene [88], iron
oxide coated graphene [89], SiO2-graphene hybrid [90], and graphene-
phthalocyanine hybrid [91] are highly beneficial for therapeutic purposes. These
materials are carefully functionalized with an appropriate ligand that selectively
attaches to the affected cells and eventually results in the treatment of those cells
triggered by external or internal stimuli such as light irradiation, pH change, or
induced cellular toxicity. GQDs coupled with several organic molecules and poly-
mers could also serve as good therapeutic materials. Here, the primary function of
GQDs is to serve as effective imaging or monitoring agents rather than as therapeutic
agents. Interestingly, drug delivery can be carried out by fabricating a dual-functional
system having a drug delivery agent and an imaging probe. Nanocomposites of
GQDs, graphene, GO and rGO can be well used for this purpose. For instance,
nanographene sheets (NGS) post-functionalized by PEGs and Cy7 (NGS-PEG) can

(b) Biomodal probe: Imaging and therapy(a) Photo-thermal in vivo therapy  

i)
i) ii) iii) 

v) vi) iv) 

vii) 

x) 

viii) 

xi) 

ix) 

xii) 

ii)

Fig. 12 a In vivo photothermal therapy using intravenously injected NGS-PEG. (i) Tumor growth
curves of different groups after he treatment. The tumor volumes were normalized to their initial
sizes. (ii) Representative photos of tumors on mice after various treatments indicated. The laser
irradiated tumor on NGS-PEG injected mouse was completely destructed. Reprinted with
permission from [92]. © 2010 American Chemical Society. b Targeting effect indicated by
fluorescence microscopy images of (i–iii) HEK 293 normal cells and (iv–vi) HeLa cancer cells
incubated with GSF@AuNPs for 4 h. Fluorescence microscopy images of HeLa cells incubated
with (vii–ix) GSF@AuNPs with H2O2 (30 lM) and (x–xii) GSF@AuNPs with ascorbic acid
(2 mM). Reprinted with permission from [93]. © 2010 American Chemical Society
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be suitably employed as in vivo photothermal agents and fluorescence-based imaging
probes [92]. The activity of these materials is shown in Fig. 12a.

In addition to high applicability in bioimaging, graphene-wrapped hybrids could
also serve as good therapeutic materials. For instance, we reported the fabrication of
gold nanoparticle-loaded mesoporous silica-coated graphene (GSF@AuNPs), and
on the basis of its peroxidase activity, the hybrid was utilized as a selective,
quantitative, and fast colorimetric probe for cancer cells. Concurrently, the hybrid
was also used as ascorbic acid-mediated therapeutic agents (Fig. 12b) [93].

Under a similar strategy, Kim et al. [94] reported zinc phthalocyanine loaded
graphene-wrapped gold nanoparticles that show excellent multifunctional proper-
ties for combinational treatment of cancer cells via photothermal and photodynamic
therapy in addition to the Raman bioimaging. Table 3 summarizes some examples
of GBMs capable of simultaneous therapy and bioimaging [75, 76, 92, 94–98]. The
examples in the table elucidate extensive post-functionalization capability of gra-
phene as well as its wide range of applicability in terms of bioimaging and
therapeutics.

As evident from the table, a spectrum of GBMs that have varying sensitivity and
selectivity in biological environments can lead to different combinations of imaging
techniques, drug delivery, and treatment strategies. For instance, Moon et al. fab-
ricated a dual-functional material by coating graphene on gold nanorods to serve as
a photoacoustic imaging agent and a photothermal agent for therapeutics.

It can be evidently noted that photothermal therapy (PTT) and photodynamic
therapy (PDT) are the most leading mechanisms for therapeutics. Essentially, PTT
and PDT are two unique mechanisms that utilize light energy to destroy cell. PTT
converts the incident photon energy into thermal energy that is utilized for cellular
death by necrosis or apoptosis (Fig. 13) [99], whereas PDT is a relatively convo-
luted process in terms of the photophysical mechanism governing its therapeutic

Table 3 GBMs for bioimaging and therapeutics

GBMs Bioimaging Therapeutics Ref.

QD_polypeptides_rGO Fluorescence Photothermal therapy [75]

GO-BPEI Photoluminescence Gene delivery [76]

NGS-PEGs Fluorescence Photothermal therapy (in vivo) [92]

Zn–Au@GON Raman Photothermal and
photodynamic therapy

[94]

rGO-AnNRs Photoacoustic NIR photothermal therapy [95]

SiO2@GN-Serum Fluorescence Chemo-thermal therapy
(FA-DOX)

[96]

FAG-FMSNs-TA-Dox-PEG FRET ATP-assisted drug delivery [97]

Nano-rGO-PEG Fluorescence NIR photothermal therapy [98]

QD quantum dots, BPEI branched polyethylene imine, NGS nanographene sheets, PEG
polyethylene glycols, Zn zinc, Au gold, GON graphene oxide nanocolloid, AuNR gold
nanorods, GN graphene, FAG functionalized aptamer graphene quantum dots, FMSN
fluorescent mesoporous silica nanoparticles, TA AS1411 aptamer, Dox Doxorubicin, Nano-rGO
nanosized reduced graphene oxide
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action. Herein, the incident photon excites the electron from the HOMO to the
LUMO and then to a metastable long-lived triplet state. The electron in this state
can interact with reactive moieties in its close proximity, such as triplet oxygen
(3O2), and lead to cellular death by inducing reactive oxidative stress (ROS). The
schematic representation of the mechanism is shown in Fig. 13. The conventional
PDT agents generate singlet oxygen during the energy transfer from metastable
state to ground state. However, GQDs can exhibit a slightly different mechanism of
PDT. As shown by Ge et al. [100], the GQDs can generate singlet oxygen at two
stages, first during electron transfer from LUMO to metastable state, and second
during metastable state to ground state. This process helps in generating more
amount of singlet oxygen. As stated in Sect. 4, NIR emissive dyes are effective
tools for imaging. Similarly, NIR irradiation can serve as effective photothermal
optical source for therapeutics, too [101, 102]. Another interesting use of pho-
toirradiation, apart from the generation of heat generation or oxidative stress, could
be photo-induced drug delivery by using photoacid generators (PAG). This unique
property of a graphene-wrapped hybrid was demonstrated by He et al. [103],
wherein the photoirradiation created a pH change leading to the breakage of bor-
oester bond in the hybrid ultimately for the treatment of cancer cells.

GBMs can also be used as antimicrobial agents. There are several mechanisms
that explain the antimicrobial activity of graphene (Fig. 14) [104]. The most widely
accepted theory is the induced oxidative stress mechanism. Graphene interferes
with the bacterial metabolism and disrupts the essential cellular functions, which
ultimately lead to bacterial death. However, several reports suggest that the

Fig. 13 Schematic illustration of photothermal therapy and photodynamic therapy mechanisms.
Left photothermal therapy—the exited electron comes back to the ground state by the generation of
radiative thermal energy for cellular death. Right photodynamic therapy—the electron in excited
state relaxes to a metastable state where it can interact with triplet oxygen to induce cellular death.
In GQDs, the interaction can occur during both processes, i.e., excited state to metastable state and
metastable state to ground state
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antimicrobial activity of graphene is due to different types of perturbations to the
phospholipid bilayer of bacteria. The first type of mechanism is the insertion,
wherein graphene cuts through the bilayer due to the sharp molecular edges and
eventually causes cellular death. The second type is a nano-knife action of gra-
phene, a special case of insertion, where graphene inserts into the bilayer and causes
bacterial death on account of the induced oxidative stress. In the case of extraction
mechanism, the phospholipids are vigorously extracted from the lipid bilayer by
graphene because of its strong hydrophobic interactions to expose the intracellular
environment. Finally, for the wrapping mechanism, graphene covers the outer
surface of the bilayer, restricts the access of essential nutrients, and ultimately leads
to bacterial death. Each mechanism behind the antimicrobial activity of graphene
was clearly illustrated in Fig. 14.

It is evident from the numerous reports and mechanistic studies on GBMs that the
unique physical and chemical structure of graphene facilitates the development of
efficient hybrid materials for targeted therapeutics including antimicrobial activities.
The versatile post-functionalization capability allows GBMs to be highly selective
and nontoxic, which can be capitalized for diverse therapeutic applications.

Fig. 14 Schematic illustration of the mechanisms governing the antimicrobial activity of
graphene. Reprinted with permission from [104]. © 2016 American Chemical Society
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6 Conclusion and Future Prospects

GBMs with excellent electronic, chemical and physical properties have shown a
promising applicability in all the directions of biomedical research. The synthetic
strategies of GBMs can be very easy, allowing a wide scope for the post-treatment.
Due to extensive post-functionalization capabilities, different kinds of graphene
hybrids have been fabricated and used as sensors, imaging probes and therapeutic
agents. In terms of biosensing, graphene-based nanocomposites are the most widely
used materials due to chemically susceptible structures. On the other hand, GQDs
possess a unique tunable electronic structure that makes them a viable candidate for
bioimaging. However, more suitable materials for bioimaging are
graphene-wrapped hybrids due to the morphological confinement properties. For
drug delivery or therapeutics, heterogeneous nanocomposites encoded with quan-
tum dots, polymers, nanoparticles, and biomolecules are widely used materials.
Conventional therapeutics with chemotherapy and linear optical imaging has been
widely investigated. In this area, GBMs show a good applicability in nonlinear
imaging, photoacoustics and bimodal imaging. Therefore, GBMs could be extended
to fabricate synergistic materials capable of demonstrating single imaging, bimodal
imaging capabilities and therapeutics. On the other hand, the sensitivity, selectivity
and efficacy of these materials should be further tuned to make them clinically
viable. While GBMs provide a platform for the fabrication of hybrid materials with
controlled morphology and tunable chemical properties for targeted applications in
biomedical research, their toxicity, biocompatibility, and biodegradation need to be
further investigated before translating toward future clinical uses.
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Part II
Medicine: Biosensors



Hybrid Graphene Metallic Nanoparticles
for Biodetection

Manos Gkikas

Abstract Sensitive and accurate techniques for detection in water, environment
and issues related to health, have been a great challenge among scientists. To date,
many analytical tools based on different physical, chemical, and biological phe-
nomena have been developed for detection of biomolecules, biomedical imaging,
and biosensing, including fluorescence spectroscopy, surface-enhanced Raman
scattering (SERS), electrochemistry, and techniques that are based on a specific
biological recognition. However, due the demands of the new era and the advances
in modern biomedicine, materials that combine relatively low detection limits,
easiness of application, as well as low cost, are of great challenge. Herein, the
progress towards graphene/metallic nanoparticle hybrids is discussed, emphasizing
on the advances of different synthetic methods, the decoration with well-dispersed
metallic particles (Au, Ag, Pt, Pd, Cu, and QDs) on graphene, as well as different
bioapplications.

Keywords Graphene � Metal nanoparticles � Biosensors � Bioimaging � FRET �
Electrocatalysis � Biodetection

1 Introduction

Graphene oxide (GO) has excellent mechanical properties, large specific area with
both sides been accessible, abundance of functional groups and can be easily
converted to reduced graphene oxide (rGO) following reduction, improving the
electrical properties. Metallic nanoparticles assembled onto graphene-based mate-
rials not only enhance the carbon support with the properties of the metals, but also
prevent restacking of the graphene sheets as inorganic spacers. The shape and size
of the inorganic particles can be synthetically tuned for utilization in specific
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applications, either industrial or biomedical, allowing for the development of the
next generation materials as biosensors, biocatalytic templates, and contrast agents
in biomedicine. Additionally, the recent significant advances in optics, laser tech-
nology, surface plasmon resonance (SPR) spectroscopy, and nanofabrication, have
arisen as a versatile tool that offers excellent sensitivity, selectivity, and structural
information in biological media.

Inorganic nanoparticles in carbon templates have been utilized as “contrast
agents” and “exothermic reactors”. Lately, an increasing number of publications
highlight the symbiosis of carbon-metal materials [1–4], and a plethora of bioap-
plications using either graphene [5–11] or metallic nanoparticles [12–16]. While
microorganisms have been observed to secrete secondary metabolites to assist in
their survival against metals, such as gold [17], naked Au-nanoparticles (Au-NPs)
are reported to have low cytotoxicity in human cells [18, 19]. Moreover, they serve
as contrast agents in biomedicine [20], producing significant photothermal ablation
in cancer cells using near-IR light as an external stimulus, or as high payload
doxorubicin carriers for near-IR light-triggered drug release [21]. Therefore, the
combination of graphene with metallic nanoparticles seems to be extremely inter-
esting for biomedical applications and biodetection.

In most of the cases, the synthesis of metal particles occurs through an initial
reduction step of metal salts with an organic compound or a polymer, and sequential
stabilization with a different (or the same) organic compound or polymer. Materials
that have a dual role, serving both as a reductant and a stabilizer seem to be more
challenging in terms of cost for large-scale applications. Tuning the size, the shape,
and the dispersion of the inorganic particles onto graphene defines the sensing
properties and applications to a great extent. Towards that direction, the initial
concentration of graphene, the metal salt feed, the reaction temperature, as well as the
utilization of different reductants and stabilizers (Table 1), have been found to affect
the size and shape of the metal particles onto graphene and their stability. Hybrid
structures of graphene with gold, silver, copper, platinum, and palladium nanopar-
ticles as well with quantum dots are herein discussed, emphasizing on the role as
detection probes, biosensors, and bioimaging tools, depending on the detection
method; either surface-enhanced Raman spectroscopy (SERS), electrochemistry,
fluorescence, or techniques that are based on a specific biological recognition.

2 Detection of Graphene/Metal Hybrids Using
Surface-Enhanced Raman Spectroscopy (SERS)

The SERS effect results from the combination of two main mechanisms designated
by electromagnetic and chemical mechanisms. The electromagnetic enhancement
involves the excitation of surface plasmons on the metal structures, whereas the
chemical enhancement involves the formation of charge-transfer complexes
between the metal and the analyte [22]. SERS can boost the Raman signal of neat
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graphene or neat metal particles by 108 times or more, which has exhibited potential
for ultrasensitive analytical applications. However, the high sensitivity of SERS
suffers from its poor reproducibility. Metallic-NPs assembled on graphene
nanosheets (and supported on Si wafers) have been used to detect various aromatic
molecules. The detection of different biomolecules onto graphene–metal hybrids
using SERS is analytically described in Table 2.

Aqueous graphene/gold suspensions have been successfully produced by the
group of Marques [23], using an initial “aging” step, where the oxygen functional
groups at the surface of GO coordinate with Au(III) ions, bringing the two materials
in close in proximity, followed by sodium citrate reduction for 1 h at 80 °C.
Different surface treatments of graphene were examined (GO, thermally reduced
graphene, hydrazine-reduced graphene), showing the important role of the oxygen
groups at the surface of graphene on the nucleation and growth of particles. The
“aging” treatment of GO with gold ions led to a homogeneous distribution of
small-sized nanospheres (*21 nm diameter) anchored on graphene (Fig. 1), while
the thermally reduced graphene led to agglomeration of particles, yielding Au-NPs
with*300 nm diameter. No evidence of the formation of Au-NPs was shown in the
case of hydrazine-reduced graphene. UV-Vis characterization for the GO/Au
hybrids revealed a peak at 540 nm, while that of the thermally reduced graphene/Au
hybrids was broader and shifted to *590 nm. The GO/Au-NPs were tested as a
substrate for SERS, for detection of the fluorescent dye rhodamine 6G (Rh6G), after
deposition of the graphene/gold dispersion onto silica substrates, and sequentially
the SERS probe. Enhanced Raman spectrum was obtained for Rh6G adsorbed at the
surface of the GO/Au-NPs nanocomposite, in comparison with Rh6G on neat
graphene, where a broad band was obtained in the region of 1600–1300 cm−1,

Table 2 Different biomolecules detection onto graphene/metal hybrids using SERS

Hybrid structure SPR band (nm) Substrate Ref.

GO/Au-NPs *540 Rhodamine 6G [23]

rGO/Au-NPs *539 Rhodamine 6G [24]

rGO/Ag-NPs *405 Rhodamine 6G [24]

rGO/2-MPy/Au-NPs *590 p-Aminothiophenol [25]

rGO/Au-NPs *539 p-Aminothiophenol [24]

GO/PVP/Ag-NPs *450 p-Aminothiophenol [26]

rGO/Ag-NPs *405 p-Aminothiophenol [24]

GO/PVP/PDDA/Ag-NPs – Folic acid [27]

GO/Au-NPs *524 Rhodamine B [28]

GO/Ag-NPs *390 TMPyPa [29]

GO/Ag-NPs *390 Crystal violet [29]

rGO/Au-NPs *539 Nile blue [24]

rGO/Ag-NPs *405 Nile blue [24]

GO/Au-NPs *540 Cellular uptakeb [32]
a 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate).
b Cellular uptake and internalization of the hybrids on Ca Ski cells
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characteristic of the s G and D peaks of graphene (Fig. 1). This work was pioneering
for the time, showing that Au(III) cannot be reduced by GO, unless a reductant is
used, while different surface treatments of graphene can affect the nucleation of gold
nanoparticles and therefore their final size.

Graphene/metal hybrid nanostructures prepared with Au-NPs or Ag-NPs were
fabricated by the group of Wu [24] as SERS probes for detection of molecules such
as rhodamine 6G, nile blue, and p-aminothiophenol (Fig. 2). Rhodamine 6G is a
cationic dye possessing a maximum absorption band at *530 nm (non-resonant
excitation), nile blue is also a cationic dye with a larger macrocyclic conjugated
structure (able to form p–p stacking) and a maximum absorption band at *625 nm
(resonant excitation), while p-aminothiophenol has the weakest conjugated struc-
ture among the probe molecules and binds Au-NPs and Ag-NPs via Au–S and Ag–
S bonds. Following the sodium citrate reduction method for 24 h at 100 °C, the
authors claimed complete reduction of GO to rGO, as well as metallic particles
anchored on graphene with a diameter of 10–30 nm (rGO/Au-NPs) and 10–35 nm
(rGO/Ag-NPs). After the decoration of graphene with the metallic particles, an
enhancement factor of 3.6 was found for graphene/Au and a 13.1 for graphene/Ag,
according to the G peak, which mainly arises from the electromagnetic effect based
on the charge transfer.

For all the three probemolecules, a SERS effect of Au-NPs orAg-NPs on the probe
molecules was found when the probe concentration was in the range of 1 � 10-4 M
while at concentrations below 1 � 10−5 M, only the SERS spectra of graphene was

Fig. 1 a Schematic of the “aging” treatment and reduction of Au(III) ions onto graphene. b AFM
image of the GO/Au-NPs of approximately 8.4 % gold nanoparticles per area of graphene. c SERS
spectrum of Rhodamine 6G adsorbed at a single graphene sheet (blue line) and at GO/Au-NP (red
line) as well as the Raman spectra of solid Rh6G (black line) (reproduced fromGoncalves et al. [23])
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observed. Though the SERS effect of the Au-NPs or Ag-NPs on graphene was present
in all the cases competitive SERS effects were obtained depending on the probe. The
chemical mechanism attributed to p–p stacking was found to dominate in the case of
the macrocyclic nile blue (Raman signal of probe affected by graphene), while for p-
aminothiophenol and rhodamine 6G the electromagnetic-based SERS effect domi-
nated (Raman signal of probe affected by the anchored metallic particles). Overall, it
was shown that nile blue had the strongest suppressing effect on the SERS of graphene
(high charge transfer due to large amounts of probe absorbed on graphene), wherein
the D and G bands of graphene could not even be detected at 1 � 10−4 M probe
concentration. Rhodamine 6G had a moderate effect, while p-aminothiophenol had
the weakest suppressing effect on the SERS of graphene, since the probe molecules
cannot be absorbed on the graphene sheets, but only bind to the metallic-NPs.
Therefore, the Raman spectrum could be considered a superimposition of the spec-
trum of 4-aminothiophenol and that of graphene, enhanced by the metallic-NPs
individually (Fig. 2).

Nanocomposites of GO and rGO with Au-NPs thermally reduced by sodium
citrate and capped with 2-mercaptopyridine were reported to demonstrate excellent
SERS [25]. The authors claimed the absence of gold nanoparticles anchored on
graphene in the absence of the stabilizer. It was supported that the aromatic pyridine

Fig. 2 Competitive surface-enhanced Raman scattering effects in rGO/Au-NPs and rGO/Au-NPs
hybrids using different SERS probes: rhodamine 6G, nile blue, and p-aminothiophenol
(reproduced from Sun et al. [24])
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stabilizers led to physisorption on the graphene sheets and could further facilitate
electron transfer between the metal and graphene. The deposition of gold particles
on the graphene matrix led to broadening of the surface plasmon resonance and to a
red shift from 520 nm up to *580 nm, indicating the formation of aggregation
(Fig. 3). The GO/Au-NPs showed stronger SERS intensity than neat Au-NPs, using
p-aminothiophenol as a SERS probe, possibly due to the aggregation of Au-NPs
onto the graphene sheets. That could lead to a coupled electromagnetic effect, and
explain the enhanced Raman scattering, in combination with the strong electronic
interactions of Au-NPs and GO.

GO/Poly(N-vinyl-2-pyrrolidone)/Ag-NPs (GO/PVP/Ag-NPs) hybrids prepared
by simultaneous reduction and stabilization of Ag-NPs by PVP, showed superior
SERS over p-aminothiophenol [26]. New bands in the Raman spectrum of the
hybrids denoted charge transfer from Ag-NPs to p-aminothiophenol. Using higher
weight ratios between AgNO3 and GO (from 24 to 384), it was managed to obtain
higher SERS with higher weight ratios, in accordance with a red shift in the UV-Vis
spectrum of Ag-NPs (*450 nm) and band broadening that denotes increase in size.

PVP-capped GO functionalized with poly(diallyldimethyl ammonium chloride)
(PDDA) through electrostatics led to GO/PVP/PDDA/Ag-NPs assembled structures
after mixing the cationic polymer-functionalized graphene with as-prepared Ag-NPs
(negatively charged, *35 nm) [27]. The obtained hybrid nanostructures exhibited
strong SERS activity in the addition of folic acid, resulting from the anchored Ag-NPs
and the enrichment of folic acid molecules onto GO due to electrostatic interactions
(overall positive zeta potential of the hybrid), finally leading to an ultrasensitive,
label-free detection of folic acid by SERS (Fig. 4). Since folic acid receptors are found
on the surfaces of various human tumor cells and folic acid has been considered a
possible targeting agent of cancer cells, enhancing its signal is of paramount
importance in biomedicine and biotechnology. The SERS spectra of 10−4M folic acid
showed a strong signal onGO/PVP/PDDA/Ag-NPs in comparisonwith neat Ag-NPs,
confirming also the main vibrations of folic acid. Focusing on the folic acid vibration
peak at 1595 cm−1 (signature peak), the authors found an increase in the intensity of

Fig. 3 a TEM images of Au-NPs deposited onto GO sheets. b UV-Vis spectra of 40 nm
pre-synthesized Au-NPs before (black line) and after (red line) attachment onto GO sheets.
c SERS spectra of p-aminothiophenol using Au-NPs (red line) and GO/Au-NPs (black line) as
SERS substrates (reproduced from Huang et al. [25])

Hybrid Graphene Metallic Nanoparticles for Biodetection 71



the SERS by increasing the folic acid concentration, with a detection limit of 9 nM
and linearity between 9 and 180 nM in water. The sensing probe was also effective in
detecting known concentrations of folic acid in dilute human serum, extending the
sensing applicability to potential biological samples.

rGO/Ag-NPs composites were prepared by the group of Kamat [28] and were used
to boost the SERS sensitivity of the porphyrin derivative 5,10,15,20-tetrakis
(1-methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate) (TMPyP). The hybrids
were synthesized by simultaneous reduction of AgNO3 andGO byNaBH4, yielding a
surface plasmon band at*390 nm. The enhanced performance of the rGO/Ag-NPs
hybrid was attributed to the complexation between the porphyrin and the composite
(both electrostatic and p–p stacking interactions between TMPyP and rGO), sup-
ported by a red shift in the porphyrin absorption band, which allowed for target
molecule detection at low concentration levels. A nearly linear dependence of the
SERS signal strength on TMPyP concentration was found using the rGO/Ag-NPs
composites, rendering it as a potential probe for determination of the TMPyP con-
centration (Fig. 5). Bymonitoring the integrated intensity of the TMPyPRaman band
at 1560 cm−1 as a function of [Ag0], it was found that mixing*0.26 mM Ag0 with
0.03 mg/mL RGO led to the highest SERS signal.

GO/Au-NPs hybrids prepared by UV-irradiation of a GO suspension containing
HAuCl4 and a 25 % NH3 solution (with or without the addition of citric acid)
served as a SERS substrate for Rhodamine B (RhB) detection [29]. Casting an
aqueous solution of the fluorescent dye molecule onto SiO2/Si substrates covered
with a film containing the graphene–gold hybrids led to enhancement in the Raman
spectrum, higher than that of neat Au-NPs onto the same substrate.

Grafting the water-soluble, left-handed helical polypeptide, poly(proline)
(PLP) to GO, Gkikas et al. [30] managed to functionalize the 2D carbon support
with a biocompatible, non-charged polypeptide, and decorate it with Au-NPs,

Fig. 4 a Fabrication of GO/PVP/PDDA/Ag-NPs for SERS detection of folic acid. b SERS spectra
of 10-4 M folic acid onto the hybrid (red line) and onto neat Ag-NPs colloids (black line)
(reproduced from Ren et al. [27])
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showing capability for SERS effect, due to the high aggregation of Au-NPs onto
graphene The helical hybrid material served as simultaneous reductant and stabi-
lizer for Au-NPs, due to the dual role of the synthetic PLP homopolypeptide [31].
PLP’s rigid backbone, containing consecutive pyrrolidine rings, led to efficient
restacking of graphene sheets, and enabled in situ reduction of Au(III) ions by the
polymer and simultaneous stabilization of the as-formed Au-NPs in water in
one-step, without the formation of toxic by-products. Unlike PLP/Au-NPs though
where the band was centered at 530 nm [31], the surface plasmon band of
GO/PLP/Au-NPs [30] was centered at *600 nm (Fig. 6), confirming aggregation
of metallic particles when attached onto graphene (size is proportional to a red shift
at higher wavelengths). Kinetic measurements of the GO/PLP/Au-NPs hybrid by
UV-Vis showed a surface plasmon resonance peak emerging at 580 nm during the
first h, which was shifted to higher wavelengths during the second and the third h.
The band centered at 600 nm however narrowed after the fourth h and increased its
intensity by the sixth h (Fig. 6). The size and shape of Au-NPs still remained
spherical, while their average size onto the wrinkled graphene sheets was *77 nm,
as revealed by HRTEM, making it a suitable substrate for SERS in vitro and
in vivo.

Graphene/Au(0) hybrids were recently introduced in biomedicine. Ren and Zhang
[32] examined the cellular uptake and intracellular pathway of GO/Au-NPs inside
cells via SERS. Gold particles were used as the SERS-active substrate and GO as the
delivery scaffold. Au-NPs (*20 nm in size) prepared by sodium citrate reduction and
capped with dimercaptosuccinic acid were chemically attached onto GO/PEG-NH2

Fig. 5 a Schematic representation of rGO/Ag-NPs composites for SERS detection of the
porphyrin TMPyP. Both electrostatic interactions and p–p stacking of TMPyP with RGO lead to a
flattening of the porphyrin on the rGO surface. b SERS spectra of the hybrids using different
TMPyP concentrations. The background of the rGO Raman scattering has been subtracted
(reproduced from Murphy et al. [28])
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hybrids through EDC coupling. The enhanced by the metal nanoparticles SERS
signal of graphene provided a “molecular fingerprint” for identifying molecules from
different spots on Ca Ski cells (cytoplasm or nucleus). Incubation of cells with
GO/PEG/Au-NPs revealed a strong Raman signal of D and G bands of graphene,
indicating internalization of the gold hybrids in Ca Ski cells (Fig. 7). On the other
hand, negligible SERS signal was obtained using neat GO.

In order to understand the internalization process of GO/Au-NPs in Ca Ski cells,
different incubation times were tested. Incubation for 4 h showed a strong signal
that started to decrease after 8 h and minimized after 12 h, possibly due to the
release of Au-NPs from GO. Even for that duration of time though (4 h), gold
particles were detected by TEM in the cytoplasm, while some particles were shown
to be entrapped by cell organelles (endosomes or lysosomes). Metal-NPs generally
entering cells via pinocytosis, through an energy-dependent process. A significant
decrease in the SERS signal of GO/PEG/Au-NPs hybrids was observed by NaN3

incubation, a factor that decreases ATP. Similar results were obtained by GO itself.
The authors used several types of endocytic inhibitors which selectively block
specific uptake pathways and found out that the cell entry of GO-PEG/Au-NPs was
mainly promoted by clathrin-mediated endocytosis. Their work opened a new
window in using GO/Au-NPs for biomedicine by studying the changes in the
Raman spectrum for in vitro and possibly in vivo studies.

Fig. 6 a Schematic of gold nanoparticles anchored on GO/PLP through grafting PLP onto
graphene sheets, in situ reduction and stabilization of Au-NPs by PLP in water in one-step.
b HRTEM images of GO/PLP/Au-NPs showing decorated wrinkled graphene structures. c UV-Vis
kinetics of formed Au-NPs onto GO/PLP with the surface plasmon resonance band shifted to
higher wavelengths due to the attachment of the polymer onto the carbon matrix (reproduced from
Gkikas et al. [30])
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3 Graphene/Metal Hybrids as Novel Biosensors
(Enzymatic and Non-enzymatic)

Biosensors are becoming increasingly important due to their applications in bio-
logical and chemical analyses, clinical detection, and environmental monitoring.
Graphene exhibits significantly lower charge-transfer resistance compared to gra-
phite and carbon glass electrodes (GCEs), while graphene-based electrodes have
been shown superior electrocatalysis over carbon nanotubes, comparable to gra-
phite and GCE. Such EC behavior attests fast electron transfer of graphene owing to
its unique electronic structure and high surface area, ranging between 1500 and
2500 m2/g. The transfer though of electrons from/to graphene to/from molecules is
related to the target analyte as well as the amount of defects, functional groups, and
impurities on graphene. The oxygen functional groups on graphene are
oxidized/reduced at mild EC potentials, while at more extreme pH and potentials
(below −2 V) the carboxyl groups can also be reduced. GO has an oxygen fraction
of *50 % and is non-conductive, while reduced graphene oxide (rGO) has an
oxygen fraction of <10 % (edge functionalization) and restores the conductivity,
along with the electrical, thermal, and mechanical properties, that are similar to GO.
Most common reducing agents, including hydrazine, do not reduce the carboxyl
groups, which are left as remaining oxygen functionalities in rGO.

Addition of metallic nanoparticles onto either GO or rGO improves the electrical
conductivity and enhances the electron transfer between graphene and the analyte.
In electrochemistry, the metallic nanoparticles, M(0), are oxidized to M(+x) while
the analytes act as reducing agents and auto-oxidized. For sensing biomolecule
analytes, voltammetry and amperometry are widely used, due to their sensitivity,

Fig. 7 Raman spectra and dark-field microscopic images (inset) at different spots of Ca Ski cells
after incubation for 4 h with a GO and b GO-PEG/Au-NPs. The two prominent peaks at 1330 and
1600 cm−1 are assigned to the D and G bands of graphene. c TEM image of a Ca Ski cell
incubated for 4 h with GO/Au-NPs showing gold particles in the cytoplasm (reproduced from
Huang et al. [32])
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low cost and simplicity, allowing for detection of important biomarkers, such as
glucose, uric acid, ascorbic acid, dopamine, cholesterol, and NADH. Depending on
the addition of an enzyme onto the modified electrode or not, enzymatic and
nonenzymatic biosensors have been developed, and described analytically below
(Table 3).

Table 3 Detection of glucose using graphene/metal hybrids

Hybrid structure Linear range Sensitivitya Voltage Ref.

Non-enzymatic

CGE/Graphene/Cu-NPs 0.5 lM–4.5 mM
(0.5 lM)

– +0.50 [33]

CGE/GO-thionine/Au-NPs 200 lM–13.4 mM
(50 lM)

– – [34]

CGE/GO/Pd-NPs/Nafion 200 lM–10.0 mM
(200 lM)

– +0.40 [35]

CGE/GO/Pt-NPs/Nafion 2.0 lM–10.3 mM 1.26 lA mM−1

cm−2
+0.47 [36]

10.3–20.3 mM 0.64 lA mM−1

cm−2

ITO-GE/GO/PdCu/Nafion 1.0–18.0 mM
(20 lM)

48.0 lA mM−1

cm−2
−0.40 [37]

Enzymatic

CGE/Graphene/Pt-NPs/GOx/Nafion 1.0 lM–20.0 mM
(1.0 lM)

61.5 lA mM−1

cm−2
+0.70 [38]

CGE/Graphene/Pd-NPs/GOx/Nafion 4.0 lM–10.0 mM
(4.0 lM)

61.5 lA mM−1

cm−2
+0.70 [38]

CGE/GO/Au-NPs/GOx/Nafion 1.0 lM–30.0 mM
(1.0 lM)

– +0.80 [39]

CGE/GO/AuPt/GOx/Nafion 1.0 lM–25.0 mM
(1.0 lM)

– +0.80 [39]

CGE/Graphene/Au-NPs/GOx/Nafion 15.0 lM–5.8 mM
(5.0 lM)

– +0.40 [40]

CGE/rGO/PAMAM/Ag-NPs/GOx 32 lM–1.9 mM
(4.5 lM)

75.7 lA mM−1

cm−2
−0.25 [41]

CGE/rGO/Ag-NPs/GOx 0.5–12.5 mM
(160 lM)

3.84 lA mM−1

cm−2
−0.49 [42]

Au electrode/GO/PDOPA/GOx 0.1 lM–4.7 mM
(0.1 lM)

28.4 lA mM−1

cm−2
+0.70 [43]

CGE/Graphene/Cu-NPs/GOx/Nafion 50 lM–12.0 mM
(5 lM)

34.0 lA mM−1

cm−2
– [44]

a Values in parenthesis represent the lower limit of detection (LOD)
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3.1 Nonenzymatic Glucose Sensors

One of the major challenges in nonenzymatic glucose detection is the interfering
electrochemical signals caused by some other coexisting organic substances, such
as uric acid (UA) and ascorbic acid (AA). The normal physiological level of glu-
cose is 3–8 mM, which is much higher than those of interfering species of AA
(*0.1 mM) and UA (*0.02 mM). In order to mitigate interfering effects, nafion is
commonly used in modified electrodes, as an additional material to provide a
repelling effect towards negative charged interfering species, resulting thus in high
selectivity to glucose.

A stable nonenzymatic glucose sensor was developed by Luo and Liu [33], by
electrochemical deposition of metallic Cu-NPs onto graphene sheets. The modified
graphene/Cu(0) electrode displayed a synergistic effect of graphene sheets and
Cu-NPs towards the oxidation of glucose in alkaline solution, showing higher oxi-
dation current and a negative shift in peak potential. A linear detection range up to
4.5 mM glucose was managed, with a detection limit of 0.5 lM, and a fast amper-
ometric response to glucose (<2 s). Additionally, the graphene/Cu(0) electrode
exhibited high selectivity to glucose, with low levels of interference by other
chemicals such as ascorbic acid, dopamine, uric acid, carbohydrate, and chloride ions.

High loading of Au-NPs onto graphene sheets was obtained by the group of Xu
[34], using thionine-functionalized GO and sodium citrate reduction of the metal
precursor. Glassy carbon electrodes (CGE) modified with the obtained nanocom-
posites showed remarkably electrocatalytic activity towards the oxidation of glu-
cose, leading to a nonenzymatic sensor with a linear range between 200 lM−13.4
mM and a detection limit of 50 lM [34]. Well-dispersed Pd-NPs on GO have been
also used as a nonenzymatic glucose sensor. Using a simple ultrasonication method,
Cui and Zheng [35] managed to decorate graphene with Pd(0) particles. The for-
matted biosensor electrode (surface-covered by nafion) showed an effective
amperometric response at 0.4 V, with a linear correlation to glucose between 0.2
−10 mM in alkaline solution, high selectivity, and high response even after 2 weeks
of storage (Fig. 8).

Fig. 8 a Preparation method of GO/Pd-NPs using ultrasonication. b Current density over time
response of CGE/GO/Pd-NPs/Nafion electrode towards successive addition of 1.0 mM glucose in
0.1 NaOH at 0.4 V. Inset amplified response curve at low glucose concentrations (reproduced
from Wang et al. [35])
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Using ethanol as a reductant, the group of Chen [36] managed to assemble
Pt-NPs with a flower-like structure onto graphene sheets, showing enhanced elec-
trocatalysis of glucose. The modified CGE/Graphene/Pt-NPs/Nafion electrode
exhibited a fast response at 0.47 V within 5 s, with two linear regions, one between
2 lM and 10.3 mM, and one between 10.3 and 20.3 mM, and a detection limit
(LOD) of 2 lM, which was lower than many nonenzymatic electrochemical glu-
cose sensors. In addition, sufficient sensitivity in the presence of high concentra-
tions of chloride ions was managed, as well as low interference effects of AA
(12.0 %) and UA (3.9 %) at 0.47 V (Fig. 9).

Following a hydrothermal method, the group of Liu [37] managed to assemble
bimetallic PdCu nanoparticles onto GO, fabricating PdCu/GE hybrid materials with
3D micropores as nonenzymatic glucose biosensors. It was supported that the
addition of glutamate assisted in the coordination of Pd2+ and Cu2+ ions, while
ethylene glycol served as the reductant, leading to assembled bimetallic nanos-
tructures onto graphene. The fabricated ITO glass electrode/GO/PdCu-NPs/Nafion
electrode showed significant electrocatalytic activity toward glucose oxidation in
alkaline solution, presenting a substantial increase in the oxidation current and a
decrease in the onset potential of oxidation compared to the mono-metallic modi-
fied GE hybrids [37]. The modified electrode presented a quick respond to glucose
oxidation at −0.4 V applied potential, with a linear range up to 18 mM (covering
blood glucose levels in diabetic patients) and a detection limit about of *20 lM.
Additionally, a high selectivity to glucose was accomplished with significant
resistance against poisoning by commonly interfering species such as dopamine,
ascorbic acid, uric acid, acetamidophenol, and fructose at the same concentration
(1 mM; current responses of *10–16 % of that of glucose). The current response
of the graphene/PdCu electrode remained stable throughout a 60 days examined
period, showing a long-term stability.

Fig. 9 a HRTEM images of the synthesized GO/Pt-NPs. b Amperometric responses of the
CGE/Graphene/Pt-NPs/Nafionelectrode in 0.05 M PBS (pH 7.4) containing 0.1 M NaCl at 0.47 V
and glucose additions at 50 s intervals. Inset shows the amperometric responses of four sensors to
glucose in 200 s. c Selectivity of the modified electrode at different potentials upon addition of
1 mM glucose, 0.02 mM UA or 0.10 mM AA, respectively (reproduced from Wu et al. [36])
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3.2 Enzymatic Glucose Sensors

The immobilization of enzymes on graphene/metal modified electrodes has
attracted significant attention, since enzymes are selective and highly responsive to
specific substrates. Graphene has excellent electrical conductivity, and thus
metal-dispersed graphene can improve the electron transfer between the enzyme
and the electrode, allowing for direct electron communication between the electrode
and the active center of the enzyme.

Exfoliated graphite nanoplatelets (xGnPs) decorated with uniform, small-sized
Pd-NPs and Pt-NPs were reported by the group of Lee as a cheap alternative instead
of carbon nanotubes [38]. The xGnPs were synthesized by a microwave process and
sonication, and had an average size of *1 lm and a thickness of 10 nm (about 30
graphene sheets, considering an interlayer distance of 0.335 nm). xGnPs/Pd(0) and
xGnPs/Pt(0) hybrids were prepared by microwave-assisted polyol process, where
H2PtCl6 or Pd(NO3)2 precursors were added to xGnPs dispersed in ethylene glycol,
followed by microwave-heating and short irradiation to reduce the metal particles.
Utilization of the ionic liquid, 1-butyl-3-methylimidazolium acetate, in ethylene
glycol at RT was reported to lead to even smaller sized metal-NPs. TEM images of
xGnPs/Pt-NPs showed particles of 1–4 nm with a high surface coverage, while the
Pd-NPs had a higher dispersity and appeared as worm-shaped aggregates. SEM
images of the xGnPs/Pt-NPs/Nafion composite (Nafion was used to solubilize and
drop-cast the metal/graphite suspension onto the CGE) showed that the graphite
layers were densely packed and exhibited high surface roughness (Fig. 10).

Modified CGE electrodes of xGnPs/Pd-NPs and xGnPs/Pt-NPs hybrids were
tested as glucose biosensors. Glucose oxidase (GOx) was added to an 85 % iso-
propanol solution of xGnPs/metal-NPs/Nafion or xGnPs/Nafion, and the suspension
was added to a CGE electrode after sonication, finally yielding a GOx-modified
electrodes. For both metal-coated glucose biosensors, no more than 2 s were needed
to achieve 95 % steady current, while the glucose detection limits were 4 lM

Fig. 10 a SEM image of the xGnPs/Pt-NPs/Nafion nanocomposite showing densely packed
graphene sheets with high surface roughness. b TEM image of 20 wt% xGnPs/Pt-NPs.
c Amperometric responses of the biosensors upon addition of 0.5 mM (10 times) and subsequently
1.0 mM glucose solution in 50 mM phosphate buffer at +0.7 V. Inset showing the fast response of
the xGnPs/Pt-NPs glucose biosensor upon 0.5 mM glucose (reproduced from Lu et al. [38])
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(Pd-NPs) and 1 lM (Pt-NPs) respectively at an applied potential of +0.7 V. The
linear detection ranges of the glucose biosensors were up to about 10 mM for
xGnP/Pd and 20 mM for xGnP/Pt respectively. The enhanced performance of
platinum was attributed to the smaller size of the Pt-NPs. The xGnPs/Pt-NPs/Nafion
glucose biosensor had a higher sensitivity than MWNTs/Pt-NPs sensors, and a
much quicker response, being among the best glucose biosensors reported so far
[38]. The maximum sensitivity was observed with a 20 wt% Pt-loading, while
higher loadings were reported to reduce the surface coverage and the effective
contact between Pt-NPs and the enzyme. Interfering effects using 0.1 mM AA and
0.2 mM UA in the presence of 4 mM glucose (average physiological concentration
of blood glucose), showed only 8 and 18 % signal increase respectively, in com-
parison with 57 % (AA) and 125 % (UA) obtained for a Pt-free electrode.

The immobilization of Au-NPs onto graphene was reported to assist directly to
the electron transfer between glucose oxidase (GOx) and the modified hybrid glassy
carbon electrode, by increasing the electroactive area of the electrode, and accel-
erating the response to glucose [39]. The enzyme immobilization on the
CGE/graphene/Au electrode was proposed to occur via adsorption through the
carboxylic groups of graphene, enabling improvement of the relative activity of
GOx in the presence of metallic particles (10 wt% metal loading). Taking advantage
of the graphene’s large specific area, a high amount of GOx could be immobilized
within the graphene nanosheets. Using nafion layers between each step in the
modification of the electrode, high sensitivity response was obtained, with linearity
up to 30 mM for glucose at 10 wt% Au and 25 mM glucose using 10 wt% Pt–Au,
as well as detection limit of 1 lM (Fig. 11). Interference by other electroactive
substances such as ascorbic acid (0.2 mM) and uric acid (0.2 mM) were supported
to be eliminated in the presence of an extra layer of 0.5 % Nafion. Similar results
were obtained by the group of Li [40], where GOx was immobilized in
GO/Au-NPs/Nafion composites to fabricate a glucose biosensor electrode, with a
steady state current at 5 s at 0.4 V, detection limit of 5 lM, and linearity in the
range of 15 lm–5.8 mM.

Fig. 11 a Schematic of the fabricated graphene/Au-NPs/GOx/Nafion electrode for glucose
sensing. b Amperometric responses of modified electrodes at different glucose concentrations at
0.8 V. Inset chronoamperometric response of 1.0 mM glucose. c SEM image of graphene/Au-NPs
(reproduced from Baby et al. [39])
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Poly(amidoamine)-reduced and stabilized Ag-NPs were assembled onto gra-
phene oxide, under microwave irradiation for 60 min at 80 °C, and the
hydrazine-reduced nanocomposite was used as a novel immobilization matrix for
glucose oxidase [41]. The hybrid material exhibited excellent direct electron
transfer properties for GOx with a rate constant of 8.59 s−1, while the fabricated
glucose biosensor displayed satisfactory analytical performance, with high sensi-
tivity (75.72 lA mM−1 cm−2), low detection limit (4.5 lM), and linear range from
32 lM to 1.89 mM. Alternately, electrochemically reduced Ag+ ions onto a
metal-anchored, GO-modified CGE electrode, followed by drop-casting of glucose
oxidase, led to a fast direct electron transfer of GOx at the nanocomposite, with a
rate constant of 5.27 s−1 [42]. The GOx immobilized rGO/Ag nanocomposite
electrode exhibited good electrocatalytic activity toward glucose, with a linear
range between 0.5−12.5 mM detection limit of 160 lM, and an acceptable sensi-
tivity and selectivity for glucose.

A glucose biosensor based on graphene/poly(dopamine)/GOx onto Au electrode
was fabricated by Shi and Sun [43]. Addition of dopamine and glucose oxidase
onto a graphene oxide suspension, followed by an electrochemical oxidation
polymerization of dopamine onto the electrode, lead to a modified GO/poly(-
dopamine)/GOx/Au electrode with short response periods (< 4 s), detection sen-
sitivity of 28.4 lA mM−1 cm−2, and a low Michaelis–Menten constant (6.77 mM).
Additionally, a linear glucose detection range between 0.1 lM and 4.7 mM was
obtained, with a low limit of detection (0.1 lM), probably due to the biocompat-
ibility of poly(dopamine), which enhanced the enzyme absorption and promoted
direct electron transfer between the redox enzymes and the surface of electrodes.
A graphene/Cu-NPs/GOx platform for sensing glucose was fabricated by the group
of Huang [44], combining the high conductivity of graphene and the large surface
area of Cu-NPs. The biosensor showed high stability and sensitivity, with a linear
detection range between 50 lM and 12 mM, and a detection limit of 5 lM.

3.3 Uric Acid, Ascorbic Acid, and Dopamine Sensors

The sensing of other important biomolecules such as uric acid, ascorbic acid,
dopamine, NADH, serotonin, and cholesterol is herein described. Uric acid is the
primary end product of purine metabolism. Abnormal levels of UA are symptoms
of several diseases, including gout, hyperuricemia, and Lesch Nyan disease.
Ascorbic acid is a vital vitamin and a very popular antioxidant, preventing common
cold, infertility, cancer, and AIDS. Dopamine is a neurotransmitter and one of the
most significant catecholamines. It plays a very important role in the functioning of
the central nervous, cardiovascular, renal and hormonal systems as well as in drug
addiction and Parkinson’s disease. Cholesterol is a lipid that composes about 30 %
of all animal cell membranes, and is required to build and maintain membranes
(structural integrity), in addition to modulating the membrane fluidity over the
range of physiological temperatures. Serotonin is a neurotransmitter that derives
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from tryptophan, and is primarily found in the central nervous system, in the
gastrointestinal tract, and in blood platelets. Its role has been connected to the
feeling of happiness. Finally, nicotinamide adenine dinucleotide (NAD) is a
coenzyme found in all living cells, with an essential role in metabolism, involving
redox reactions and carrying electrons from one reaction to another. Linear
detection range and limits, as well as advantages of the different hybrid sensors on
the detection of important analytes are described analytically in Table 4.

Graphene/Au-NPs biosensors have been also prepared for sensing uric acid.
Using sodium borohydride as a reductant and 4-dimethylaminopyridine as a sta-
bilizer, the group of Shi [45] managed to assemble small-sized (2–6 nm) Au-NPs
onto 1-pyrenebutyric acid-functionalized graphene (PFG) at different weight ratios

Table 4 Detection of other biomolecules using graphene/metal hybrids

Hybrid structure Linear range Voltage Analyte Ref.

CGE/rGO/Au-NPs 2.0–62 lM
(0.2 lM)

+0.80 Uric acid [45]

CGE/rGO/Ag-NPs/Nafion 10.0–800 lM
(8.2 lM)

+0.62 Uric acid [46]

CGE/Graphene ink/Pt-NPs/Nafion 0.05–11.9 lM
(0.05 lM)

– Uric acid [47]

CGE/rGO/Pt-NPs 10.0–130 lM
(0.45 lM)

+0.40 Uric acid [50]

CGE/GO/Pd-NPs 20.0–2280 lM (–) +0.10 Ascorbic
acid

[48]

CGE/rGO/Ag-NPs/Nafion 10.0–800 lM
(9.6 lM)

+0.23 Ascorbic
acid

[46]

CGE/Graphene ink/Pt-NPs/Nafion 0.15–34.4 lM
(0.15 lM)

+0.20 Ascorbic
acid

[47]

CGE/rGO/poly(pyrrole)/Au-NPs 0.0001–5.0 lM
(0.0018 lM)

+0.25 Dopamine [49]

CGE/rGO/Pt-NPs 10.0–170 lM
(0.25 lM)

+0.18 Dopamine [50]

CGE/rGO/Ag-NPs/Nafion 10.0–800 lM
(5.4 lM)

+0.49 Dopamine [46]

CGE/Graphene ink/Pt-NPs/Nafion 0.03–8.1 lM
(0.03 lM)

+0.30 Dopamine [47]

CGE/Graphene/Au-nanorods 20.0–60.0 lM
(6.0 lM)

– NADH [51]

160–480 lM

CGE/Graphene/Au-nanorods 5.0–377 lM
(1.5 lM)

– Ethanol [51]

CGE/Graphene/Chitosan/PtPd-NPs/ChOx 2.2–520 lM
(0.75 lM)

– Cholesterol [52]

CGE/Graphene/PLA/Pd-NPs 0.1–100 lM
(0.08 lM)

+0.35 Serotonin [53]
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(10–400:1). The PFG sheets showed a great loading capacity of Au-NPs, due to the
high specific surface area of graphene and the additional negative charges intro-
duced by the pyrenebutyrate moieties, which in combination with the negative
charges of GO led to strong electrostatic interactions. Low Au(0)/graphene weight
ratios (10:1) result in stable carbon solutions, while higher weight ratios (more than
20:1) led to precipitation of all the components, with discoloration of the super-
natant (Fig. 12). Though the anchored Au-NPs on graphene were much denser at
300:1 weight ratio (TEM images), the hybrid materials formed at 10:1 showed
better electrocatalytic activity. The CGE/PFG/Au-NPs electrodes showed

Fig. 12 a Photos of Au-NPs
with 1-pyrenebutyric
acid-modified graphene at
different weight ratios.
b Amperometric responses of
the CGE/PFG/Au-NPs
electrode upon subsequent
addition of uric acid in
50 mM PBS solution at
0.8 V, along with c the
calibration curve (reproduced
from Hong et al. [45])
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amperometric responses within 2 s after injection of UA, and a linear relationship
between oxidation current between 2 and 62 lM UA at 0.8 V potential. The
detection limit was 0.2 lM, comparable to other reported UA electrochemical
sensors. The stability of the modified CGE/PFG/Au-NPs electrode was also much
higher than the bare CGE/Au-NPs electrode.

The group of Srivastava [46] fabricated a modified electrode composed of
reduced graphene oxide and Ag-NPs, achieving simultaneous detection of different
biomolecules (Fig. 13). A one-step synthesis was used, where GO, AgNO3 and
NaOH were heated at 80 °C for 15 min to obtain rGO/Ag-NPs hybrids as a
precipitate from aqueous solution. From XRD and UV characterization, it was
shown that NaOH not only facilitated the reduction of Ag+ to form Ag-NPs, but
also induced the reduction of GO (pale yellow) to rGO (black). The rGO/Ag-NPs
modified electrode showed a significant increase in oxidation peak current, which
indicated that the Ag-NPs provided a catalytic effect on the individual electrocat-
alytic oxidation of different analytes (Fig. 13), in comparison with the bare GCE
and rGO-modified electrode. The CGE/rGO/Ag-NPs/Nafion electrode exhibited
excellent electrocatalytic activity, stability, and selectivity with well-separated
oxidation peaks toward ascorbic acid, dopamine, uric acid, and tryptophan in the
mixture. The anodic peak current obtained was found to be linearly dependent on
the concentration of all the analytes in the range of 10–800 lM, with lower
detection limits of 8.2 lM (UA), 9.6 lM (AA), 5.4 lM (dopamine), and 7.5 lM
(Trp). Commercial pharmaceutical samples (vitamin C tablets), dopamine injec-
tions, and uric acid in human urine samples were also tested to show successful
performance of the hybrid biosensor in real samples.

Fig. 13 a Scheme of electrochemical oxidations and oxidation products of AA, DA, UA, and Trp
at the rGO/Ag-NPs modified electrode. b Linear sweep voltammetry of a mixture containing
equimolar amounts of AA, UA, DA and Trp at different concentrations (10, 100, 200, 400, 600
and 800 lM) in 10 mL buffer solution (pH 3.5) at the modified electrode at a scan rate of 50 mV/s,
and linear calibration curve for the sensor response toward simultaneous electrocatalytic oxidations
(reproduced from Kaur et al. [46])
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A graphene/Pt(0)/Nafion modified electrode prepared by a graphene ink (paste of
exfoliated oxidized graphene, ethanol, water and nafion), ultrasonically treated with
a colloidal solution of Pt-NPs in 2 M sulfuric acid/ethylene glycol 1:1, led to
simultaneous detection of ascorbic acid, dopamine, and uric acid [47]. The prepared
graphene/Pt ink with graphene-supported Pt-NPs of *1.7 nm demonstrated elec-
trochemical peak potential separations of 185 mV (AA to DA), 144 mV (DA to
UA), and 329 mV (AA to UA) respectively. The authors obtained linearity between
0.05−11.85 lM for UA (LOD: 0.05 lM), 0.15–34.4 lM for AA (LOD: 0.03 lM),
and 0.03–8.13 lM for dopamine (LOD: 0.03 lM), in 0.10 M PBS solution that
also contained 0.1 M KCl. The high performance of the graphene/Pt-NPs/Nafion
electrode, in comparison with bare GCE and graphene electrodes, was attributed to
the low oxidation potential for AA and the high oxidation current for UA and
dopamine, due to the synergistic effect of graphene and the well-dispersed Pt
nanoparticles [47]. On the other hand, Pd-NPs (*2.6 nm) supported on GO were
shown to be effective ascorbic acid sensors. Following an auto-redox method,
where thermally reduced GO was mixed with K2PdCl4 for 30 min at 30 °C, the
group of Chen [48] managed to obtain a CGE/rGO/Pd-NPs modified electrode with
a rapid response to AA within 5 s, and a good linear correlation to AA concen-
tration in the range of 20–2280 lM, as well as good sensing selectivity towards
dopamine and uric acid.

Reduced graphene oxide/poly(pyrrole) (rGO/PPy) hybrids were decorated with
Au-NPs and used as dopamine sensors [49]. Following in situ chemical oxidative
polymerization of pyrrole on the surface of GO sheets by Au(III) initiation and
sequential reduction by hydrazine, the group of Shen obtained composite wrinkled
graphene structures, with flower-like Au-NPs, sandwiched by the rGO/PPy hybrid
sheets. This novel sensor exhibited high sensitivity, with a linear range of 0.1–
5000 lM and detection limit of 18.29 pM at pH = 6.5 (PBS), along with good
repeatability, with only 3.1 % deviation after eight repeated dopamine analyses.
Additionally, the modified electrode showed selectivity for dopamine (5 lM) even
after using much higher amounts of AA (125 lM) and UA (330 lM) in the mixture.

Pt(IV) ions assembled on GO and sequentially reduced by NaBH4 to obtain
rGO/Pt-NPs hybrids [50]. The authors managed to obtain three times higher peak
currents for dopamine and uric acid than those obtained on the bare GCE due to the
high surface area of the rGO/Pt-NPs composites. The modified CGE/rGO/Pt-NPs
electrode showed excellent electrocatalytic activity towards simultaneous oxidation
of dopamine and uric acid, in the presence of 1 mM ascorbic acid, with linearity
between 10.0−170 lM for dopamine (0.25 lM LOD) and 10.0–130 lM for uric
acid (0.45 lM LOD), providing a promising alternative for clinical and routine
sensing applications (Fig. 14).
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3.4 Biosensing Other Analytes

Graphene/Au-nanorods hybrid nanostructures were shown to exhibit excellent
performance toward dihydronicotinamide adenine dinucleotide (NADH) oxidation,
with a low detection limit of 6 µM and linearity between 20–60 and 160–480 lM
[51]. Addition of the enzyme alcohol dehydrogenase (ADH) onto the modified
electrode enabled fast electron transfer between the electrode and the enzyme, due
to the enhanced electroactive area of the modified electrode, and was utilized as an
additional platform for sensing ethanol. The response displayed a good linear range
from 5−377 lM with detection limit 1.5 lM. Furthermore, the interference effects
of redox active substances, such as uric acid, ascorbic acid, and glucose for the
proposed biosensor were negligible.

An biosensor with enhanced sensitivity for detection of cholesterol was devel-
oped by the group of Yuan [52], using cholesterol oxidase (ChOx) immobilized
onto a CGE/graphene/chitosan/PtPs-NPs electrode. The nanocomposites were
prepared by an electrodeposition method, yielding PtPd-NPs-doped chitosan–gra-
phene hybrids. The fabricated biosensor exhibited a linear response to cholesterol in
the range of 2.2–520 lM, with response in less than 7 s, and detection limit of
0.75 lM, while the Michaelis–Menten constant was found to be 0.11 mM. Apart
from the excellent reproducibility and stability, the biosensor exhibited high
specificity to cholesterol with complete elimination of interference molecules such
as glucose, UA, and AA.

Graphene-poly(lactic acid)/Pd-NPs (Graphene/PLA/Pd-NPs) hybrids were syn-
thesized by the group of Jeon [53], and the modified electrode was utilized as a
serotonin biosensor. The anchoring –OH groups of PLA and the –COOH and –OH
groups on the surface of GO assisted in the coordination of the metal salts, while
thermal reduction with NABH4 led to the formation of anchored metallic
nanoparticles and partial reduction of GO. The electrical conductivity of the
CGE/Graphene/PLA/Pd-NPs electrode largely enhanced compared with those of

Fig. 14 a Cyclic voltammograms of bare CGE, CGE/GO and CCE/GO/Pt-NPs in 0.1 M
phosphate solutions (pH 7.0) containing 1.0 mM AA, 0.5 mM DA, and 0.5 mM UA at a scan rate
of 50 mV s−1. Differential pulse voltammetry of CCE/GO/Pt-NPs in 0.1 M phosphate solutions
containing b 1.0 mM AA and 0.1 mM UA at different concentrations of DA: 0.01–0.17 mM, and
c 1.0 mM AA and 0.1 mM DA at different concentrations of UA: 0.01–0.13 mM (reproduced
from Xu et al. [50])
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GO and GO/PLA. The modified electrode showed good sensitivity and selectivity
for serotonin, with a linear range of 0.1–100 lM, fast response time, and a detection
limit of 0.08 lM.

4 Photoluminescent/Fluorescent Graphene/Metal Hybrids
for Bioimaging

Graphene/quantum dots (QDs) have been also fabricated as probes for biosensing
applications, bioimaging, and as emerging diagnostic tools. QDs have high pho-
toluminescence quantum yields with narrow emission spectra (and broad absorption
spectra), stable fluorescence, extinction coefficients several times higher than
conventional organic fluorophores, and low photobleaching [54, 55]. These char-
acteristics have made them excellent donors of fluorescence resonance energy
transfer (FRET). Anchoring QDs and other metallic-NPs onto graphene combines
the properties of the materials, and has been utilized as a powerful imaging tool.

A sensitive and selective platform for sensing biomolecules through FRET (from
QDs to graphene oxide) was designed by Yan and Ju [56]. QDs were first modified
(capped) with a molecular beacon (MB) that recognizes the target analyte. The
hybrid material contained a fluorophore (QDs) and a quencher (GO), while as a
MB, a single-stranded oligonucleotide hybridization probe with a stem-loop
structure (hairpin loop) was used. The loop contained a probe sequence that was
complementary to a target oligonucleotide sequence. Binding of the probe to a
complementary target, led to disruption of the stem and restoration of the
fluorescence of the QDs (Fig. 15), due to the increasing QDs–GO distance and the
weakened DNA–GO interaction. The signal increase was found to be depended on
the concentration and sequence of the target analyte. The GO-quenching approach
could be used for detection of DNA sequences, with high quenching efficiency and
sensitivity, and good specificity. The binding-induced fluorescence restoration
produced a novel method for detection of target molecules, and opened new ave-
nues for biorecognition using FRET analysis.

An aptamer-functionalized graphene oxide biosensor was developed by the
group of Wu [57] for detection of Pb2+ ions through fluorescence restoration of
QDs (Fig. 16). Covalently modified with single-stranded DNA (ssDNA), GO
sheets were mixed with cDNA-functionalized CdSe/ZnS quantum dots (prepared
through carbodiimide coupling of mercaptopropionic acid-functionalized QDs),
allowing for quenching of the QDs fluorescence, due to energy transfer from QDs
to the GO sheets. The GO/aptamer/QDs ensemble acted as a “turn-on” fluorescent
sensor for Pb2+ detection. Upon interaction of Pb2+ ions with the aptamer, a con-
formational change was induced, that led to G-quadruplex/Pb2+ complexes,
detachment from the GO sheets, and fluorescence recovery of the QDs in a
“turn-on” mechanism. The fabricated sensor had a detection limit of 90 pM,
excellent selectivity toward Pb2+, and was examined over a wide range of metal
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ions. Additionally, it was shown to work effectively even in the utilization of river
water, exhibiting sensitivity irrespectively of the source of the media.

Exfoliated GO reduced by p-phenylene diamine (graphene zeta potential of
+39.37 mV) and dispersed in 1-octadecene, was decorated with 5–6 nm CdSe QDs,
after thermal reduction of the corresponding Cd(O2C16H31)2 and SeO2 salts [58].
The long, negatively charged alkane surfactant molecules of CH3(CH2)14COO

−,
were supported to be released from the cadmium salt, leading to electrostatic
interactions and adsorption onto the positively charged graphene nanosheets,
leading to stabilization of the assembled CdSe QDs by the surfactants. The group of
Yu [58] managed to obtain graphene/QDs nanocomposites of increased stability in
organic solvents and fluorescent quantum yields of 50 % of that of monodispersed
QDs. An additional increase in the size of the particles from 3−4 nm to 7−8 nm was
found by increasing the reaction times from 6 to 60 min at 240 °C, as well as
fluorescence emission at different colored light (from blue to red) upon
UV-irradiation (Fig. 17).

A strongly fluorescent, nontoxic, QD-tagged rGO nanocomposite was developed
by the group of Chen [59], combining the capability of cell/tumor bioimaging with
photothermal therapy. By introducing long alkyl tail spacers between QDs, they
managed to assemble QD arrays onto rGO, reducing in this way the fluorescence
quenching between QDs and graphene. This was accomplished by mixing
11-mercaptoundecanoic acid (MUA)-coated CdSe/ZnS core-shell QDs with reduced
graphene oxide, containing surface-adsorbed poly(L-lysine) (PLL), in TBE buffer
(Tris/Borate/EDTA) in the presence of 0.1 M NaCl (Fig. 18). It was found that the
MUA surfactant created an effective gap between QDs onto graphene, reducing in
this way the fluorescence quenching, while utilization of smaller surfactants (C3 vs.
C11) led to higher quenching. The fluorescence signal of QDs supported on graphene

Fig. 15 Upon recognition of the MB to the oligonucleotide target, FRET is hindered due to the
increasing QDs-GO distance, increasing in this way the fluorescence of QDs (reproduced from
Dong et al. [56])
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was also found to depend strongly on the size of reduced graphene, allowing for
lower quenching by using smaller sized reduced graphene nanomaterials (*38 nm
vs. *260 nm).

The reduced graphene/metallic nanoparticle hybrids were further tailored to
enter “target cells” via modification with folic acid, through complexation with poly
(L-lysine). Internalization via the folate receptor-mediated endocytosis mechanism
showed much higher uptake for the smaller sized graphene (*38 nm), providing 20
times higher fluorescence intensity. By examining two different cell lines (MCF-7

Fig. 16 a Schematic of the “turn-on” fluorescent graphene/DNA/QDs biosensor for Pb2+

detection. b Fluorescence spectra of the GO/aptamer/QDs ensemble assay upon addition of Pb2+

from 0 to 1000 nM (using 300 nM aptamer–QDs and 200 mg/mL GO at pH = 7.0). c Selectivity of
GO/aptamer/QDs toward 50 nM Pb2+ over other metal ions at 500 nM. (Reproduced from Li et al.
[57])
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Fig. 17 a Schematic illustration of the self-assembly process for the fabrication of graphene/CdSe
nanocomposites. b Photos and PL spectra of a series of graphene/CdSe nanocomposites prepared
with different reaction times under irradiation of 365 nm. Blue curves represents the PL of the
product after 6 min; cyan 8 min; green 10 min; yellow-green 12 min; orange 20 min; red 60 min.
c HTEM image of the graphene/CdSe QD nanocomposite. The inset shows the SAED pattern of
the hexagonal CdSe phase (reproduced from Wang et al. [58])

Fig. 18 a Schematic representation of poly(L-lysine) adsorption onto reduced graphene oxide,
allowing subsequent QDs adsorption. b TEM image of *38 nm graphene/QDs at lower and
higher magnification (5 nm scale bar), and *260 nm graphene/QDs (50 nm scale bar). The insets
at the lower right of the figures show the sample suspensions under visible light. The last image
illustrates suspensions of two graphene/QDs suspensions under UV light (reproduced from Hu
et al. [59])
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and HeLa cells), a high portion of the *38 nm graphene/QDs were found in the
cytoplasm (allowing for photothermal ablation studies), while most of the
*260 nm graphene/QDs were found at the cell surface, (Fig. 16). Cell viability
decreased to less than 5 % using the *38 nm nanomaterial, after 9 min of irra-
diation. This was accomplished through the generated heat that was provided by the
NIR-irradiated QDs on graphene, causing targeted cell killing (Fig. 19) and
simultaneous fluorescence quenching of QDs (additional monitoring probe) [59].

Graphene oxide/transferrin/Au-NPs (GO/Tf/Au-NPs) hybrid nanostructures
were fabricated by the group of Yan as a NIR fluorescent probe for imaging cancer
cells and small animals [60]. The iron-binding, blood plasma glycoprotein, trans-
ferrin was used a reductant and stabilizer of Au-NPs, as well as a functional ligand
for targeting specifically the transferrin receptor (TfR). XPS analysis revealed a
covalent Au–S interaction for the Tf/Au-NPs, probably due to binding to the
sulfhydryl groups of transferrin. By simply mixing GO (*195 nm by DLS) with
Tf/Au-NP in water, it was managed to obtain the nanocomposite hybrid structures,
through p–p stacking and hydrogen bonding interactions between the protein and
the oxygenated lattice of GO. The GO/Tf/Au-NPs hybrids were used as a
“turn-off/turn-on” NIR fluorescent probe (710 nm emission) upon specific recog-
nition by TfR, due to donor/acceptor fluorescence energy transfer (FRET) between
Tf/Au-NPs and the highly planar GO (Fig. 20). Dynamic light scattering results
showed an induced aggregation of Tf/Au-NPs upon recognition by TfR, which
probably denoted detachment of graphene and allows for fluorescence recovery of
the probe.

The selectivity of the probe was tested among several proteins (bovine and
human serum albumin, trypsin, and immunoglobulin G), showing significant
fluorescence recovery only for TfR. Fluorescence quenching was increased by
increasing the GO concentration from 10 to 60 lg/mL (*100 % quenching) or by
increasing the TfR concentration. In addition, the NIR fluorescent probe showed no
cytotoxicity in normal and primary cancer cells (4 days incubation), and was uti-
lized for imaging TfR in cancer cells. Human cancer cells with high expression
levels of TfR (such as Hela) showed significant fluorescence recovery after 4 h of
incubation with the probe as well as high uptake, while no fluorescence was
observed for normal cell lines. Real-time imaging was also performed in mice,
using the graphene hybrid probe. Intratumorally injected Hela tumor-bearing mice
showed enhanced fluorescence inside the tumor after 45 min (detectable signal for
up to 12 h), in comparison with signal-free, normal nude mice, showing potential
for effective in vivo imaging of cancer cells using the probe.

A multifunctional nanocomposite for cancer theranostics was developed by the
group of Liu [61], enabling for both magnetic resonance (MR) and X-ray
dual-modal imaging. GO decorated with both iron oxide and gold nanoparticles,
showed strong superparamagnetism and enhanced photothermal ablation in vivo.
The cationic polymer poly(ethyleneimine) (PEI) adsorbed on negatively charged
GO/Fe2O3–NPs hybrid by electrostatic interactions (the zeta potential was increased
from −35 to +35 mV), served as the platform for the decoration with Au-NPs
(Fig. 21). Addition of the graphene/iron oxide composite to a gold seed solution
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Fig. 19 a Size distributions of ultra-small and small graphene nanosheets, and as-prepared
graphene nanosheets, measured by DLS. b Schematic representation of the shielding effect of the
two graphene/QDs hybrids. The larger graphene hybrid stimulates less QD fluorescence (600 nm).
c Confocal images showing the cellular uptake of MCF-7 cells and HeLa cells incubated with
*38 nm graphene/QDs (folic acid-conjugated). QD fluorescence (red-orange) of the particles was
exhibited in many regions, including the cytoplasm (blue). d Thermal ablation using the *38 nm
graphene/QDs. Before irradiation, the cells were viable (green) and the internalized QDs were
fluorescent (red). After irradiation (808 nm for 4 min), essentially all of the cells were killed and
the fluorescence was absent (reproduced from Hu et al. [59])
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and sequentially mixing with a gold growth solution, followed by formaldehyde
reduction, led to GO/FexOy-NPs/Au-NPs nanohybrids that can simultaneous pro-
vide the material with magnetic and plasmonic properties. To improve water sol-
ubility and stability, the hybrid structure was further functionalized with PEG,
end-capped with lipoic acid (cyclic disulfide structure) via Au-S chemical attach-
ment. The material with a GO/FexOy-NPs/Au-NPs weight ratio of 1:2.11:1.57 also
showed NIR absorbance and was further used for animal studies.

In vitro tests with 4T1 cancer cells after 2 h incubation showed enhanced cell
killing using a NIR laser with GO/FexOy-NPs/Au-NPs-PEG hybrids, in comparison

Fig. 20 a MALDI-TOF-MS of Tf (gray) and Tf-Au NCs (black). b Emission spectra of the
as-prepared Tf/Au-NPs. Inset: Tf/Au-NPs under ambient light and under 365 nm irradiation.
c DLS spectra of Tf/Au-NPs (gray) and Tf/Au-NPs in the presence of 5 lg/mL TfR (black).
d Dependence of the fluorescence quenching of Tf/Au-NPs in the presence of various GO
concentrations (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 lg/mL). e Schematic illustration of the
GO/Tf/Au-NPs hybrid composites as a “turn-on” NIR fluorescent probe for bioimaging TfR
over-expressed cancer cells (reproduced from Wang et al. 2013) [60]
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with GO/PEG or GO/FexOy-NPs/PEG at the same, low GO concentration
(10 lg/mL). Additionally, by accumulating the 4T1 cells in the center of a cell
culture dish using a magnet, after incubation with the hybrid, selective cell killing
was achieved by using NIR irradiation (Fig. 21). Furthermore, intratumorally
injected with GO/FexOy-NPs/Au-NPs-PEG, BALB/c mice bearing 4T1 tumors,
displayed a darkening effect under an MR scanner, and a significant tumor-contrast
using X-ray imaging. Real-time temperature-monitoring using an infrared thermal
camera demonstrated a rapid increase on the surface temperature of the tumor to
*55 °C within 5 min of NIR laser irradiation, in contrast with tumors treated with
GO/PEG (45 °C) or PBS (38 °C) respectively. The tumor growth was significantly
ablated only using the graphene/Fe/Au material, while the GO/PEG hybrids showed
slightly delayed growth upon laser irradiation.

Fig. 21 a Schematic illustration of the GO/FexOy-NPs/Au-NPs-PEG nanocomposite synthesis and
b Photos of 4T1 cells incubated with the nanocomposite in the presence of a magnet. Fluorescence
images of calcein AM/propidium iodide co-stained cells after laser exposure were collected at
different positions of the cell culture dish as indicated by letters. Only cells nearby the magnet were
destructed after NIR laser irradiation. c Tumor growth curves of BALB/c mice bearing 4T1 tumors
using various treatments. The tumor volumes were normalized to their initial sizes. Error bars were
based on standard deviations of 7 tumors per group (reproduced from Shi et al. [61])
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5 Other Biodetection Applications of Graphene/Metal
Hybrids

A graphene/Au-NPs platform was fabricated for DNA detection/hybridization via
gold nanoparticles [62]. Modified with 3,4,9,10-perylene tetracarbroxylic acid
(PTCA) graphene was reacted with 1-(2-aminoethyl)-3-metylimidazolium bromide
at RT, yielding an ionic liquid (IL)-derivative anchored on graphene, which was
finally used as a simultaneous reductant and stabilizer for Au-NPs. Immobilization
of pDNA on the CGE/graphene-PTCA/Au-NPs electrode was achieved through
coordination of the guanidine bases of DNA with Au(0), while the formed
recognition layer, enabled hybridization with complementary (target) DNA of
appropriate concentration (Fig. 22a). The amount of pDNA on the electrode was
evaluated using methylene blue (MB), due to the specific affinity of MB for the
guanine bases of pDNA. The reduction process of MB (measured by cyclic
voltammetry) was proportional to the moles of the guanine bases, allowing for
estimation of the surface density of pDNA. Lower detection limits for DNA
hybridization were obtained for the CGE/graphene-PTCA/Au-NPs electrode, with a
wider detection range than other Au-based, non-graphene, DNA biosensors, as well
as high biosensing reproducibility [62]. Graphene/metal-NPs with enzymes on the
surface of electrodes can enhance biosensing. Utilization of a fusion enzyme of
organophosphorus hydrolase (OPH) with a gold-binding polypeptide (GBP-OPH)
[63], enabled the immobilization of the enzyme onto gold-anchored graphene sheets
through affinity interactions, achieving a high biocatalytic degradation of paraoxon,
with a linear response between 2−20 lM (Fig. 22b).

Metallic-NPs including Au, Pt, Ag, and Pd as well as latex (polystyrene spheres)
were successfully incorporated into GO and rGO sheets through the mediation of

Fig. 22 a Schematic of a graphene/Au-NPs platform fabricated for DNA hybridization detection.
The anchored gold particles are used for immobilization of pDNA while the graphene/Au/pDNA
hybrid serves as the hybridization platform for complementary DNA (reproduced from Hu et al.
2010) [62]. b OPH-functionalized graphene/Au-NPs serving as hybrid biocatalytic platform for the
degradation of organophosphorus compounds (reproduced from Yang et al. [63])
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bovine serum protein (BSA), which served as the metal particle template [64]. BSA
has hydrophilic and hydrophobic patches on its protein surface, that are able to
adsorb onto the graphene sheets, possibly through p–p interactions (for rGO/BSA),
or hydrogen bonding and p–p stacking in the case of GO/BSA conjugates (Fig. 23).
Tyr-residues of BSA were reported to serve as a reductant for GO, either partially
(at 25 °C and pH = 8) or fully (rGO: 55–90 °C and pH = 12). Pre-synthesized
metallic particles (with sodium citrate and NaBH4) were mixed with the GO/BSA
or rGO/BSA templates, and adsorbed onto the hybrid template possibly through
histidines or amines or thiol groups of BSA. Pd-NPs assemblies on the GO/BSA
template had a unique worm-like shape. The hybrid structures were purified with
gel electrophoresis. Metal particle-decorated rGO/BSA sheets were trapped in the

Fig. 23 a pH-dependent
solubility of rGO/BSA
reflecting the isoelectric pH of
BSA (*5). b Purification of
rGO/BSA/Au-NPs and
rGO/BSA/Pd-NPs on a 2 %
agarose gel. Lanes 1–4
correspond to (1) RGO/BSA,
(2) rGO/BSA + NPs,
(3) GO/BSA + NPs, and
(4) GO/BSA. c Zoomed TEM
images of isolated rGO/BSA
sheets decorated with
Au-NPs, Pt-NPs and Pd-NPs
(reproduced from Liu et al.
[64])
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gel due to their bulky size, purifying the excess materials, and leading to highly
pure graphene/metal hybrids with a uniform particle distribution. Addition of salt,
such as 0.1 M NaCl, resulted in neutralization of the surface charge of Au-NPs
(increase in z-potential), leading to much higher loadings of gold particles onto the
GO/BSA templates, due to reduced electrostatic repulsions. Co-assembled metallic
particles with latex particles were also achieved in this way [64].

6 Conclusion and Outlook

Taking advantage of the mechanical properties and the large specific area of GO,
with both sides been accessible, metallic particles can be easily adsorbed on gra-
phene, after reduction and stabilization with organic compounds or polymers,
increasing the distance between graphene sheets (metal spacers) and providing the
“carbon material” with “inorganic” properties. The preparation and dispersion of
metal nanoparticles (Au, Ag, Pt, Cu, Pd, QDs) on graphene is analytically described
in this Book Chapter, as well as their utilization in applications relative to biode-
tection, biomedicine, electrocatalysis, fluorescence resonance energy transfer, and
bioimaging. Immobilization of chemically active compounds or enzymes on
graphene/metal nanohybrids leads to signal enhancement (SERS) or to a selective
response to specific substrates. Since graphene has excellent electrical conductivity,
metal-dispersed graphene can lead to charge-transfer complexes between the metal
and the analyte, improving the electron transfer between the enzyme and the sub-
strate onto electrodes, and enhancing the sensing capability. Additionally,
fluorescence restoration of graphene/metals hybrids upon complexation with
affinity biomolecules, leading to “turn-on” mechanisms from the inactive state (due
to FRET), renders them excellent probes for bioimaging. Furthermore, DNA
hybridization applications through graphene/metallic particles, enhanced antibac-
terial properties, and enzyme performance after attachment onto gold-anchored
graphene are herein discussed, in order to understand the current materials and
design the next generation hybrid materials.
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Stem Cells Commitment
on Graphene-Based Scaffolds

Maurizio Buggio, Marco Tatullo, Stefano Sivolella, Chiara Gardin,
Letizia Ferroni, Eitan Mijiritsky, Adriano Piattelli
and Barbara Zavan

Abstract In the last years, a rapid development in production, and functionaliza-
tion of graphene give rise to several products that have shown great potentials in
many fields, such as nanoelectronics, energy technology, sensors, and catalysis. In
this context we should not forget the biomedical application of graphene that
became a new area with outstanding potential. The first study on graphene for
biomedical applications has been performed by Dai in 2008 that reported the use of
graphene oxide as an efficient nanocarrier for drug delivery. This pioneristic study
opened the doors for the use of graphene in widespread biomedical applications
such as drug/gene delivery, biological sensing and imaging, antibacterial materials,
but also as biocompatible scaffold for cell culture and tissue engineering. The
application of graphene-based scaffolds for tissue engineering applications is con-
firmed by the many exciting and intriguing literature reports over the last few years,
that clearly confirm that graphene and its related substrates are excellent platforms
for adhesion, proliferation, and differentiation of various cells such as human
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Mesenchymal stem cells, human neuronal stem cells, and induced pluripotent stem
cells. Since most of the papers on this fields are related to in vitro studies, several
future in vivo investigations need to be conducted in order to lead to its utilization
as implantable tissue engineering material.

1 Tissue Engineering

Tissue engineering is a field of biotechnology which combined biomaterials
properties with cells, and biologically active molecules in order to produce to
functional tissues. Aim of tissue engineering is to reconstruct functional constructs
that are able to restore, maintain, or improve damaged tissues or whole organs.
Example of these applications is referred to artificial skin and cartilage that are
engineered tissues approved by the FDA; and are currently use in human patients.

Regenerative medicine uses tissue engineering strategies in order to promote
self-healing—in order to stimulate the body to use its own system, in order to
regenerate cells and reconstruct tissues and organs. These terms “tissue engineer-
ing” and “regenerative medicine” have become largely interchangeable, since both
hope to improve the treatments for complex, often chronic, diseases. In any case,
tissue engineering and regenerative medicine work with cells that are the building
blocks of tissue, and tissues are the basic units of function in the body. Cells are
able to produce their own 3D support structures, that is called extracellular matrix
(ECM) [1]. This scaffold does more than just support the cells; because it also acts
as a relay station for several biological molecules. Indeed, cells receive messages
from many sources that are available to the local environment. Each signal induces
a chain of responses that regulate what happens to the cell [2]. The interaction with
their environment is fundamentals for the cells to organize a tissue, to respond to an
insult and to induce tissue regeneration. The study of these mechanisms includes:
how individual cells respond to signals, produce novel information to control, and
manipulate these processes or even create new ones [3].

The in vitro reconstruction of tissue for clinical application begins with building a
scaffold using several types of biomaterial, and cells of the patients that are expanded
in plastics cultures plates. Once scaffold are created, cells alone or in presence of
several growth factors are incorporated. If this microenvironment is appropriated, a
novel tissue will be generated. In several cases, the cells scaffold. Growth factors are
all mixed together at once, allowing the tissue to “self-assemble” [4].

Another strategy for direct to generate new tissue is based on the use of an
existing scaffold. The organ or a tissue of a donor are treated in order to eliminate
all the cells and the remaining ECM formed by collagen is used to grow new tissue
[5]. This last process has been largely used to bioengineer heart, liver, lung, and
kidney tissue, holding great promise to make customized organs that would not be
rejected by the immune system.
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According to its legal definition (Clemson Advisory Board for Biomaterials
“Definition of the word ‘Biomaterials’,” the Sixth Annual International Biomaterial
Symposium, April 20–24, 1974), “a biomaterial is a systemically, pharmacologi-
cally inert substance designed for implantation within or incorporation with living
systems.”

One of the main topics in tissue engineering is to produce and characterize
biocompatible materials suitable for the growth and the proliferation of specific
tissue types. The study of biocompatible scaffolds includes the characterization of
the mechanical properties, chemical and biological compatibility and toxicity and
the degradation in an appropriate time window. The final goal is a better under-
standing of the complexity of the native extracellular matrix (ECM) through the
study of in vitro models, in order to create scaffold properly designed to modulate
cell differentiation (Fig. 1). To this end, in the last decades numerous types of
biomaterials were deeply investigated and in this group the carbon-based materials
(e.g., carbon nanotubes or graphene) have received a particular attention [6].

In recent years, we have seen a significant increase of novel approaches related
to synthesis and functionalization of graphene and its related derivatives increasing
their potentials in many fields, such as sensors, composite materials, nanoelec-
tronics, catalysis, and energy technology [7].

In addition to all the applications that we have just mentioned, its biomedical
application represents a relative new area with high potential. The first study on

Fig. 1 Principle of tissue engineering. Cells behaviour at biomaterial for tissue engineering can be
illustrated as a climber who want to climb a mountain. As well as the climber need specific tools to
climb, in the same matter the cells need of specific tools that are the adhesion proteins
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graphene for biomedical applications has been reported by Liu et al. [8], that
described the use of graphene oxide (GO) as an efficient nanocarrier for drug
delivery. Subsequently a lot of interesting papers have been developed in order to
explore the use of graphene for wide range of biomedical applications: biological
sensing and imaging, drug or gene delivery, biocompatible scaffold for cell culture
and as antibacterial materials [9]. This interest on the graphene and its derivatives
bioapplications is mainly due to its many intriguing properties, such as thermal
conductivity (*5000 W/m/K), exceptional electronic conductivity (mobility of
charge carriers, 200,000 cm2 V−1 s−1), high specific surface area (2630 m2/g
mechanical strength (Young’s modulus, *1100 Gpa), biocompatibility, low cost
and scalable production, and facile biological/chemical functionalization of GO
[10].

The tremendous recent interest in the use of graphene-based nanomaterials for
tissue engineering applications has culminated in many exciting and intriguing
literature reports over the last few years, clearly indicating that graphene and its
related substrates are excellent platforms for promoting the adhesion, proliferation,
and differentiation of several cells such as human mesenchymal stem cells
(hMSCs), human neuronal stem cells (hNSCs), and induced pluripotent stem cells
(iPSCs) [11].

All these characteristics make this material potentially suitable for a range of
applications for tissue engineering, regenerative medicine, drug delivery, differen-
tiation of human neural stem cells, and osteogenic differentiation of human stem
cells. However, the shape and physical chemical characteristics of the carbon-based
nanomaterial play an extremely important role on the interaction with cells, tissues,
and organs.

2 Stem Cells

Since the 1960s, a remarkable potential of a small group of cells to develop into
many different cell types was described, these cells were identified as stem cells. In
addition, in many tissues they are like a sort of internal repair system, activating a
no limit division in order to replenish other cells. During this division, each new cell
can either remain in a stemness state or differentiate into a more specialized mature
cell.

Stem cells are distinguished from other cell types by two important character-
istics: they are capable of auto-renewing through cell division, even after long
periods of quiescence; and they can differentiate into tissue- or organ-specific cells
under certain physiologic conditions [12]. In some organs, such as the gut and bone
marrow, stem cells regularly divide to repair and replace worn out or damaged
tissues while in other organs, such as the pancreas and the heart, stem cells only
divide under specific conditions.

Based on these unique regenerative abilities, stem cells are described as a new
potential tool for treating diseases such as diabetes or heart disease [13].
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Mainly there are two different types of stem cells: embryonic stem cells and
adult stem cells. As the name suggests, the embryonic stem cells are derived from
embryos. Most embryonic stem cells are derived from an in vitro fertilization and
donated for research purposes with informed consent of the donor. As long as the
embryonic stem cells are grown in vitro under appropriate conditions, they can
remain undifferentiated, but when the cells are allowed to clump together to form
embryoid bodies start the consequential beginning of the spontaneous differentia-
tion. On the other side, an adult stem cell is defined as an undifferentiated cell,
found among differentiated cells in a tissue or organ. The adult stem cell can renew
itself and can differentiate into some or all of the major specialized cell types of the
tissue or organ. The primary roles of these cells in a living organism are to maintain
and repair the tissue in which they are found.

The history of research on adult stem cells began in the 1950s when it was
described that the bone marrow contains at least two kinds of stem cells [14]. The
first, called hematopoietic stem cells, can differentiate into all the types of blood
cells. The second one, called mesenchymal stem cells was discovered a few years
later [15]. The nonhematopoietic stem cells belong to a small proportion of the
stromal cell population in the bone marrow and can generate bone, cartilage, and fat
cells that support the formation of blood and fibrous connective tissue. Since then,
the mesenchymal stem cells (MSCs) have been grown from other tissues and it has
been described that they could even have immunomodulatory properties.

2.1 Mesenchymal Stromal Cells (MSCs)

Mesenchymal stromal cells (MSCs) are multipotent adult stem cells, they are
nonhematopoietic, and they have mesodermal and neuroectodermal origin. MSC
can be found in several organs and tissues such as adipose tissue, dental pulp, and
especially in the bone marrow (BM). MSCs are able to differentiate into cells of
mesodermal origin like adipocytes, chondrocytes or osteocytes, but they can also
give rise to several other phenotypes. For instance, they are able to differentiate
in vitro into non-mesodermal cell types such as neurons and astrocytes. More over
it is well known that MSCs posses an extended degree of plasticity compared to
other adult stem cell populations (Fig. 2).

MSCs can easily be isolated and amplificated in vitro thanks to their properties,
i.e., ability to growth on plastic monolayer. They could be identified by the pres-
ence of positive and negative surface markers such as the presence of CD73, CD90,
CD105 and lack of characteristic hematopoietic markers such as CD14, CD19,
CD34, CD45, and HLA-DR, in addition to endothelial markers like CD318-10 [16].
Indeed, MSCs were first described by Friendenstein as hematopoietic supportive
cells of bone marrow [17]. MSCs not only differentiate to bone in vitro and into a
subset of the cells, but they also show a high proliferative potential when plated at
low density in tissue culture. Besides, the presence in vivo of this stromal stem cell
population is able to maintain the marrow microenvironment [18]. The definition of
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mesenchymal stem cell has been popularized by Arnold Caplan that established that
MSCs gave rise to bone, cartilage, tendon, ligament, marrow stroma, adipocytes,
dermis, muscle, and connective tissue. However, incontestable data have been
published to support the “this stemness ability” of these cells [19].

2.2 Induced Pluripotent Stem Cells (iPSCs)

The remarkable event in the history of stem cell development is represented by the
discovery of the ability of somatic cells to be reprogrammed into embryonic
state-like cells [20]. These novel cells obtained by the reprogramming procedure are
now referred as induced pluripotent stem cells (iPSCs) showing great similar
properties to the embryonic stem cells (ESCs) [21]. The principal characteristic of
the ESCs that justifies their wide differentiation potential is their highest level of the
stemness hierarchy [22]. This unique pluripotent property has placed iPSCs as the
most suitable candidate for clinical applications and laboratory settings. Moreover,
they also offer an interesting beneficial model system to study mammalian
embryogenesis and disease processes [23]. Despite this remarkable advantages
offered by ESCs in addressing the advances in human medicine, unfortunately,

Fig. 2 Ability of MSC to commit into different phenotype
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there are several concerns and controversies that have hindered their use in clinical
settings. The major ethical controversy in ESC research strongly related to the
current methods to produce embryonic stem cell lines that require the destruction of
living human embryos. In this context today, the only ESC lines currently available
for studies are derived from blastocyst generated for in vitro fertilization (IVF). The
main ethical consideration is raised upon the morality of destroying embryos based
on the argument that human life begins when an egg is fertilized.

For these reasons, several researchers are focusing their attention in developing
alternative mechanisms for generating ESC lines or in founding non-embryonic
sources of pluripotent stem cells (PSC). Some authors developed novel methods
based on transferring somatic nuclei into enucleated oocytes (SCNT) or embryonic
stem cell cytoblasts inducing genetic instability with low probability [24]. This
accomplishment confers the exploitation of the intracellular environment thanks to
the modification of cellular epigenetics and reprogramming in order to establish
PSC [25]. In this view Yamanaka developed novel finding that has received a lot of
attentions, direct to the production of cells with the same pluripotency of ESCs from
adult somatic cells thanks to the induction of four genes that are normally expressed
in ESCs [26]. These novel cells are the induced pluripotent stem, iPSCs. In few
words, iPSCs are adult cells that have been genetically reprogrammed to an
embryonic stem cell-like state through the ectopic introduction of transcriptional
factor genes critical for maintaining the properties of ESCs. This return match
process of adult cells to a state like to ESCs offers unheard-of capability to produce
patient and disease specific tissues for targeted research, as well as drug screening
methods for the development of new therapies.

The iPSCs are resembling to ESC in terms of cell behavior, gene expression,
morphology, epigenetic status, and differentiation potential both in culture and
in vivo [27]. Moreover, although iPCS have all the criteria to be identified as PSCs,
it is yet unclear whether iPSCs and ESCs differ in clinically significant ways and
indeed, this is an area of investigation actively being pursued. In this view, we here
underline the historical background of the generation of iPSCs and highlight their
properties and characteristics as well as their potential therapeutic applications.

The first time on which adult mouse fibroblasts have been successful repro-
gramming of into iPSCs has been announcement by Shinya Yamanaka and his team
at Kyoto University in 2006 [28]. This revolutionary technique was obtained
through a combination of reprogramming factors that actually worked, even with
modest efficiency. This approach required a retrovirus to transduce mouse fibrob-
lasts with the selected genes and cells that are subsequently isolated by antibiotic
selection of Fbx15 positive cells. Unfortunately, in this preliminary work, compared
to original patterns in ESC lines, this iPSC line showed DNA methylation errors
and failed to produce viable chimeras when injected into developing embryos.
Subsequently in 2007, Yamanaka’s group together with two other independent
research groups from Harvard, MIT, and UCLA showed iPSCs reprogramming by
mouse fibroblasts able to produce viable chimeras [29–31]. As in the earlier work,
these cell lines were also derived from mouse fibroblasts by retroviral mediated
reactivation of the same four endogenous pluripotent factors (Oct4, Sox2, Klf4 and
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c-Myc), but a different marker for detection was utilized. Moreover, Nanog, an
important gene in ESCs and which has been shown to be a major determinant of
cellular pluripotency was used instead of Fbx [32, 33].

Far away form these pioneristic works, various methods have been successfully
applied to derive iPSCs from different cellular source, and in all cases the properties
and characteristics of the established iPSCs are very much like the naturally isolated
pluripotent stem cells, such as ESCs. Indeed, all of them form tightly packed and
flat colonies with high nucleo-cytoplasmic ratios, defined borders and prominent
nucleoli. Morphology of iPSCs, are also indistinguishable from ESC at ultra-
structural level when viewed under electron microscopy, showing the similarities
between these two populations of pluripotent cells [34]. The main important
characteristic of IPSC is represented by their ability to differentiate into the
cells/tissues representative of the three primary germ layers, the ectoderm, endo-
derm, and mesoderm [35] iPSCs have been successfully differentiated into a
number of different differentiated cell types including haematopoietic, ker-
atinocytes, chondrocytes, neurons, endothelial cells, osteocytes, pancreatic-insulin
producing cells, hepatocyte-like cells, and retinal cells [36]. In addition, iPSCs also
have been shown to differentiate into functional cells able to organize themselves
into tissues [37].

Genomic stability is critically important for any therapeutic application, this is
because genomic modifications may result in the development of certain disease
even if the established human and mouse iPS cell lines demonstrate a stable
genomic integrity, which is a crucial aspect in generating a high-quality iPSCs. For
this reason, in vitro differentiation and teratoma formation have been widely used to
assess the developmental potential of iPSCs [38]. Important results shown that
iPSCs obtained from dermal fibroblasts or bone marrow-derived mesenchymal cells
from patients with specific disease such as Duchenne muscular dystrophy, Down
syndrome, type 1 diabetes mellitus, Parkinson disease and also demonstrated
similar cell morphology and physiology [32, 33].

2.3 Neural Stem Cells (NSCs)

Since the first characterization, adult stem cells have been discovered in many
organs and tissues and it has been hypothesized that they reside in a specific area of
each tissue called niche [39]. Adult stem cells may remain in a nondividing state for
long period of time until they get the input to divide and differentiate by signals
coming from the belonging tissue [40]. In addition, a population of adult stem cells
has been characterized in the central nervous system, the neural stem cells (NSCs).
These cells are defined multipotent cells thanks to their ability to be committed into
neurons, astrocytes, and oligodendrocytes. The properties to generate functionally
mature neurons capable of joining existing populations of cells makes NSCs
interesting candidates to potentially restore function to damaged brain tissue by
rewiring broken connections.
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3 Graphene and Osteogenic Differentiation

Injury, cancer, inflammation, etc., are able to produce large bone defects which
generally have great difficulty in healing. Indeed, this event mainly depends on the
size of a bone defect, influencing the repairing rate of a bone defect. By definition
indeed, a critical-sized bone defect is the prototype of discontinuity defects, with a
failed spontaneous repair. When the size of the defect is greater compare to the
healing capacity of bone tissues, the fibrous connective tissues, migrating faster
than osteoblasts, dominantly occupy the bone defects [41]. The self-repairing ability
of the bone can be moreover negatively influenced when a bacterial activity occurs
in bone defects [42]. Infected bone defects can be resulted from acute high-energy
injuries and chronic infectious diseases [43]. These adverse events have important
consequences if we are talking about maxillofacial region. In this context newly
regenerated bone tissue with an adequate volume is indispensable to restore the
maxillofacial esthetics and musculoskeletal functions. According to the World
Health Organization, injuries are a global public health problem. There are
approximately 3–9 million injuries recorded annually in developed countries [44]
and with the development of economy and transportation, road traffic-related
high-energy injuries account for nearly 1.2 million deaths [45]. This number
unfortunately has doubled in the last 30 years in European countries [46]. Within
the trauma, injuries to the extremities can result in open comminuted fractures that
are often associated with severe soft tissue damages, bone defects, infections, and
ultimately nonunion [47]. In this view searching for novel strategies direct to
improve large bone defects has obtained grat attention.

Graphene-based materials have been described to support the proliferation of
mesenchymal stem cells (MSCs) and promote the osteogenic differentiation in vitro
[48]. Graphene and its derivatives are interesting materials for biomedical appli-
cations since carbon is the basis of organic chemistry. However, the shape and
physical and chemical characteristics of carbonaceous nanomaterials play an
extremely important role in how they interact with cells, tissues, and organs [49].
Anchorage-dependent cells need to adhere to substrates in order to spread, prolif-
erate, and perform their functions. Although substrates coated with graphene-based
materials are not cytotoxic [50], the use of the material in solutions might pose
hazards to cells and tissues. As graphene-based materials can be functionalized,
there is an increased interest in using them for biomedical applications. In fact, the
surface functionalization may be an important step for pacifying its strong
hydrophobicity that may be associated with toxic effects. Nonetheless, the potential
long-term adverse effects of functionalized graphene cannot be neglected [51].
Further studies regarding the safety, biodistribution, and adverse effects are needed
before the material can be used at large in biological systems. In bone recon-
struction stem cell-based therapy might be a promising solution but it requires the
constant development of biocompatible platforms that can promote and enhance
cell viability, attachment, migration, and differentiation. Several materials such as
poly-L-lactic acid (PLLA), chitosan, polycaprolactone (PCL), and composites
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based on these materials are constantly developed and improved to match some
properties of native bone [52]. However, fine-tuning the mechanical properties and
chemical and physical characteristics to match native bone properties is rather
challenging [53]. In some polymers, such as PLLA and PCL, the lack of sites for
cell adhesion may require chemical modification to provide such cues to allow stem
cell adhesion. Furthermore, their by-products upon degradation can trigger immune
responses [54]. Bioactive inorganic materials are also widely used in bone research.
However, due to their brittle nature, they often fail to match the fracture toughness
of bone and may not be suitable for load bearing applications [55]. Graphene-based
materials allow stem cell attachment and growth and spontaneous osteogenic dif-
ferentiation, supporting its introduction as an alternative material for bone regen-
eration research (Fig. 3) [56].

Cell adhesion, viability, and proliferation rate are directly related to the bio-
compatibility of the substrate [57]. In fact, cell attachment and differentiation are
greatly affected by the surface characteristics of materials and by forces generated at

Fig. 3 Phenotypic and morphologic changes on human MSCs cultured on graphene foams
(GFs) show a spontaneous osteogenic differentiation. a–c After for four days of cultures on GFs,
hMSCs formed protrusions up to 100 mm in length (yellow arrowheads) that extended from small
cell bodies (black arrows). To great interest several of these protrusions spanned large pores in the
GF and interacted directly with the material surface. After seven days of cultured hMSCs on GFs
or in tissue culture polystyrene (TCPS) (control) cells immunostaining has been performed for
neuronal phenotype (d) and for osteogenic (e) markers. Results showed that cultures of hMSCs on
GFs stimulated de novo expression of the osteogenic marker osteocalcin and upregulated the
expression of osteopontin and did not affect the expression of neuronal markers, but these data
confirm that 3D GFs promote the spontaneous osteogenic differentiation of hMSCs. d Scale bars
100 µm and e scale bars = 50 µm. Reproduced from Qi et al. [56] with permissions, © 2014,
Royal Society of Chemistry
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the cell/material interfaces. Graphene-based coatings are noncytotoxic and allow
the attachment and proliferation of fibroblasts, osteoblasts, and mesenchymal stem
cells (MSC) and have been shown to enhance stem cell differentiation [54]. Other
factors for the increased differentiation may be attributed to the presence of wrinkles
and ripples on graphene [58]. These are created during the production of graphene.
The CVD graphene is usually synthesized at high temperatures (*1000 °C) and it
experiences negative thermal expansion while cooling. Thus, graphene expands
laterally while the metal used as the sacrificial substrate shrinks, resulting in the
formation of those wrinkles and ripples [11]. It is known that the transport phe-
nomena of cytokines, chemokines, and growth factors are drastically different
between two- and three-dimensional (3D) microenvironments interfering in sig-
naling transduction, cell–cell communications, and tissue development [59].
Graphene 3D construct (3DGp) can be synthesized via CVD using a nickel foam as
template and are capable of inducing spontaneous neuronal and osteogenic differ-
entiation of MSC [60]. Cells in 3DGp presented a spindle shaped and elongated
morphology with thin and aligned nuclei, typical of osteoprogenitor cells and
expressed osteogenic markers OCN and osteopontin (OPN) even without the use of
osteogenic medium [61]. Recently, Vinicius’s group has succeeded in culturing
periodontal ligament stem cells (PDLSC) in 3DGp [62]. After 5 days, the surface of
3DGp was covered by cells having an elongated shape, showing that 3DGp is a
suitable substrate for PDLSC attachment and proliferation. Although graphene
holds the potential to induce spontaneous osteogenic differentiation of stem cells,
this property is significantly enhanced by the use of chemical inductors for
osteogenic differentiation. These higher levels of differentiation are possible due to
the capability of graphene-based materials to adsorb typical osteogenic inducers
such as dexamethasone and b-glycerophosphate Dexamethasone can be adsorbed
due to—stacking between the aromatic rings in the molecules and the graphene
basal plane. GO is prone to bind to ascorbic acid due to the degree of hydrogen
bonding that is formed between the OH moieties of the acid and GO. Hence,
graphene and its derivatives allow the loading and release of drugs and proteins that
can enhance the osteogenic differentiation of stem cells. A novel strategy is com-
bining Graphene and various materials to enhance Osteogenic Differentiation.
Although graphene has great benefits for osteogenic differentiations due its excel-
lent physical properties, it can also be chemically modified [63, 64] or combined
with other materials like polymers, ceramics, and metals to further improve the
differentiative potential. GO is a widely used form of graphene due to the presence
of carboxylic, epoxy, and hydroxide groups, which allow wide range of reactions
and functionalization opportunities ceramic/functionalized graphene composites
can improve biological outcomes of ceramic-based materials [65]. Hydroxyapatite
(HA), for example, is a calcium phosphate ceramic commonly used for bone repair
or regeneration due to its chemical similarity to that of natural apatite in bones. The
addition of graphene nanoplatelets (GNP) to 45S5 Bioglass results in a composite
with high electrical conductivity and increased concentration of GNP [65]. The
electrically conductive biomaterials can be used in bone tissue engineering to
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facilitate cell growth and tissue regeneration with physioelectrical signal transfer
[66]. The addition of GO to HA coatings can increase the coating adhesion strength
on titanium sheets [67]. The GO/HA composite coating also exhibits higher cor-
rosion resistance than pure HA coatings (Fig. 3). Furthermore, the GO-modified
coating presents higher cell viability in comparison with titanium substrate
regardless of the coating of HA [68]. Polymers have also been modified with
graphene to provide better environments for cell survival and differentiation. Due to
the large surface area and delocalized electrons, GO and rGO have the potential to
bind and solubilize molecules acting as drug delivery vehicles [69]. Poly
(l-lysine-graft-ethylene glycol)-(PLL-g-PEG-) coated PEDOT electrodes can be
used as electroactive device for spatial-temporal controlled drug release. Such
devices can be used for long-term cell culturing and controlled differentiation of
MSC through electrical stimulation [70]. These findings corroborate graphene as a
promising material that can increment bioactivity and differentiative potential of
candidate materials for bone tissue regeneration. In their study, for example,
Elkhenany et al. [71] described for the first time that GO films promote cell pro-
liferation and enhance osteogenesis of MSCs isolated form goat bone marrow
(BMMSCs), showing a strong potential of graphene in bone regeneration. In
another study, Duan et al. [72] studied the incorporation of carbon nanomaterials
(CNMs) with poly(L-lactide) (PLLA) and proposing this composition as potential
scaffold for stem cell application in bone tissue engineering. They showed that the
scaffolds prepared with PLLA/CNM could support the cell adhesion, proliferation,
and differentiation both in vitro and in vivo. As in the previous study, the authors
highlighted that CNMs could improve the osteocompatibility of PLLA scaffolds by
promoting the osteogenic differentiation of BMMSCs showing that this effect was
closely related to the concentration of CNM.

Further studies as the one by Kumar et al. [73] showed a correlation between the
chemical functionalization of graphene and the increased stem cell osteogenesis. In
this study they produced polycaprolactone (PCL) composites incorporated rGO,
GO and amino-functionalized GO (AGO) of different filler (1, 3 and 5 %). They
showed that the presence of the amine group on AGO surface was promoting more
proliferation and osteogenesis of human MSC compared to the other two func-
tionalized materials. In addition, the authors described bactericidal properties of the
graphene and also in this aspect, AGO was the best at inhibiting formation of
biofilm.

More recently, Nair et al. [74] incorporated GO nanoflakes (0.5 and 1 wt%) into
a gelatine-hydroxyapaptite (GHA) matrix and they studied the effect to enhance
mechanical strength and osteogenic differentiation. They showed no significant
difference in mechanical strength between GOGHA0.5 and GOGHA1 scaffolds and
in a system that was mimicking physiological condition for 60 days, around the half
of GO loaded was released in sustained and linear manner. Moreover, GOGHA0.5

scaffolds were used for in vitro studies, which have shown to induce osteogenic
differentiation of human adipose-derived mesenchymal stem cells (hADMSCs)
without any osteogenic supplements in the cell culture media like dexamethasone,
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L-ascorbic acid and b-glycerolphosphate and these levels of differentiation were
comparable to the cells on GHA scaffolds provided with osteogenic supplements
[74]. Lyu et al. [75] described a similar study where they examined osteoinductivity
of a self-supporting graphene hydrogel (SGH) film as an experimental platform for
human adipose-derived stem cells (hADSCs). In this platform hADSCs showed
better adaptation, proliferation, and differentiation than on graphene and carbon
fiber films.

The osteogenic differentiation potential of MSCs on graphene substrates was
confirmed also by the study of Luo et al. [76], where they showed that GO
incorporated poly(lactic-co-glycolic acid) (PLGA) nanofibrious mats afford extra-
cellular matrix biomimetic microenvironment for hMSCs adhesion and prolifera-
tion. They demonstrated that these scaffolds induce expression of osteogenic
markers like alkaline phosphatase (ALP), collagen type I (Col I), and osteocalcin
(Ocn). Similarly, Lee et al. [77], investigating on the expression of proteins
including osteopontin (OPN), demonstrated that the osteogenic differentiation of
human MSCs was increased by rGO-coated hydroxyapatite (HAp) when incubated
in basal media without any osteoinductive agents and the osteogenic activity is
further enhanced when these agents are added to the culture media. In a second
study, Lee et al. [78] examined the capability of nanocomposites of rGO and HAp
to increase the osteogenesis of MC3T3-E1 preosteoblasts and promote new bone
formation. Moreover, the osteogenic responses mediated by these nanocomposites
were more stimulated when the cells where incubated in the presence of ostegenic
agents. In addition, all the potential in bone regeneration described in vitro were
also confirmed in vivo showing that the rGO/HAp grafts significantly enhance the
bone formation in full-thickness calvarial defect. Owing the incredible properties of
graphene, Raucci et al. [79] described the possibility to produce biomineralized
HAp nanocrystals-GO. They used the sol-gel method in order to obtain HAp
nanoparticles (diameter 5 nm, length 70 nm) intercalated uniformly and strongly
with GO sheets. The interaction of the HAp with GO improved the bioactivity of
the materials with the formation of HAp layer on the material surface after bio-
mimetic treatment. In addition, they showed a high viability of hMSCs on HAp-GO
hybrids supports with enhanced osteogenic differentiation in a basal medium
without the addition of any bone-specific factors.

Not only the osteogenic differentiation capability of graphene was studied, for
example Olivares-Navarrete et al. [80] studied the effect of surface chemistry on
osteoblast maturation using Ti and carbon-coated surfaces. They described that in
integrin b1-silenced MG63 osteoblast-like cells there was less differentiation on
rough surfaces independent on the chemical composition of the surface. They also
showed that silencing of integrin a1 and a2 affected the osteoblast maturation on Ti
surfaces, but not on the carbon-coated surfaces. On the other hand, the integrin av
was the only subunit that affected the osteoblast maturation on carbon-coated
substrates. This study suggests a major role of the integrin b1in roughness recog-
nition, and that the different alpha subunits are involved in the surface chemistry
recognition.
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4 Cartilage Regeneration

Under an histological point of view articular cartilage is the unique tissue with lacks
vascularization and that contains only a sparse population of a single cell type
called chondrocyte. These cells reside within a prestressed special extracellular
matrix structure formed by collagen-proteoglycan giving to the tissue its com-
pressive strength and enables frictionless motion during habitual loading [81].
These features severely influence the ability of cartilage to be regenerate after
injury. Indeed if the lesion is relatively small due to trauma or disease, and even, it
can progress rapidly and lead to the destruction of cartilage structure and to the lost
of its mechanical function. The absence of self-repair has promoted the develop-
ment of various interventions in order to facilitate regeneration of cells and carti-
laginous matrix [82]. In this view usually the process direct to improve cartilage
repair is pursued by the application of two treatment methods, both of which have
some drawbacks. In case of the presence of severely damaged and that it means that
the majority of the articulating surface is disabled, a whole joint surgery will be
performed replacing the living biological tissue with a prosthetic device. These
surgeries are quite successful and provide many years of joint function, since the
synthetic material used for the device is not fully able to show all the properties of
the native extracellular matrix [83]. When cartilage injury is small and localized, an
autograft or allograft devices-based surgery will be trimmed to size and fit into the
defect. However these grafting solutions often provide a limited-term benefit, due to
the cartilage properties and because of the scarcity of cells that can facilitate graft
integration with the host tissues [84]. In light of these considerations a definite need
exists for the development of more effective methods to stimulate cartilage
regeneration and integration, and to provide a durable, long-lasting replacement for
the original cartilage tissue. To response to this problem, novel tissue engineering
approaches direct to induce and enhance cartilage regeneration have been devel-
oped. These approaches have the aim to recapitulate the developmental blueprints
when placed into the context of natural cartilage achieving different landmarks in
the process of cartilage formation, and then improving the regeneration process. It is
well defined that cartilage formation begins with MSC condensation that induce
their chondrogenic differentiation [85]. Cells produce a dense matrix that serves as
cartilage template for the subsequent generation of both the articular cartilage and
the subchondral bone [86]. In this view the development of biomaterials to promote
MSC commitment into mature chindrocytes is of a growing interest.

Lee et al. [87] demonstrated the ability of graphene, GO and porous GO
(PGO) to support pellet formation and chondrogenic differentiation of hMSCs.
These cells were assembled with graphene flakes in the solution to form
graphene-cell biocomposites. They showed while loading GO and its derivates in
the composites there was initially a fast chondrogenic differentiation, but excessive
amounts are affected the viability of the cells (Fig. 4). However, the use of a porous
graphene for the biocomposites formation allowed a higher loading of GO and
further enhanced the differentiation rate of the cells.
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5 Graphene and Myoblast Differentiation

The human body mass is formed mostly by skeletal muscle that comprises a large
percentage of (40–50 %) playing essential role in postural support, locomotion, and
breathing. In presence of to minor injuries, i.e., as contusions, lacerations, or,
exercise-induced tears, skeletal muscle show a remarkable capacity for regeneration
[88]. These types of injuries account for up to 55 % of all sports-related injuries and
do not result in significant loss of muscle mass and are able to heal without ther-
apeutic intervention [89]. By contrast when severe injuries occurs, such as the loss
of muscle mass greater than 20 %, extensive and irreversible fibrosis, scarring, and
loss of muscle function could occur [90]. Common clinical situations of traumatic
injuries occurring after motor vehicle accidents, aggressive tumor ablation, and by
prolonged denervation are lead to the volumetric muscle loss. Surgical recon-
struction is not able to fully regenerate the lost muscle tissue and often leads to
donor site morbidity [91]. As a result, also for this type of treatment the develop-
ment of novel therapeutic strategies to treat these severe skeletal muscle injuries is
an area of active investigation. Great results are reported in early clinical trials
based on cell-based treatment, showing the safety of intramuscular cell injections
and their preponderant role in muscle regeneration [92]. In all cases, donor cell

Fig. 4 Immunostaining type II collagen produced by stem cells incubated with G (a–c), GO (d–
f) and pGO (g–i) after 4 weeks of culture. Blue DAPI, Green type II collagen (Scale bars 200 lm).
When MSC is incubated with 25 lg of G produced the largest amount of type II collagen that is a
specific marker of mature cartilage (b) while increasing concentration of GO induces a decreasing
on the amount of type II collagen (d–f). In contrast, the extent of type II collagen produced
increased with increasing concentration of pGO (g–i). Reproduced from Lee et al. [87] with
permissions, © 2015, Wiley-VCH Verlag
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engraftment was observed as well as the rapid death, poor migration, and immune
rejection of the injected cells.

In this context tissue engineering strategies for skeletal muscle reconstruction
presents a novel promising therapeutic avenue. Several biomaterial scaffolds has
been developed as synthetic extracellular matrices to provide localized delivery of
different cell populations and growth factors to the injured skeletal muscle site [93].
Further optimization of these biomaterial platforms may lead to significant func-
tional improvement of severely damaged skeletal muscle. In this way, well-defined
biomaterial meshes are designed in order to incorporate biological and biochemical
factors that mimic the in vivo satellite cell niche which may generate great
improvements in cell regenerative potential both during ex vivo expansion and
in vivo regeneration. Moreover, biomaterial scaffolds could provide spatial and
temporal appropriate microenvironment cues that could provide the best support for
the normal regenerative mechanism.

As above reports several are the causes of skeletal muscle such as developmental
abnormalities, trauma, muscular dystrophy, diabetic tissue damage, irradiative and
physical injuries. Skeletal muscle tissue is characterized by limited regeneration
ability and in presence of these conditions often end up in permanent damages and
loss of physical mobility [94]. In light of such consideration, cell-based therapy
researchers for skeletal muscle engineering have been increased in the last decades
and they are mainly focused on hMSCs applications thanks to their capabilities of
self-renewal for prolonged time and multi-lineage differentiation under specific
stimuli [95]. It has been established that the myogenic differentiation of hMSCs
occurs when culturing these cells in a media supplemented with specific inducers
like dexamethasone, hydrocortisone and 5-azacytidine. Unfortunately, these
chemical drugs can cause unexpected effects on the differentiation of hMSCs [96].

Another important aspect in the skeletal muscle tissue engineering is the need to
find a close imitation of the extracellular matrix (ECM) that provide a proper
environment to support the adhesion, migration, proliferation, and differentiation of
stem cells. In the group of nanomaterial, carbon nanotubes (CNTs) emerged as
versatile candidates to resemble the ECM. Zhao et al. reported the fabrication and
characterization of polyethylene glycol-linked multiwalled carbon nanotube
(PEG-CNT) films their properties to direct the spontaneous skeletal myogenic
differentiation of hMSCs. The study of gene expression of non-induced hMSCs
plated on PEG-CNT films showed that these cells presented a significant upregu-
lation of general myogenic markers including early stage markers of myoblast
differentiation protein-1 (MyoD) and desmin, as well as a late phase marker of
myosin heavy chain-2 (MHC). Moreover, they reported a significant increase of
skeletal muscle-specific markers like fast skeletal troponin-C (TnC) and ryanodine
receptor-1 (Ryr) and the completed absence of adipogenic, chondrogenic, and
osteogenic markers in the non-induced hMSCs on PEG-CNT. Based on these
results, the authors can conclude that the PEG-CNT films help hMSCs specifically
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differentiate into myoblasts [97]. Similar results were described by Chaudhuri et al.
[98] where they studied the differentiation of human cord blood derived MSCs into
skeletal muscle cells on spin coated thin GO sheets and electrospun fibrous meshes
of GO-PCL composite. Myoblast differentiation capability of GO sheets was
attributed to its surface change and nanostructured surface morphology.

6 Neuronal Differentiation

Annually more than half a million peripheral nerve injury cases are reported
worldwide [99]. Nerve autografting is the current “gold standard” technique to
repair a completely transected nerve with gap size larger than 30 mm [100].
However, anesthesia, denervation and numbness of the donor site, painful neuroma
formation and time consuming operations are main limitations of this technique
[101]. In the last few years, numerous microsurgical techniques [102] have been
developed to reconstruct a long segment of a damaged peripheral nerve.
Advancements in the field of tissue engineering and biomaterial science have led
researchers to develop synthetic nerve conduits as an alternative to nerve auto-
grafting. However, to date, the clinical use of the clinically approved nerve conduits
is limited to small diameter nerves with short gaps (<30 mm) as their basic hollow
tube designs fail to mimic extracellular matrix (ECM) nanostructure. So, they
become incompetent to support axonal regeneration in defects with longer gaps and
larger diameter [103].

Extracellular matrix (ECM) is one of the important components that influences
neural repair and regeneration. ECM molecules regulate Schwann cells
(SCs) morphology, migration, and myelination by providing support and anchorage
site for these cells. It is well documented that ECM regulates axonal growth via
providing binding sites and guides the growing axons during development and
regeneration [104]. Furthermore, it has been discovered that the interaction between
SCs and ECM molecules is essential for the release of diffusible nerve growth
factors from SCs which are crucial for neurite outgrowth [105].

Damage to the central nervous system (CNS) from degenerative disease or
traumatic injuries is particularly devastating and at the moment the regeneration of a
damaged nervous system is on of the hot topics in the field of the neuroscience. The
stem cell-based tissue engineering is one of the most promising approaches,
showing promising achievements in the functional recovery front thanks to the
self-renewal and differentiation capabilities of stem cells [106]. However, the first
barrier that appeared in the application of stem cells in the neuronal tissue engi-
neering is the low survival rate of the cells after transplantation [107]. Based on this
consideration, different types of natural and synthetic biomaterial scaffolds that
should be analogous to the ECM with appropriate mechanical properties,
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biocompatibility, controllable degradability with nontoxic degradation products and
it has to permit the cell adhesion and proliferation.

Shah et al. have demonstrated the capability of a graphene-nanofiber hybrid
scaffold that direct neuronal stem cells through a selective differentiation into
mature olygodendrocytes, in a culture medium differentiation inducers free.
Moreover, the authors described this hybrid scaffold as a combination of the
morphological features of the nanofibers (ideal for fabricating nerve guidance
conduits) and the unique properties of the graphene-based nanomaterial (permissive
surface for protein and cell adhesion, as well as high conductivity to mediate
electrical stimulation) in a single culture platform [108].

Other studies described the potential neurogenesis of graphene, Weaver et al.
explored the potential of a nanocomposite film composed of conducting polymer
poly(3,4-ethylenedioxythiophene)and GO nanosheet (GO/PEDOT) as a scaffolding
material to influence the behavior of NSCs in vitro. In this study they showed, first,
that GO/PEDOT material in nontoxic improves NSC differentiation toward the
neural differentiation; secondly, that using the carboxylic acid groups donated by
GO, biomolecules like interferon-ϒ (IFNϒ) and platelet-derived growth factor
(PDGF), were covalently immobilized at the film surface in order to preferentially
promote either neuronal or oligodendrocyte lineage differentiation (Fig. 5) [109]. In
a similar study, Guo et al. used a bioactive 3D porcine acellular dermal matrix
(PADM) as a basic material with a layer of rGO nanosheets on the surface of the
PADM channels to obtain a porous scaffold (PADM-rGO) suitable for neuro-tissue
engineering applications. Their findings revealed that the PADM-rGO scaffold not
only could support MSC attachment but also maintain the cells in a more active
proliferative and neural differentiation state, characteristics confirmed by the
upregulation at the gene as well as protein level of Nestin, Neuronal class III
b-Tubulin (Tuj1), and microtubule-associated protein 2 (MAP2) [110].

All of the mentioned studies have shown the potentiality of graphene as substrate
for the growth of NSC, neurons and glia in in vitro models, but reports testing the
effect directly with adult neural cells in vivo are rare. Defterali et al. studied the
biocompatibility of thermal reduced graphene (TRG) with neurons and glia, as well
as with the generation of new neurons in the adult brain. TRG injected in the brain
combined with a retroviral vector expressing a reporter gene (in this case GFP) to
label dividing progenitor cells in the core of the adult olfactory bulb (OB) did not
alter de novo neurogenesis. They found an increased number of microglia, how-
ever, since this was also observed in the no-TRG injected group (negative control)
they concluded that this reaction was due to the injection itself. At the end of the
study the authors concluded that TRG directly injected into the brain does not have
a deleterious effect on adult OB cells and it may be a biocompatible material with
neuronal and glial cells in vivo supporting its use in studies of brain repairs and
function [110].

120 M. Buggio et al.



7 Skin Regeneration

Skin is the tissue whose principal function is to protect the human body from
surrounding environment. Skin is the biggest organ of the body. Injury of skin can
occur for many factors, such as genetic disorders (bullous conditions), acute trauma,
chronic wounds or even surgical interventions. Among these the most common
event for major skin loss is thermal trauma, because substantial areas of skin are

Fig. 5 Biological results of neural stem cell physiology after seeding and differentiation on poly
(3,4-ethylenedioxythiophene) (PEDOT) scaffolds. a Total cell density present on PEDOT films
growth in graphene oxide (GO) or poly(sodium-4-styrenesulfonate) (PSS) after 30 min and 7 day in
culture in differentiation media. As reported no differences are detectable between the groups during
the initial attachment. The presence of the GO/PEDOT nanocomposite at 7 day (***p < 0.001;
n = 9) indicates a significantly increasing in the density of cells. b Percentage of neuronal
differentiation and c average length of neurite outgrowth from differentiated neurons on PEDOT
films after 7 day. The GO/PEDOT film meshes are able to induce higher value of differentiated
neurons and a longer average neurite length (*p < 0.05; n = 3). Representative fluorescent images
of differentiated NSCs growing on the d GO/PEDOT nanocomposite and the e PEDOT/PSS
substrate. Cells were stained by immunolabeling for neuron-specific b-III-tubulin (green),
astrocyte-specific glial fibrillary acidic protein (red), and nuclei (blue). Scale bar measures
50 lm in d, e. Reproduced fromWeaver et al., [109] with permissions,© 2015, Wiley-VCH Verlag
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damaged, often without the possibility of skin regeneration. Burns and scorch
sometimes could induce rapid, extensive, deep wounds difficult to treat with
common strategies, and can lead to death [111].

Skin wound healing process is a complex process involving many cell types and
processes, such as epidermal proliferation and differentiation, fibroblastic migration
and activation to produce novel ECM and endothelial cell organization for vas-
cularization. Process such as cell migration, differentiation, ECM synthesis and
wound contraction are the main actors of this process [112].

Wounds defects can be divided into epidermal, superficial partial-thickness, deep
partial-thickness and full-thickness in relationship depth of the injury. The treatment
approaches therefore require different approaching [113].

Epidermal injuries, that as typical of sunburns of light scalds, are characterized
by erythema and minor pain. These injuries do not require specific surgical treat-
ment because only the upper epidermis is affected. The regeneration of this tissue
rapidly occurs without scarring, and no ECM synthesis is required to contribute the
scar tissue [114]. By contrary when superficial but partial-thickness wounds affect
the epidermis and superficial parts of the dermis, an epidermal blistering is present
and severe pain accompanying this type of injury. In case of thermal trauma this
process is evident [115]. Such type of wounds heal thanks to the epithelialization
from the margins of the wound, where basal keratinocytes change their phenotype
into a proliferating migratory cell type and cover the damaged area [116]. Cells
migrate from different sites, from the wound edge, hair follicle or from sweat gland
remnants that lie in the deeper dermis, which have been preserved in this depth of
injury [45, 117]. In lined with epithelial cells, each hair follicle and sweat gland are
capable to contribute in epithelial regeneration across the wounded surface.
Moreover, the hair follicles of human skin contain a reserve of stem cells, that
located in the bulge region of the follicle, capable of self-renewal [118]. In presence
of deep partial-thickness injuries involving greater dermal damage could affect the
skin appendages remaining and therefore they take longer to heal. In this kind of
injury scarring is more pronounced and defects fibroplasia is more intensive when
compared with the superficial partial-thickness wounds.

Full-thickness is an injury characterized by the complete destruction of the
related elements of the epithelial regeneration process. This type of damage heals
thanks to contraction, followed by the epithelialization starting from the edge of the
wound, leading to cosmetic and functional defects. All full-thickness skin wounds
with more than 1 cm in diameter require the use of skin grafting because they are
not able to epithelialize on their own. This process moreover could lead to extensive
scarring, and in the end resulting in limitations in joint mobility and unfortunately
with severe cosmetic deformities [119].

Currently, full-thickness injuries clinical “gold standard” treatments are repre-
sented by split-thickness autologous skin grafting. The procedure requires a der-
matome harvesting a small biopsy of epidermis formed with a superficial part of the
dermis and applied to the full-thickness wound [120]. Once applied to the wound,
capillaries of the split skin graft (SSG) form anastomoses with the existing capillary
network to provide nutrients for graft survival; this process is known as graft “take”
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[121]. If presence of extensive injury, and if the donor sites are extremely limited,
the clinical strategies require the application of meshing techniques. This strategy
could be used by means of the perforation of grafted and subsequent stretching to
cover greater areas of the wound [122]. Although the advantage of this method
allows to cover a great area and to reduce mortality rates, the cosmetic and func-
tional outcomes of such a treatment are inferior when compared with the standard
application. This is due to the lack of dermis in the interstices of the stretched
meshed skin graft, and the process related to epithelialization from graft margins
across interstices is slow. This induces delayed healing, a greater graft contraction,
scar tissue formation and pronounced “crocodile skin” appearance of the scar [123].
Alternative approaches life-saving in the treatment of extensive full-thickness
wounds, in presence of difficulties such as donor sites for skin harvesting are not
available, include the use of cultured autologous keratinocytes and/or bioengineered
skin substitutes. In these last years significant progress has been obtained in the
development and the further clinical application of these products [46]. In light of
the great demand for skin-substitutes products, there is a long history of material
development, and many research groups worldwide have focused on creating
biomaterials for skin substitution [124]. Skin substitutes are described as skin
equivalents or as tissue-engineered skin, tissue-engineered skin constructs, living
skin replacements and, more recently, as bioengineered alternative tissue. Since
these terms differ slightly from each other, they are considered to be equal by the
majority of the researchers. All these substitute need to comply with three major
requirements: (i) be safe for the patient, (ii) be clinically effective; (iii) and be
cost-effective in application. The biomaterial for skin reconstruction must be
biodegradable, repairable, and able to support the reconstruction of normal tissue.
They must have the same physical and mechanical properties to the skin it replaces.
It should provide prevent fluid, pain relief, and heat loss from the wound surface.
Moreover they must protect the wound from infection. It is also of great advantage
if the skin substitute bioconstruct is, readily available, user-friendly, and possesses a
long shelf life.

Until now, no currently commercially available tissue-engineered skin equiva-
lent possesses all the above-mentioned properties, since most of them are able to
replace the functional and anatomical properties of the native skin. There are,
however, a number of bioengineered skin-replacement products which are currently
available to clinicians and are used for wound healing purposes [125].

To overcome these issues, Li et al. proposed the combination of a 3D graphene
foam (GF) scaffold loaded with MSCs to improve skin wound healing. The 3D-GF
scaffold showed a good biocompatibility end promoted cell growth and prolifera-
tion. Moreover, this system reduced scarring in animal model, potentially due to the
biomechanical and biochemical signal from 3D-GFs. The combination of the
3D-GF scaffold with MSCs provided an upregulation of vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor (bFGF), which may lead
neo-vascularization. Therefore, the authors concluded that 3D-GF loaded with
MSCs provided the necessary cues to improve skin wound healing with a reduced
scar formation (Fig. 6) [126].
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8 Cardiomyogenic Differentiation

The heart is a complex of chemo-mechano-electrical system that acts as actuator
and sensor in our biological system. This organ can transduce electrical inputs in
order to generate electrical wave propagation needed for the mechanical contrac-
tion. Heart arises from multipart events that interact with one another to
self-regulate. More then chemical signaling, that are mediated by soluble growth
factors, it provides the foundation for stem cell differentiation (SCD) process [127],

Fig. 6 Graph related to the effect of MSC on GF and GF + MSCs during wound closure.
a Images related to of the experimental group of wounds post-transplantation of 3, 7, 10 and
14 days. b % of wound area in the experimental groups along the implantation time. Data were
presented by means ± SEM. *p < 0.05 and #p < 0.01. Reproduced from Li et al. [126] with
permissions, © 2015, Elsevier
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there is growing evidence that environmental cues are also of prime importance in
guiding differentiation events. Indeed, it is clear that the whole stem cell niche is
important in determining cell fate. Many factors are also involved on stem such
extracellular matrix (ECM) proteins, mechanical loading oxygenation, and inner-
vation [128]. Thanks to these factors, cardiac cells form anisotropic layers to
contract in response to electrical signals in the heart [129]. All mechanical prop-
erties are moreover thought to contribute to differentiation and further maturation
during embryogenesis [130]. In light of such consideration, we focus the attention
on the impact of graphene-based scaffolds and their mechanical and topographical
properties on stem cells commitment into cardiomyocytes. Correct differentiation of
stem cells into cardiomyocytes has important medical applications. Indeed it could
offer the possibility to recreate cardiac-like tissue from patient- specific in vitro drug
toxicity assay. Moreover it can be designed cell-based therapies for the treatment of
cardiac diseases [131].

The first strategy stem cell followed by researchers is represented by the pos-
sibility of provide cell–cell communication [132]. The embryonic stem cells of
mouse model have been the first to trigger spontaneous differentiation at early time,
such as the second passage. They are able to form adherent dishes to exhibit
positively charged functional groups. Although these cells can form adhesions, they
are not able to recapitulate the signals given by different ECM components during
embryogenesis. More over, the high variability in terms of surface charge and
nanotopography could show severe effects on cell behavior [133]. Most of the ECM
proteins have electrostatic properties and then they can be adsorbed on the surface
of tissue culture. In the large panorama of stem cells for tissue repair process, MSCs
have greater potential to repair heart diseases. However, it has been described that
the use of MSCs as cardiac therapy are limited due to their low ability to differ-
entiate into cardiomyocytes in vivo [134]. Whether, embryonic stem cells (ESCs)
are able to differentiate spontaneously into cardiomyocytes [135]. It has been
known that ESCs, transplanted into a damaged heart, are able to be integrated into
the recipient tissue and to improve its functions. Lee et al. demonstrated that the
culture of hESCs on graphene promotes the progressive differentiation of these cells
into mesodermal and endodermal cells and their subsequent cardiomyogenic dif-
ferentiation. Additionally, the analysis of the cadiomyogenic differentiation of
hESCs cultured on graphene or Matrigel (substrate used in conventional
cadiomyogenic differentiation) revealed that graphene was superior to Matrigel.
The authors hypothesized that the increased cardiomyogenic differentiation of
graphene is induced by the nanoroughness of the material, which enhanced hESCs
adhesion and the upregulation of ERK signaling. However, they did not observe
functional cells (beating) in the graphene system and this indicated that the method
does not induce full differentiation into contractile cardiomyocytes [136].
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9 Discussion

In conclusion, it can resume that the presence of graphene for regenerative
medicine:

1. does not alternate the morphology and the proliferation of the stem cell in
normal stem cell media,

2. is biocompatible;
3. its presence in medical device or injured tissues would do not affect the phys-

iological environment.
4. Is able to induce the commitment of stem cells.

Bibliography on the interactions of graphene and stem cells is growing rapidly,
and includes studies primarily motivated by biomedical applications, and envi-
ronmental health and safety. Moreover the correct mechanism with GO and its
derivatives composites in SCs commitment is still undefined. For this reason the
issue of its potential toxicity must occur.

In this view, we have here reported a review of the international literature in
order to produce a state-of-the-art of graphene applied to stem cells in regenerative
medicine. Several researchers confirmed that graphene-based scaffolds are able to
act on the final destiny human stem cells clearly appearing to be a step forward in
the field of tissue engineering.

In these last year a novel existing new application has emerged thanks to the
combination of graphene with others nanomaterials. These novel strategies have
great potential for several future technologies ranging from biotechnological and
biomedical applications such as drug delivery, and genetical targeting. The novel
setting in graphene production provides different levels of dispersibility and
impurities within the nanomaterials. Among the differen type of graphene, GO is
considered more biocompatible than graphene thanks to its greater
solubility/dispersibility. This, results in less damage and toxicity in several cell type
such as skin fibroblasts and red blood cells, and bacteria. However, they are less
effective in liver, kidney, and spleen. In all this in vitro system, cells exhibit time
and dosage dependency, and this is depending on protein adsorption and reactions.
However, before reach the clinic, the toxicology profile and safety efficacies of such
materials are essential steps in their development. Nevertheless, its great potential
on regenerative medicine will offer a variety of new and existing tools based for use
in the areas of advanced disease diagnosis, imaging, and targeted therapies for the
treatment of a wide of severely debilitating diseases.
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Graphene: An Emerging Carbon
Nanomaterial for Bone Tissue Engineering

Nileshkumar Dubey, Fanny Esther Denise Decroix and Vinicius Rosa

Abstract The development of materials and strategies that can promote faster bone
healing and improved regeneration of bony defects is of high interest. Graphene and
its derivatives (graphene oxide and reduced graphene oxide) have remarkable
mechanical properties, can be chemically modified and allow the attachment of
molecules and proteins. Due to these characteristics, these carbon-based materials
have received increasing attention for several biomedical applications. As gra-
phenes can improve mechanical properties of several biomaterials, induce, and
increase cell differentiation toward osteoblasts, they have emerged as interesting
alternatives for to promote bone regeneration. Herein, the key achievements made
with graphenes for bone tissue engineering are presented with particular emphasis
on their combination with biomaterials for bone regeneration and as coatings for
biomedical implants.

1 Introduction

Bone is a calcified connective tissue providing structural support and protection to
the body. In addition, bone offers an environment for hemopoiesis and acts as a
storage for minerals such as calcium [1]. Throughout the life course, bone under-
goes remodeling by a process of resorption and formation in order to maintain its
health and promote the repair of injuries. However, conditions like tumor resec-
tions, trauma, fractures, and congenital skeletal defects can result in inadequate
healing depending on the extension of the bone loss or defect. Furthermore, the
bone healing may be compromised by conditions such as infection, aging, diabetes,
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and impaired blood supply [2]. In such circumstances, some form of grafting or
bone substitute material is required to fill the defects created and promote bone
formation [3, 4].

Bone grafting is a surgical procedure aiming at filing a void created by a bone
loss or defect. The two most common types of bone grafts are autologous and
allogeneic grafts [5]. Autologous bone grafts are considered the ‘gold standard’ for
bone regenerative treatment. They involve the harvesting of ‘donor’ bone, typically
from the anterior and posterior iliac crest of the pelvis, followed by transplantation
into the defect site [6]. Nevertheless, the use of autologous graft has disadvantages
such as the need for additional surgical procedures, high cost, and limited avail-
ability of graft. In order to overcome some of these limitations, allogeneic bone
grafts obtained from bone banks may alternatively be used [2]. Allogeneic grafts,
like demineralized bone matrix or cortico-cancellous grafts, are devitalized via
irradiation or freeze-drying. However, these processes often result in reduced
osteoinductive properties because of the absence of viable cells [5]. Other limita-
tions of allogenic graft include batch-to-batch variability, risk of immunogenicity,
and infection transmission [7]. To overcome these problems, bone substitute
materials are being constantly developed with new components and structural
properties to allow cell infiltration, bone growth, and vascularization.

Numerous bone substitute materials can be used for bone tissue regeneration and
repair [8, 9]. Chitosan, for example, is a natural bone substitute material which has
shown to facilitate the osteogenic differentiation of mesenchymal stem cells (MSCs)
in vitro [10]. Nonetheless, chitosan itself is not osteoconductive and, due to its poor
mechanical properties, it is unable to support load bearing bone implants [11]. In
addition to polymers, bioceramics allow attachment and differentiation of stem cells
or osteoprogenitor cells into osteoblasts stimulating bone formation [9]. Though
ceramics possess excellent bioactivity and biocompatibility, they are exhibit brittle,
difficult to shape may have slow resorption rates [12]. Synthetic polymers can
overcome some of these disadvantages [13]. Nonetheless, polymers fall short of
achieving satisfactory results in bone regeneration treatment because of low
mechanical stability, lack of remodeling, and potential to induce inflammatory
reactions [5]. Alternatively, ceramic and polymer composite materials are inter-
esting candidates for bone tissue engineering since their properties can be optimized
to suit the mechanical and physiologic demands of the host tissue [14]. However,
the mechanical properties, structural stability and bioactive potential largely depend
on the interactions between the matrix and filler in the composite materials. For
instance, the lack of adhesion between nanohydroxiapatite and polymer matrix
result in early failure at the interface compromising the structural ability,
mechanical property, and bioactivity of the composite material [15]. Hence, the
constant development and improvements of biomaterials for bone tissue engi-
neering is of great interest.

Graphene is a carbon-based material with promising applications in a number of
fields including material sciences, chemistry, and electronics [16–18]. Moreover, it
has demonstrated a positive impact on attachment, growth, and osteogenic differ-
entiation of MSCs [19, 20]. Graphene can be manufactured in relatively pure form
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and combined with other materials to improve their mechanical and biological
properties [16, 18, 21]. The present chapter highlights key achievements obtained
with graphene for bone tissue engineering [19, 22, 23].

2 Graphene and Its Derivatives for Osteogenesis

Graphene is a single atomic sheet of conjugated sp2 carbon arranged in a honey-
comb pattern [24]. The presence of free p electron, reactive sites for surface
reactions and strong C–C bond make graphene a material with unique properties. It
is electrically superconductive, chemically stable, and has exceptionally high
mechanical strength and modulus of elasticity [25–27]. Moreover, graphene offers a
large surface area that can be chemically modified to enhance its capabilities [18].

Essentially, there are three types of graphene. The first is pristine graphene, a
thin layer of pure carbon obtained mainly by chemical vapor deposition (CVD), by
exfoliation of graphite and other methods. The second is graphene oxide
(GO) which is a hydrophilic oxidized form of graphene laced with
oxygen-containing groups. This amphiphilic compound allows surface functional-
ization and can be dispersed in aqueous solution, making it an attractive candidate
for gene or drug delivery and substrate modification [16, 28, 29]. The third type is
reduced graphene oxide (rGO) which can be obtained from the reduction of GO by
removal of the oxygen-containing groups [16, 28].

Graphene and its derivatives, when used as coatings allow stem cell attachment,
growth, and enhance osteogenic differentiation which makes them promising
alternative for bone tissue engineering [20].

Graphene, both in two-and three-dimensional forms, accelerates the differenti-
ation of MSCs into osteoblasts [20]. MSCs cultured on graphene-coated silicon
dioxide (SiO2) formed a confluent monolayer with spindle-shaped cells, whereas
those cultured on the pure SiO2 substrate formed separate islands of polygonal cells
[22]. Considering that the cell shape is correlated with the differentiation of MSCs
to osteogenic lineage [30], the spindle-shaped morphology of MSCs on graphene
reflects an enhanced potential for osteoblastic differentiation than pure SiO2 [22].
MSCs cultured on polydimethyl siloxane (PDMS), polyethylene terephthalate
(PET), glass, and SiO2 coated with CVD-grown graphene showed no significant
difference in cell morphology or viability compared to uncoated surfaces suggesting
good cytocompatibility of graphene. Nonetheless, the graphene-coated substrates
enhanced stem cell differentiation toward osteoblastic lineage. The rate of differ-
entiation induced by the graphene-coated substrates was comparable to the differ-
entiation observed on the controls under the influence of bone morphogenic
protein-2 (BMP-2), a classical inducer for osteogenic differentiation [19].
Furthermore, in another study, bone marrow mesenchymal stem cells (BMMSCs)
cultured on PDMS coated with graphene for 12 days with osteogenic medium
showed a *7-fold increase in mineral deposit formation compared to those on
PDMS only [31]. Similarly, periodontal ligament stem cells (PDLSCs) cultured on
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glass coated with graphene presented a *2-fold increase in the absorbance reading
for alizarin red compared to glass in the presence of osteogenic medium.
Remarkably, PDLSCs cultured on graphene with basal medium demonstrated
higher mineralization compared to those cultured on glass with osteogenic medium
[23].

Graphene three-dimensional constructs (3DGp) are also capable of inducing
spontaneous osteogenic differentiation of MSCs [23, 31, 32]. The MSCs seeded on
3DGp constructs showed spindle-shaped and elongated morphology with thin,
aligned nuclei, typical of osteoprogenitor cells [32]. The scaffolds also induced high
genomic and protein expressions of osteogenic markers, such as runt-related tran-
scription factor 2 (RUNX2) and osteocalcin [23, 32]. The first is a transcription
factor important for osteogenesis and skeletal morphogenesis while the second is
expressed in mature osteoblasts. In fact, PDLSCs culture in graphene scaffolds for
28 days with osteogenic medium presented a *4-fold increase in osteocalcin gene
expression compared to those cultured in a polystyrene scaffold designed for
three-dimensional cell culture [23].

Graphene derivatives like GO and rGO have been of particular interest to pro-
mote osteogenic differentiation of stem cells [31, 33–35]. For instance, GO-coated
tissue culture plates promoted the growth and maintained metabolic activity and
viability of BMMSCs. In addition, cells grown on GO-coated tissue culture plates
in complete medium for 21 days demonstrated a five-fold higher mineralization
compared to cells grown on GO-coated tissue culture plates in differentiation
medium [34]. BMMSCs cultured on GO-coated PDMS substrates showed a
*2.5-fold increase in mineralized deposition compared to cells cultured on
uncoated PDMS substrates in osteogenic medium [31]. Likewise, MSCs cultured
on rGO-coated PDMS substrates demonstrated a 7.4-fold increase in alizarin red
content compared to cells grown on PDMS substrates in osteogenic medium [33].
Graphene nanogrids, namely graphene oxide nanoribbon (GONR) and reduced
graphene oxide nanoribbon (rGONR), were used as two-dimensional patterns to
investigate the osteogenic differentiation of MSCs. MSCs cultured on GONR and
rGONR-based grids in osteogenic medium exhibited 6.4-and 16.3-fold higher ali-
zarin red contents than obtained for PDMS substrates with osteogenic medium after
7 days [33]. Interestingly, GONR and rGONR showed patterned osteogenic dif-
ferentiation significantly higher than GO and rGO sheets alone in absence of
osteogenic inducers [33].

Although several studies show that graphene and its derivatives can promote and
enhance osteogenic differentiation, the mechanisms involved remain largely
unknown. Nonetheless, it is very likely that both chemical and physical charac-
teristics of graphenes act as driving forces to enhance osteoblastic differentiation.

It is widely known that the physical characteristics of substrates (e.g., roughness,
elastic modulus, and superficial patterns) affect stem cells differentiation toward
different lineages. The unique elastic properties of graphene could provide cues to
mechanosensitive pathways that trigger the osteogenic differentiation events [27, 36].
In fact, PDLSCs displayed a high expression of two myosin heavy chain genes when
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cultured on pristine graphene with basal or osteogenic medium [23]. In addition to its
elastic properties, the presence ofmorphological features on surface of graphene (e.g.,
wrinkles and ripples) can also influence the osteogenic differentiation [19, 20]. For
CVD-grown graphene, these features are created during the cooling stage of the
deposition when the material undergoes a negative thermal expansion that is
restrained by the shrinkage of the metal substrate. The projection of graphene
structures out of the bidimensional plane can assist cell anchorage and increase the
cytoskeletal tension, which may contribute to the higher osteoblastic differentiation
observed [19, 23].

Besides the physical features, the chemical characteristics of graphene are cer-
tainly also responsible for the enhanced osteogenic differentiation. Due to the
presence of reactive groups on the surface of the graphenes, the materials can
adsorb proteins and biomolecules that may promote differentiation [16]. Graphene
was found to be an effective platform for adsorptions of dexamethasone,
b-glycerophosphate and ascorbic acid that are typical osteogenic inducers [31, 33,
37]. Dexamethasone modulates the phosphorylation of RUNX2, a transcription
factor vital for osteogenesis, while ß-glycerophosphate serves as a source of
phosphate to promote bone matrix mineralization [38, 39]. Graphene’s capability to
adsorb osteogenic inducers through p–p stacking interactions increases the local
concentration of osteogenic inducers from culture medium, enhancing the differ-
entiation toward osteogenic lineage and mineralization [31, 33]. Due to differences
in its chemical structure, graphene adsorbs higher amounts of dexamethasone, and
ß-glycerophosphate than GO [31]. In contrast, it adsorbs less ascorbic acid than GO
because of a lack of –OH moieties which form hydrogen bonds with the acid.
However, this did not abate osteogenic differentiation on graphene as ascorbic acid
affects mainly mature osteoblasts [40].

Collectively, these data demonstrate that the surface properties of graphenes [19,
33] and their ability to adsorb proteins [31, 33] can govern the behaviour of stem
cells, indicating the potential of graphene platforms for bone tissue engineering and
regeneration.

3 Graphene and Derivatives: Composites for Bone Tissue
Engineering

Composite materials are combination of at least two materials that differ in com-
position or morphology. The result is a material with improved chemical, physical,
and/or mechanical properties in comparison to their single constituents [41].

Graphenes have emerged as promising materials for bone tissue engineering due
to their unique physical, chemical, and mechanical properties [20]. Pristine gra-
phene has been repeatedly shown to allow cell attachment, proliferation, and
enhance osteogenic differentiation [19, 23, 33]. Nonetheless, the majority of
research to improve physicochemical properties and bioactivity of biomaterials
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focus on GO and rGO. The first is a highly hydrophilic entity that presents several
carboxyl, epoxy, and hydroxyl groups present on its surface [42]. These functional
groups promote interfacial interactions between GO and other moieties [28]
offering a large-scale and cost-effective way to prepare graphene-based composites
[43, 44]. As such, it has been used to sustain the release of proteins, to improve
mechanical properties and enhance bioactivity of several biomaterials.
Alternatively, rGO can be produced by the reduction of GO. Although this process
results in a material that resembles pristine graphene, oxygen groups, and defects in
different proportions are found on its surface [28]. Considering the structural dif-
ferences of graphenes, they offer interesting opportunities to be combined with
biomaterials for bone tissue engineering.

(a) Graphene–Polymer Composites

Synthetic and natural polymers are attractive alternatives for bone tissue engi-
neering due to the possibility to process them into several sizes or shapes [45, 46].
Nonetheless, in order to achieve the aforementioned benefit, the mechanical
behavior and degradation rate of the polymers are often compromised [47].

The modifications of polymers with graphene-based materials often result in
composites with improved characteristics. For instance, both GO and rGO have
been shown to improve physicomechanical properties of polymers [48, 49].
Moreover, the adsorption of proteins promoted by the surface polarity of GO
creates conditions that enhance the bioactivity of polymer-based materials [50, 51].
Also, the increased surface roughness of polymeric scaffolds promoted by the
addition of rGO improves cells spreading and osteogenic differentiation [52].

In fact, graphenes present characteristics that can improve several aspects of
polymeric materials. Chitosan, for example, is a natural polymer extracted from
microorganisms, crustaceans and the cell membrane of fungi. It is biocompatible,
biodegradable and it is a potential candidate to repair osseous and chondral defects.
In spite of these qualities, its poor mechanical properties and low bioactivity limit
its use for bone tissue engineering [48, 49].

Several improvements have been reported with the use of graphene to tune bio-
materials. The addition of 3 wt% GO to chitosan scaffolds was able to increase the
modulus of elasticity from 2.65 to 6.74 GPa and hardness from 0.31 to 1.12 GPa,
respectively [49]. The GO-modified chitosan scaffold can also present a higher
adsorption of serum albumin protein compared to chitosan alone. This is a result of
GO’s negative charge and polarity, allowing electrostatic and Van der Waals force
interactions with the protein’s functional groups [50]. These characteristics also
improved the attachment and proliferation of preosteoblasts MC3T3-E1 cells in
GO-modified chitosan [49, 50]. Carboxymethyl-chitosan, a derivative of chitosan
with higher water solubility, also experienced enhancements in modulus of elasticity
and hardness when combined to 0.2w/v% of GO. Apart from these enhancements,
the modification with GO led to remarkable improvements in the osteogenic potential
of a chitosan-based substrate. After 7 days from seeding BMMSC, there was
upregulation of osteogenesis-related genes, such as osteopontin, osteocalcin, and
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alkaline phosphatase (ALP). The osteoinduction/conduction of GO/chitosan com-
posite was further confirmed in vivo using calvarial defects in rats. After 16 weeks
from implantation of the scaffolds, the new bone volume to tissue volume ratio
(BV/TV) was 28.6 % for the GO/chitosan composite and 11 % for the group treated
with chitosan only (Fig. 1) [48].

The combination of rGO with chitosan influenced positively stem cells functions
through nanotopographic cues provided by rGO. Interestingly, more MSCs attached
on 5 % rGO/chitosan substratum compared to the unmodified chitosan.
Nonetheless, the proliferation observed after 5 days in the chitosan modified with
5 % rGO was significantly lower than those with smaller amount of incorporated
rGO (0.05 and 0.5 %) and unmodified chitosan which can be related to possible
cytotoxicity induced by rGO or due to the cell differentiation process. The second
reason finds support in the fact that the chitosan with 5 % rGO presented the
highest calcium deposition and high osteocalcin protein expression [52].

Fig. 1 Micro-CT imaging analysis of calvarial defect treated with chitosan (CMC), chitosan-GO
composite (GO-CMC), or with the composite loaded with BMP-2 (BMP-2-GO-CMC).
a Representative coronal and sagittal images of calvarial bone defects 8 and 16 weeks
postimplantation; b after 16 weeks, both GO-modified scaffolds presented higher bone volume
to tissue volume (b) and bone mineral density (c) as compared to CMC alone (*p < 0.05;
**p < 0.01; ***p < 0.001). Adapted from Ruan J et al. © 2015 John Wiley and Sons
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Another polymer that can benefit from enhancements promoted by graphenes is
polycaprolactone (PCL). This is a biodegradable polyester which has been widely
studied for various biomedical applications such as sutures, subdermal contracep-
tive devices and wound dressings. Its use for orthopedic applications is however
limited by its poor mechanical performances [53]. It has been combined with GO,
rGO, and amine-functionalized GO (AGO) in order to assess the impact of each
composite-specific chemical interactions, bioactivity, and mechanical properties.
The addition of graphenes to PCL resulted in composites with increased modulus of
elasticity. The original material experienced increases from 344 to 497 MPa with
the addition of 5 wt% AGO and to 626 MPa with 5 % GO. Indeed, the GO particles
tend to increase the crystallinity of the PCL which may be one of the key reasons
for the enhancements of the modulus of elasticity. All modified PCL scaffolds were
able to ensure attachment and proliferation of MSCs. However, a greater mineral
deposition was observed on the PCL modified with GO and AGO compared to the
one modified with rGO and pure PCL [54]. The higher bioactivity observed with
GO may be related to the fact that the carboxyl and amine groups present in GO and
AGO have a high-binding affinity for calcium and phosphate ions [55].

Polylactic-co-glycolic acid (PLGA) is a polymer with good biocompatibility and
biodegradability. The fact that the products obtained from its degradation can be
removed by natural metabolic pathways [56] makes PLGA a very attractive
polymer for bone tissue engineering. Interestingly, the addition of GO to electro-
spun PLGA nanofibrous mats resulted in decreased mechanical properties, such as
tensile strength, ultimate strain and Young’s modulus. Nonetheless, GO allowed
higher adsorption of dexamethasone compared to the unmodified version of the
nanofibrous substrate. The higher adsorption may have contributed to the higher
gene expression of ALP, osteocalcin and collagen I by MSCs in the presence of
dexamethasone. Remarkably, after 28 days, the GO/PLGA scaffolds displayed
significantly higher amount of osteocalcin (ng/ng of DNA) as compared to the
control, regardless of the presence of dexamethasone in the culture medium [57].

In a similar perspective, poly-dopamine (PDA) is a polymer that contains cat-
echol and amine functional groups. GO can be simultaneously reduced and mod-
ified by the dopamine present in the polymer, allowing a better dispersion and
interfacial bonding of the flakes [58]. It has been shown that rGO/PDA compounds
display a high propensity to induce nucleation of hydroxyapatite in simulated body
fluid compared to rGO alone. This effect is mainly due to the high amount of
catecholamine moieties promoting GO-PDA bonds and acting as a CA2+ binder
[59]. rGO/PDA substrates promote higher adhesion and proliferation of osteoblastic
MC3T3-E1 cells compared to glass and GO substrates. Cells seeded on rGO/PDA
spread to a projected area of approximately 30 � 103 µm2 while cells on GO and
glass reached 14.5 and 8.6 � 103 µm2, respectively. Additionally, the rGO/PDA
substrate promoted higher ALP activity indicating an enhanced osteogenic differ-
entiation compared to GO [60].

Collectively, GO and rGO offer functionalities (e.g., oxygen-containing groups)
that permit to combine them with a wide range of polymeric materials. The com-
posites obtained usually display enhanced physicomechanical properties and an
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improved osteogenic potential widening the possible applications of graphenes with
polymers in bone tissue engineering.

(b) Graphene–Inorganic Materials Composites

Although the use of polymers-based scaffolds in bone tissue engineering has shown
some interesting successes in terms of tissue ingrowth and differentiation, the
majority of polymeric scaffolds lack sufficient mechanical strength to be used in
load bearing sites [61]. Moreover the degradation of some biopolymers induces an
autocatalytic ester breakdown which lowers the pH in the microenvironment posing
difficulties to cell survival and differentiation [62].

Alternatively to polymers, inorganic materials (or bioceramics) demonstrate a
great potential in bone tissue engineering. Bioceramics (e.g., hydroxyapatite, cal-
cium phosphate, and others) usually present high tissue compatibility and osteo-
conductivity [63, 64]. Nonetheless, bioceramics often have a low fracture toughness
and can be very brittle. The composites arising from the combination of bioce-
ramics with graphenes have the potential to overcome some of these challenges. In
fact, some of the composites obtained present considerable enhancements in the
mechanical properties and improved the adhesion, proliferation and osteodifferen-
tiation of cells in vitro and in vivo.

Hydroxyapatite (HAp) is a bioceramic found in natural bone within the col-
lagenous matrix. HAp particles have a great osteoinduction potential and induce
uncommitted cells to differentiate into the osteolineage [63, 65]. Nonetheless, HAp
has low fracture toughness, is very brittle and difficult to shape. The addition of
carbon nanotubes or alumina oxide can reinforce the material but can potentially
impair its biological properties, induce adverse events in surrounding tissues or lead
to the decomposition of HAp [66, 67].

HAp has been combined with graphenes for scaffolds and coatings with
enhanced capabilities. For instance, the addition of GO to HAp coating can increase
the coating adhesion strength to titanium in a concentration-dependent manner.
While the pure HAp presented adhesion strength of 1.5 MPa, the addition of 2 wt%
GO increased the adhesion to 2.7 while 5 wt% GO resulted in 3.3 MPa. In addition,
the GO/HAp composite coatings exhibited higher corrosion resistance in compar-
ison with pure HAp [68]. Although these are interesting findings, the most
remarkable effect arising from this combination is the improvement of the
mechanical properties. A nanocomposite of HAp containing 1 wt% rGO showed an
elastic modulus 47 % higher than the unmodified HAp. Moreover, the nanocom-
posite had a fracture toughness 203 % greater than the control [69].

Besides the improvements in the mechanical properties, the combination of HAp
and rGO can lead to an enhanced bioactivity of the resultant composites. When
colloidal dispersion of rGO-coated HAp was used to culture MSCs for 21 days,
there were increases in the ALP activity and amount of calcium deposits compared
to solutions of HAp and rGO alone after 21 days. In addition, the rGO-coated HAp
composites increased significantly the expression of proteins such as osteopontin
and osteocalcin. This confirms that the synergistic effect provided by rGO/HAp is
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able to promote osteogenic differentiation in the absence of osteogenic inducers
(Fig. 2) [70]. The enhanced bioactivity of HAp/rGO- composites was further
confirmed in vivo by treating critical-sized calvarial defects in rabbits. After 4
weeks, the new bone density was substantially greater for the rGO/HAp graft
(52.9 %) compared to HAp alone (26.8 %) and untreated control (17.7 %) (Fig. 3)
[71].

Similar trends were observed with the combination of HAp and 1 wt% of
graphene nanosheets (GNS) which increased the hardness of HAp from 5.5 to 7.2
GPa and fracture toughness from 0.58 to 1.06 MPa m1/2 [72]. Furthermore, the
osteoblastic cells formed a confluent layer on the surface of the GNS/HAp com-
posites compared to the separate islands formed on the pure HAp surface. When
soaked in simulated body fluid for 7 days, the 1 wt% GNS/HAp composite dis-
played an apatite layer more uniform and thicker than the one observed on HAp
alone. Not only the amount of apatite changed with the presence of GNS, but also
the localization of the crystals grown. While on pure HAp the mineralization took
place near and/or inside the pores, it permeated the whole surface of the GNS/HAp
composites [72].

Some hydrophilic components used for tissue engineering research contain NH2

or OH groups (e.g., polyethylene glycol, chitosan, hyaluronic acid, and gelatin)

Fig. 2 Protein expressions of osteopontin and osteocalcin in MSCs incubated with a colloidal
dispersion of HAp microparticles, rGO, or rGO-coated HAp composites (top). The high expression
density observed for the rGO-coated HAp composites after 21 days (bottom) suggest that GO and
HAp act synergistically to increase osteoblastic differentiation. Adapted from Lee JH et al. © 2015,
Royal Society of Chemistry
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Fig. 3 Defects filled with HAp grafts (a, b) presented lower quantity of newly formed bone as
compared to rGO/HAp grafts (c, d). The percentage of new bone formation (e) was also higher for
rGO/HAp as compared to HAp alone and non-treated control. Lee JH et al. © 2015, Rights
Managed by Nature Publishing Group
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enabling good dispersions of GO. Hence, these materials can be combined with GO
and HAp to further improve their bioactivity. Actually, chitosan/GO/HAp
nanocomposites soaked in simulated body fluid were capable of releasing more
Ca and P ions compared to pure HAp particles. The higher release of these ions by
the nanocomposite may be related to the lower crystallinity of the materials pro-
vided by the presence of chitosan that increases the rate of dissolution of the
nanocomposite [42]. Similar effects were observed for polyethylene
glycol/GO/HAp nanocomposites which also released higher quantities of Ca and P
ions compared to the pure HAp nanorods [73]. In addition to these materials, gelatin
has also been combined with both GO and HAp (0.5 and 1 wt%). The composites
containing GO increased significantly both the compressive and yield strengths
compared to the gelatin combined with HAp only. Most importantly, after 24 h
from seeding, MSCs on the gelatin/GO/HAp scaffold were able to adhere and
spread, forming a cell sheet like appearance, while the cells seeded on gelation/HAp
scaffolds presented round morphology. Lastly, the GO-modified scaffold induced
higher ALP activity after 7 days compared to the gelatin/HAp. Although the
presence of GO failed to induce higher ALP activity after 21 days, it induced a
high-protein expression of osteopontin compared to the scaffolds without GO [74].

Calcium phosphate (CaP) and b-tri-calcium-phosphate (b-TCP) are bioceramics
with good biocompatibility, osteoconductivity, and osteoinductivity potentials.
Similarly to HAp, CaP can also be combined to graphene to improve its bioactivity.
The combination of CaP and GO resulted in a nanocomposite that induced MSCs to
produce higher quantities of extracellular calcium deposits as compared to GO and
CaP alone. The presence of nonconjugated GO and CaP in the culture medium
induced a calcification level similar to the one observed only for CaP. Nonetheless,
the CaP/GO nanocomposite increased calcification, ALP and osteocalcin proteins
expressions compared to GO and CaP alone. These results confirm that the com-
pounds may act synergistically in order to enhance osteogenesis [75]. Similarly,
b-TCP scaffolds combined with GO flakes displayed a remarkable potential to
promote cell proliferation and increase ALP activity and osteogenic-related gene
expression of BMMSCs. The enhanced differentiation obtained in the GO-modified
scaffold may be due to the activation of the canonical Wnt pathway as the
GO-modified scaffold induced the expression of proteins involved in this signaling
pathway (WNT3A, LPP5, AXIN2, CTNNB). The improved bioactivity of the
b-TCP/GO scaffold was further confirmed in calvarial defects in rabbits. The
GO-modified scaffold increased the quantity and quality of new bone formed within
the defects compared to b-TCP alone. After 8 weeks of implantation, the bone
volume/total volume ratios were equivalent to 44.8 % for b-TCP/GO and 30.4 %
for b-TCP alone (Fig. 4) [76].

Bioactive glasses are a group of surface reactive glass-ceramic biomaterials that
can induce osteogenic differentiation and stimulate bone [77]. As previously
observed in other bioceramics, the combination of graphenes to bioglasses can
improve mechanical properties. The addition of 0.5 wt% of GO to 58S bioglass
scaffold increased the compressive strength from 23.6 to 48.7 MPa and fracture
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toughness from 1.4 to 1.9 MPa m1/2. The 58S/GO scaffold allowed the formation of
a hydroxyl-carbonated apatite layer on the surface of 58S bioglass after 7 days of
immersion in simulated body fluid. After one week from seeding, MG-63 cells were
successfully attached to the scaffold and displayed round shape with mineralized
nodules [78].

Numerous types of bioceramics are constantly developed and introduced in
clinics to promote bone tissue regenerations. The addition of graphenes to bioce-
ramics often results in composites with improved mechanical properties. In some
cases, the presence of graphenes boosts the bioactivity of bioceramics even further,
making these composites even more interesting for bone tissue regeneration.

4 Graphene as Implant Coating Material to Enhance
Osteogenic Differentiation

The development of coatings and surface modifications of implant materials aims at
increasing cell attachment, accelerating differentiation and promoting the osseoin-
tegration [79]. In this perspective, graphenes may be considered as good alterna-
tives since they can be deposited onto surfaces with different geometries and have
the ability to bind to biomolecules. This last characteristic makes graphene a
potential candidate for the adsorption and release of drugs from implant surfaces at
the surgical site. GO-based coatings have been shown to efficiently attach osteo-
genic inducers, such as BMP-2 and substance P. The first is a classical inducer of

Fig. 4 Micro-CT analysis of in vivo bone formation ability for b-TCP and b-TCP-GRA scaffolds
after being implanted in the cranial bone defects of rabbits for 4 and 8 weeks. (*p < 0.05).
Adapted from Wu C et al. © 2015, Elsevier
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osteogenic differentiation while the second is a neuropeptide able to mobilize MSCs
from the blood circulation to the implant site. It was observed that the release rate
varies according to the protein attached to GO’s surface. For instance, it takes 10
days to release 80 % substance P bound to GO while the same percentage of
BMP-2 is detached within 7 days [80]. Although there are differences in the release
profile, the cumulative release of both BMP-2 and substance P in vitro is very high
reaching at least 80 % after 14 days [80, 81]. The differences in the release profile
is related to the electrical character of the chemical moieties present on GO.
Notably, GO positively functionalized with –NH3+ (GO+) releases more than 65 %
of the BMP-2 within 1 day while GO negatively functionalized with –COO–
releases only 40 %. The faster release of BMP-2 by positively charged GO is
probably caused by the electrostatic due to the positive nature of BMP-2 [81].

The potential of graphene on implants can be exemplified by the fact the
GO-based coating (0.1mg/mL) on sodium titanate can significantly increase col-
lagen I, RUNX2, osteocalcin and ALP gene expression (14 and 21 days) in PDLSC
compared to Na–Ti alone [82]. GO sheets showed enhanced interactions with
proteins due to hydrophobic p domains present in its core region and ionized groups
around the edges which may enhance the differentiation of PDLSCs [35, 82].
Likewise, titanium substrates coated with negatively charged GO sheets
(GOCOO−) were capable of adsorbing BMP-2 and promote its sustained release
in vitro. This can be attributed to the electrostatic and hydrophilic interactions
between GOCOO− and BMP2. The Ti/GO-implants conjugated with BMP-2
demonstrated extensive bone formation in mouse calvarial defects after 8 weeks
compared to Ti/BMP-2 substrates [81]. The joint delivery of BMP-2 and substance
P by GO lead to a greater bone regeneration in vivo compared to BMP-2 release
only. Indeed, titanium coated with BMP-2 and substance P only did not show
improvements in bone formation (Fig. 5) [80]. Similar to GO, a rGO-based coating
loaded with dexamethasone on commercially pure titanium has accelerated the bone
tissue regeneration compared to rGO alone. Further in vivo analysis showed that
after 8 weeks from implantation, the regenerated bone area was 93.38 % for rGO
loaded with dexamethasone and 68.72 % for rGO alone [83].

The functionalization of GO may also offer additional opportunities to improve
osteogenesis. GO/titanate nanowire scaffolds modified with discrete functional
terminal groups demonstrated improved osteogenesis and mineralization of MG-63
cells compared to unmodified titanate scaffolds [84]. GO functional groups, such as
–COOH and –OH serve as an anchor for binding bioactive groups and protein on
graphene surface, leading to modulation of the cell proliferation, differentiation and
mineralization [31]. In particular, –OH groups provide favorable sites for calcium
phosphate nucleation and increased cellular functions [84]. This can be attributed to
selective binding of a5b1 integrin peptide to –OH groups which support higher
recruitment levels of proteins for the cytoskeleton and signaling pathways [84, 85].

Hence, graphenes present promising physicochemical characteristics that make
them exciting materials to be used as coatings of biomedical implants [86, 87].
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5 Conclusion

Graphene allows cell attachment, proliferation and can also induce and enhance
differentiation toward osteoblasts. Moreover, its different forms can be further
functionalized or combined with biomolecules and biomaterials. As a result, gra-
phenes emerged as potential candidates to improve the physicomechanical prop-
erties and bioactivity of materials used for bone tissue engineering (Table 1).

Despite their promising capabilities, there are several challenges that need to be
addressed before graphenes become a clinical reality. There is a need to determine
crucial parameters related to biosafety, such as toxic levels, biodistribution, and
excretion. Moreover, the cellular mechanisms underlying the enhanced osteogen-
esis promoted by graphenes remain largely unknown and will demand considerable

Fig. 5 a Histological analysis with Goldner’s trichrome staining showing that titanium implants
coated with GO and loaded with BMP-2 (Ti/GO/BMP-2) presented higher bone formation as
compare with implants loaded with BMP-2 only (Ti/BMP-2). Similar effects were observed with
the addition of substance P to the set (Ti/GO/SP/BMP-2 vs. TI/SP/BMP-2). b The higher bone are
formed with the presence of GO was confirmed using histomorphometric analysis (*p < 0.05).
Adapted from La WG et al. © 2014 La et al.
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research efforts in the years to come. Finally, more in vivo testing comparing the
outcomes promoted by graphenes with currently used biomaterials is necessary to
benchmark the clinical performances of these carbonaceous materials.

Nonetheless, the promising findings obtained so far attest that graphenes may
positively impact and move the field of bone tissue engineering forward.
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Potentiality of Graphene-Based Materials
for Neural Repair

María Teresa Portolés and María Concepción Serrano

Abstract The use and interest of graphene-based materials for neural repair is still
in its infancy. In the last years, a more and more solid body of work is being
published on the ability of these materials to create biocompatible and biofunctional
substrates able to promote the in vitro growth of neural cells, often supporting
enhanced neural differentiation of stem/progenitor cells. Although in vivo studies
with these materials are rare, encouraging pioneer works in the brain and the spinal
cord might impulse the research community to translate their potentiality from cell
cultures to animal models, a closer scenario for their potential use in human
healthcare in the future. In this chapter, we first describe some relevant generalities
regarding the nervous tissue and approaches to accomplish neural repair. Then, we
expose the literature published to date on the use of graphene-based materials for
neural repair and neural-related applications and discuss their potentiality in the
field.
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1 Introduction

Graphene, along with carbon nanotubes and carbon nanofibers, has been recognized
as an attractive candidate to repair injured nerves and be incorporated into exper-
imental neural prostheses due to its excellent properties [1], some of them acquiring
more relevance when referring to their applicability in neural repair. The closely
packed honeycomb lattice of graphene, composed of a sheet of sp2-bonded carbon
atoms with the thickness of one atom, displays an extraordinary surface area
(*2600 m2 g−1) enabling superior adsorptive properties [2]. Graphene oxide (GO),
the principal graphene derivative, presents an even stronger ability to absorb
molecules as a consequence of its larger amount of oxygen-containing function-
alities that serve attracting adhesive moieties, cell media components, and thera-
peutic drugs with high loading capacity [3]. Moreover, these functional groups
confer a higher hydrophilicity to GO molecules, responsible for an increased dis-
persibility and a lower tendency to form aggregates in a size large enough to induce
toxic responses in biological scenarios. Additional features that make
graphene-based materials (GBM) attractive for the treatment of injuries in the
central nervous system as drug carriers are their ability to cross the blood–brain
barrier and their stability in blood circulation after functionalization. In these lines,
Yang et al. [4] have demonstrated the potential application of functionalized GO
nanosheets as a pirfenidone carrier to treat subarachnoid hemorrhage in a mouse
model, preventing secondary bleeding and cerebral infarction. As delivery systems,
GBM are also receiving a significant attention in combination with magnetic
nanoparticles for magnetic chemotherapy, photothermal therapy, X-ray imaging,
and gene therapy [5], as described in other chapters of this book. Other remarkable
properties of these materials, such as their charge carrier mobility in excess of
2 � 105 cm−2 V−1 s−1 [6], show interest for electrical stimulation and recording in
neural cells. Moreover, their attractive mechanical properties, with Young modulus
values as high as 1 TPa [7], facilitate the preparation of flexible and resistant
platforms with mechanical compliance with neural tissues.

In this chapter, we first describe some key features of the central and peripheral
nervous systems to take into account before addressing any reparative initiative in
these targets. Later on, we present a systematic discussion of the most relevant
publications to date focused on the exploration of GBM for neural repair, including
regeneration, recording, and stimulation approaches in nervous tissue. Besides work
discussed herein, readers are referred to excellent reviews on the topic for further
details, including other types of carbon-based materials intended for neural repair
[1, 8–13].
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2 Lesions in the Central Nervous System

The human nervous system consists of the central nervous system (CNS), including
the brain and the spinal cord, and the peripheral nervous system (PNS), which refers
to the nerves and ganglia outside the central core. The CNS can suffer different
physical injuries (e.g., traumatic lesions) or neurological disorders (e.g., brain
stroke, multiple sclerosis, and Parkinson’s, Huntington’s, and Alzheimer’s dis-
eases) involving important structural and functional alterations with loss of both
neurons and supporting cells [14]. Only in the United States of America, there are
ca. 1.5 million people with traumatic injuries affecting the brain and 265,000
affecting the spinal cord each year [15]. Unfortunately, the treatment of this type of
lesions remains a challenge for both clinicians and scientists. The rapid formation of
inhibitory fibroglial scars and the reduced intrinsic ability of the CNS to regenerate
can be counted within the most crucial events preventing neural tissue and function
repair [16, 17]. Moreover, the CNS lacks of the reparative Schwann cells that exist
at the PNS, which are able to support axonal regrowth after lesion [10]. For these
reasons, regeneration strategies in the CNS strongly differ from those applied in the
PNS and generally include combined therapies to moderate reactive gliosis, while
promoting axon regrowth and nervous tissue regeneration in a harsher environment
[18].

Controlled and local biomolecule delivery has been extensively explored to
stimulate endogenous repair mechanisms for CNS regeneration. Drug delivery
strategies include the use of polymer micro/nanoparticles, implanted polymer
scaffolds, injectable hydrogels, and particle/scaffold composites. The combination
of controlled and sustained delivery of both biomolecules/growth factors and cells
capable of regenerating damaged tissue as neural stem cells (NSC), with the
capacity to differentiate into neurons, astrocytes, and oligodendrocytes, is a
promising strategy to enhance tissue regeneration in the injured CNS [19]. In this
scenario, a key aspect to support the physiological function of NSC in the implanted
site is the use of 3-D scaffolds that mimic the functional organization of the native
nervous tissue [20]. Additional parameters when designing implantable materials
for the CNS include size and mechanical compliance, as they play a fundamental
role in the extent of fibroglial scar formation around the implant. For instance,
50-lm diameter implants lead to less extensive foreign body reaction and greater
proximal neuron survival than those with 200 lm in diameter [21].

3 Lesions in Peripheral Nerves

Peripheral nerve injury is a global clinical problem that also affects the quality of
patients’ lives significantly and causes an enormous socioeconomic burden [22, 23].
When the damage is reduced, most of PNS lesions are capable of spontaneous
healing without surgical intervention, but tubular prostheses (i.e., autografts,
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allografts, and polymeric implants) are required to connect the nerve stumps when
the defect does not permit direct nerve repair. Neural tissue engineering has
emerged in the last years as a subfield of tissue engineering with the aim of
producing biological and artificial nerve grafts (tissue engineered nerve grafts,
TENG) in order to supplement and substitute autologous nerve grafts, which still
remain as the gold standard [9]. The preparation of these constructs requires the
knowledge of important aspects of neurophysiology and neurobiology to determine
the requirements that the biomaterial, cells and molecular components of the TENG
structure must fulfill. Despite intensive research, TENG implants capable of
addressing all requisites for nerve regeneration are not yet a reality due to the
numerous factors affecting nerve graft success [8]. Particularly, aspects such as the
time elapsed since injury, the type and extent of injury, the vascularity in the area,
the orientation of the nerve graft, the length of the graft required, the tension on the
repaired nerve, and the age and medical condition of the patient can be cited as
some of the most important ones [24]. Since early attempts with a biologically inert
silicone elastomer, different classes of biodegradable synthetic polymers are being
explored nowadays as scaffolds for peripheral nerve repair, some of them already
approved by the USFDA and commercially available [25, 26].

Regarding 3-D configuration, TENG were initially prepared as cylindrical tubes
whose single lumen was empty (nerve guidance channel, NGC). More recent
approaches describe more complex structures including internal microarchitectures
or luminal multiple-component compositions. Thus, different biomaterial-based
fillers (e.g., fibers, filaments, gels, or sponges) have been included into the lumen of
NGC to provide topological characteristics that might enhance nerve regeneration
[27–29]. The incorporation of cells, growth factors, and/or cytokines within TENG
has also attracted much interest to improve the outcome of these substitutes.
Schwann cells, neural stem cells, embryonic stem cells, and marrow stromal cells
have been the most studied supporting cells [30]. Autologous Schwann cells are
difficult to obtain in a large quantity and allogeneic Schwann cells can induce
immunological rejections. However, bone marrow mesenchymal stem cells (bone
marrow stromal cells, BMSC) have become a promising alternative to Schwann
cells in this scenario, showing considerable success in experimental studies [31–
33]. Alternatively, adipose-derived mesenchymal stem cells (AMSC) are poten-
tially valuable because of their multi-lineage differentiation capability resembling
that of BMSC [34, 35]. They are easily accessible from the patient for an autolo-
gous cell therapy, thus eliminating the risk of rejection, and can be expanded in a
controlled and reproducible manner [36]. Gene-modified stem cells present new
options for neural tissue engineering. For instance, BMSC can be genetically
engineered to express nerve growth factor (NGF) and then be used for preparing
bioactive neural scaffolds [37].
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4 Tissue Engineering Criteria Applied to Neural
Substitutes

In general terms, the design of nervous tissue substitutes includes the selection of
appropriate biomaterials that fulfill physical–chemical (e.g., porosity, permeability,
and composition), biomechanical (e.g., flexibility, resistance), and biological (e.g.,
biocompatibility, biodegradability, immunogenicity) properties. Such features will
prompt their successful performance to protect axonal regrowth in the injured
nervous tissue, acting also as a carrier for the delivery of biochemical agents [38,
39]. Regarding physical features, scaffold configuration must be conceived in a
manner that facilitates cell distribution and growth of new neural structures in 3-D
[40]. This structure should act as a substrate for neural cell adhesion, proliferation,
migration, and function, eliciting adequate interactions with the native tissue [41].
In this sense, modern nanotechnology techniques are being extensively used to
prepare advanced neural scaffolds with nanoscale topography mimicking the natural
extracellular matrix architecture [42], thus improving their surface properties and
supporting enhanced cell guidance for neural regeneration [43]. Other current
technologies such as 3-D bioprinting are also showing a promising future for the
development of permissive 3-D substrates with positive in vivo integration in the
nervous tissue [20]. Based on composition, natural materials are the most com-
monly used for the preparation of neural substitutes, with two major categories:
(1) autologous non-neural tissues and allogeneic/xenogeneic neural/non-neural
tissues that have been decellularized [44] and (2) naturally derived polymers,
including extracellular matrix molecules and other polysaccharides and proteins
[45]. Beside natural materials, synthetic polymers, metallic-based materials, and
even ceramics are being investigated for their use as part of neural scaffold mate-
rials. Carbon nanostructures, including nanotubes, nanofibers and graphene, are
being under a very intensive research to prepare experimental neural prostheses and
guides [1, 46].

The biological requisites for neural substitutes are more complex to attain,
mainly because the exact description of those needed is still unclear. As the local
presence of growth factors at the injury site is critically hindered after damage, the
increased presence of molecules such as neurotrophins (NGF, BDNF, and NT-3)
and growth factors with neurotrophic actions (GDNF, CNTF and FGF) is aimed to
promote neural regeneration [30, 47]. Diverse strategies have been designed for the
controlled and continuous release of growth factors from neural substitutes,
including adsorption to the scaffold surface, incorporation during scaffold fabrica-
tion, entrapment of growth factor-loaded microspheres into the scaffold, covalent
immobilization onto the scaffold, and even implantation of an osmotic mini-pump
or injection device [9]. Angiogenesis (i.e., growth of new blood vessels) is also an
important requisite for tissue engineered constructs as cell and tissue survival
depends on the supply of oxygen and nutrients and the removal of metabolites by a
branched blood vessel system [48, 49]. In this sense, vascular endothelial growth
factor (VEGF), a fundamental regulator of angiogenesis [50], has demonstrated
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neurotrophic activity to stimulate axonal outgrowth and to enhance survival and
proliferation of Schwann cells [51], as well as capacity to improve intraneural
angiogenesis by promoting endothelial growth during peripheral nerve regeneration
[52, 53]. For these reasons, VEGF has been incorporated in different scaffolds
designed for neural regeneration [54, 55]. Finally, inflammatory responses to
implanted biomaterials must be also taken into account as they may induce both
positive and negative effects on neural regeneration after nervous tissue damage
[56].

Last but not least, electrical signals applied after neural injury improve the
amount and accuracy of motor and sensory reinnervations [57–60]. Moreover, there
are increasing evidences about the clinical potential that the treatment of damaged
neural tissues with electrical fields might have [61], thus underlining the importance
of the interaction between neural cells and electrically conductive biomaterials [18].
In this sense, carbon nanomaterials such as carbon nanotubes, nanofibers, and
graphene, with extraordinary electrical properties, are being widely investigated as
promising candidates for the development of electroactive neural substitutes [8].

5 In Vitro Studies with Graphene-Based Materials
for Neural Repair

A broad and diverse repertoire of cell types has been used to explore in vitro the
interactions of GBM with biological systems, many of them profoundly discussed
in this book. When referring to neural tissue, this variety is clearly diminished
including only a narrow spectrum of cells indicated as follows. PC12 cells, derived
from a rat adrenal gland pheochromocytoma, are an easy-to-use and readily
available neural-like cell line traditionally used for cytocompatibility tests with
biomaterials due to their ability to differentiate into neural phenotypes when
exposed to NGF. The human neuroblastoma SHSY5Y cell line is also being widely
used as a cellular model for neuronal differentiation studies in vitro. These cells
evolve to a neuron-like phenotype with elongated neural processes when exposed to
retinoic acid [62]. More recently, advances in stem cell research are prompting their
use in the field of tissue engineering as promising therapeutic tools. Particularly,
NSC are been extensively explored as part of cell therapy approaches for the
treatment of the injured spinal cord due to their potential to boost functional neural
recovery [63]. Besides MSC and related ones, induced pluripotent stem cells, which
are pluripotent cells typically derived from somatic cells by introducing a cocktail
of reprogramming factors, can be also mentioned. These cells are able to either
maintain an undifferentiated state or differentiate into cells of any of the three germ
layers (i.e., endoderm, mesoderm, and ectoderm) and they are being the focus for an
increasing number of studies in neural repair. In this section, we describe specific
findings reported to date on the in vitro interactions of GBM with these different
cell types.
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5.1 Primary Neural Cells and Neural Cell Lines

Early studies on the interaction of neural cells with GBM mainly focused on basic
biocompatibility features such as viability, morphology, and neurite outgrowth. For
instance, work by Li et al. described how graphene films, synthesized by chemical
vapor deposition (CVD) and posteriorly coated with poly-L-lysine, enhanced the
neurite number at day 2 and the average length per neurite from 2 to 7 days in
mouse postnatal hippocampal cells in culture [64]. The expression of GAP-43
protein (growth-associate protein 43) was significantly boosted by the graphene
substrate, likely responsible for the observed enhancement in neurite sprouting and
outgrowth. CVD-synthesized graphene 2-D substrates were also able to support the
growth of rat neuronal cells [65], although the necessity of functionalization was
noticed due to its low hydrophilicity. Hippocampal neurons have been also used to
explore the ability of linear and nodal-grid patterns on graphene-based substrates to
guide neurite growth (Fig. 1) [66], as neural cell alignment is being pursued as a
major goal for the development of neural prostheses and interfaces. Kim et al. used

Fig. 1 a Confocal laser scanning microscopy image of a poly-D-lysine-FITC-patterned graphene
film and b fluorescence micrograph of a fibroblast-patterned graphene film. Scale bars 200 lm. c,
d Fluorescence micrographs of micropatterns of hippocampal neurons. Scale bars 100 lm.
Reproduced from [66] with permission of John Wiley & Sons Inc
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this same cell type to demonstrate good viability values on partially reduced GO
(rGO) multilayers when cultured for up to 30 days [67].

Studies with the human neuroblastoma SHSY5Y cells confirmed the absence of
cytotoxicity of GO nanosheets at low concentrations (<80 lg ml−1) for 4 days [68].
Higher concentrations induced a dose- and time-dependent deleterious effect on cell
viability, although no apoptosis was detected in any case. When assisted by retinoic
acid loaded in the nanosheets, GO enhanced the neural differentiation of this cell
line as revealed by analyses of neurite outgrowth and expression of Map-2, a
specific protein typically expressed in neuron dendrites and somas. More recent
studies by Lee et al. deepened on the molecular mechanisms involved in the
stimulation of cellular neurogenesis on SHSY5Y cells exerted by graphene [69]. In
this work, monolayer graphene films were deposited by CVD and transferred to
glass substrates by a wet transfer technique. The observed enhanced neurite out-
growth, even in the absence of neurogenic factors and in both neurite length and
number, was related to the upregulation of genes such as neurofilament light chain,
nestin and Map-2. Signaling cascades as those involving focal adhesion kinase and
p38 mitogen-activated protein kinase were involved in the favorable response
induced by graphene.

Regarding neurite outgrowth and branching, recent studies by Wang and col-
leagues have demonstrated that these phenomena can be controlled by manipulating
the chemical properties of GO [70]. Particularly, carboxylated GO was chemically
modified with amino-, poly-m-aminobenzene sulfonic acid- or methoxyl-terminated
functional groups to change its surface charge. Findings from this work, carried out
with primary rat hippocampal neurons cultured on GO films, evidenced that posi-
tively charged GO (amino-functionalized) was more beneficial for neurite outgrowth
and branching (i.e., maximum neurite length, total outgrowth and cell body area per
neuron, and number of branches per neurite and per neuron) than any other surface
modification. Negatively charged surfaces seemed ineffective to promote the initia-
tion of growth cones. It is worth noting that viability values were maintained over
96 % in all the cases. In previous work, these authors investigated the ability of
biomimetic choline-like GO composites to promote neurite sprouting and outgrowth
[71]. In this approach, acetylcholine-like (dimethylaminoethyl methacrylate,
DMAEMA) or phosphorylcholine-like (2-methacryloyloxyethyl phosphorylcholine)
units were covalently bond to thin GO films on glass coverslips. Both molecules
charged the surface of the material positively by the presence of amine groups. When
in contact with primary rat hippocampal neurons, cells displayed an enhancement in
the number of neurites and branches, cell body area, and neurite length (total,
maximum, and averaged) with respect to non-functionalized GO. Interestingly, the
filopodia area was also increased. For all the parameters evaluated, GO–DMAEMA
displayed the highest performance. These findings were supported by a significant
increase in the expression of GAP-43 as evidenced by western blot analyses. In all
cases, cell viability was preserved and maintained over 96 % after 7 days in culture.

Besides the topographical and chemical cues of GBM for neural growth and
differentiation, studies relaying on the electrical properties of these materials have
been also carried out. Highly conductive films composed of graphene nanosheets
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have been used to enhance the growth and neural differentiation of PC12 cells by
means of electrical stimulation (ES) [72]. Differences were found depending on the
application of constant or programmed ES (100 mV mm−1), the stimulation time
(from 4 to 48 h) and its frequency (1 vs. 10 Hz). Programmed ES at 10 Hz for 6 h
seemed to cause the most favorable neural cell responses. SHSY5Y cells have been
also used to test the ability of graphene electrodes to control neural cell-to-cell
interactions through non-contact electrical field stimulation [73]. It was found that a
weak electric field stimulation (pulse duration of 10 s, 4.5 mV mm−1 for 32 min)
was effective for increasing the number of cells forming new cell-to-cell couplings
and cells strengthening existing ones when cultured on a graphene/polyethylene
terephthalate film stimulator. In a different study, ES was used to release NGF in a
controlled fashion from thiol-functionalized rGO/poly(methacrylic acid) micro-
capsules arrayed on an indium tin oxide (ITO) flexible substrate [74]. PC12 cells
cultured on these electrically active platforms showed a fourfold increase in aver-
aged neurite length, which reached nearly 90 lm in 2 days.

When used as dopants, GBM have also demonstrated an impact on neural cell
responses. Particularly, recent studies have revealed the ability of graphene, obtained
by chemical reduction from GO and used in combination with polypyrrole, to
improve the mechanical and electrical properties of gelatin/chitosan-based porous
scaffolds intended for nerve regeneration [75]. These structures were able to support
human primary Schwann cells attachment and proliferation for 14 days. In another
study, the addition of moderate concentrations (0.3 and 0.5 wt.%) of GO nanosheets
(400–600 nm in width, 1.2 nm in thickness) to nanofiber scaffolds composed of
polycaprolactone prepared by electrospinning techniques supported adhesion and
spreading of PC12-L cells with respect to fibers without GO [76]. Proliferation and
viability were not affected and neural differentiation was significantly enhanced on
days 6 and 9. Concentrations as high as 1.0 wt% induced a dramatic reduction in cell
proliferation and neural marker expression (i.e., b-tubulin III and GFAP). In a dif-
ferent approach, 2-D and 3-D electrospun polycaprolactone nanofibrous scaffolds
were functionalized with graphene–heparin/poly-L-lysine by layer-by-layer deposi-
tion to confer them both electrical and biological properties [77]. In these studies,
graphene nanosheets were obtained by chemical reduction of exfoliated GO. Both
2-D and 3-D substrates were able to support neuron cell adhesion and neurite
outgrowth of neural cells isolated from E14 rat embryos cerebral cortices.

5.2 Stem and Progenitor Cells

GBM show also a promising future for promoting the differentiation of stem cells
towards neural phenotypes. Specifically, Park et al. [78] pioneered the investigation
of the interaction of graphene with NSC, demonstrating not only the ability of
laminin-coated graphene films to enhance the differentiation of immortalized human
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NSC to neurons rather than glial cells but also the ES of these cells when using
graphene as a transparent electrode. No harmful effects on cell adhesion, proliferation
and viability were reported. During the differentiation process, cells exhibited a
stronger attachment to graphene samples than to control glass substrates. Further
experiments with microarray techniques evidenced that cells cultured on graphene
underwent an upregulation of laminin-related receptors, thus accounting for the
promoted adhesion and, indirectly, for the observed enhanced neuronal differentia-
tion. Other genes such as those implicated in calcium signaling pathways were also
upregulated. Finally, differentiated cells cultured on a graphene film functioning as
an electrode were exposed to a series of voltage pulses (typically, 1–10 of 500 mV
monophasic/cathodic voltage pulses with 1–100 ms duration in a second). Increases
in the intracellular Ca2+ concentrations derived from this ES were detected by using
the Fluo-4-AM probe in different neurons in the culture.

Solanki et al. [79] achieved neurite alignment and enhanced neuronal differen-
tiation of NSC when cultured on hybrid structures made of positively charged silica
nanoparticles (300 nm in diameter) and GO nanosheets. Before cell culture, all the
samples were coated with laminin. Findings revealed that GO was able to promote
neurite alignment (labeled specifically for Tuj1, a neuron-specific b-III tubulin),
with or without the simultaneous use of silica nanoparticles. Besides enhancing
viability in both GO substrates after 3 weeks, neurites extension was further pro-
moted in the presence of silica nanoparticles. Moreover, neuronal differentiation
(measured as the expression of specific markers including Tuj1, GAP-43, Map-2,
and synapsin) was boosted by these hybrid platforms as a result of the combined
effects of silica nanoparticles and GO. Interestingly, the authors demonstrated the
feasibility of these structures to be transferred to flexible poly(dimethylsiloxane)
(PDMS) films for future utility as implantable samples in the injured neural tissue.

Studies by Akhavan and Ghaderi revealed the ability of nanogrids made of GO
nanoribbons to support the differentiation of human NSC into neural networks for
their use as photocatalytic stimulators [80]. Nanoribbons are a novel nanostructure of
graphene composed of elongated strips of graphene with a high length-to-width ratio
and straight edges. These structures, placed on a SiO2 matrix containing TiO2

nanoparticles (*40 nm in diameter) at their surface by using a paint-brushing
method, were fabricated by the oxidative unzipping of multi-walled carbon nan-
otubes. Findings from this work revealed that NSC density was higher after 3 days in
those nanogrids containing GO rather than rGO, likely due to its higher
hydrophilicity and subsequent cytocompatibility. The toxicity of graphene
nanoribbons is typically associated with the reactive oxygen species (ROS) generated
by graphene at high concentrations and the rupture of cell membranes by direct
interaction with sharp edges [81]. The number of differentiated cells on these plat-
forms increased 5.9-fold in comparison to cells on quartz substrates after 3 weeks.
When flash photo-stimulated (what caused the injection of photo-excited electrons
from TiO2 nanoparticles onto the nanoribbons through the Ti–C electron channel),
the increment raised 26.8-fold with a significant orientation toward the neuronal
phenotype (Tuj1+) rather than the glial one (GFAP+), as well as certain degree of cell
alignment along the nanogrids. Neural differentiation on nanogrids was also
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enhanced with respect to that found on sheets, result that the authors ascribed to the
physical stress caused by the surface topographic features of the nanogrids.
Additionally, effective cell-to-cell and cell-to-nanogrid electrical couplings were
demonstrated after 3 weeks by measuring the intensity-voltage curves. The
photo-stimulation consisted on the application of flash photo-pulse trains with
10 mW cm−2 of intensity, pulse duration of 4 s and frequency of 1 Hz, repeated after
60 s time intervals for 30 min every 12 h by using a camera xenon lamp. Similar
findings were obtained when rGOwas combined with TiO2 as heterojunction films to
grow human NSC [82]. In more recent work, rGO sheets demonstrated ability to
support the proliferation of this same cell type for 3 days and to enhance the dif-
ferentiation of these cells into neurons rather than glial cells [83]. Specifically,
chemically exfoliated GOwas reduced with Asian red ginseng, with a reduction level
and electrical conductivity comparable to that obtained by hydrazine treatment. This
ginseng-rGO was more stable in terms of aggregation in aqueous suspensions. The
authors hypothesized that those beneficial effects were caused by the higher electron
transfer of these sheets, their higher hydrophilicity and biocompatibility and the
attachment of potent antioxidants such as ginsenoside molecules. When the GO
nanomeshes containing TiO2 were reduced with hydrazine to achieve rGO nanomesh
semiconductors, the resulting material was also found to enhance human NSC dif-
ferentiation into neurons after exposure to near infrared laser stimulation [84]. This
effect was attributed to the low-energy photo-excited electrons injected from the
semiconductors into the cells. This pulsed laser stimulation not only promoted human
NSC differentiation into neurons, but also caused the self-organization of a radial
neuronal network on the rGO sheets (Fig. 2) [85]. More recently, these authors have
developed electrically conductive 3-D scaffolds from rolled GO foam layers with
desirable scales and applied them in directional growth of neural fibers by means of
neuronal differentiation of human NSC under ES. This stimulation enhanced cell
proliferation and accelerated the differentiation to neurons (rather than glial cells)
[86].

Functional neural circuits from rat hippocampal NSC have been also obtained on
graphene substrates fabricated by CVD [87]. Samples were coated with laminin
prior to cell culture. After confirming basic biocompatibility parameters such as cell
adhesion and proliferation, the intracellular calcium ion concentration was moni-
tored by using the Fluo-4-AM probe and the graphene substrate as an electrode.
Cells exhibited a 30 % increase in fluorescence as a consequence of ES through the
graphene layer (a series of 10–100 ms monophasic cathodic pulses at intervals of
5 s, stimulation threshold 0.5–1 lA). Furthermore, almost double amount of cells
showed spontaneous Ca2+ oscillations when cultured on graphene, being the fre-
quency of these basal oscillations also enhanced with respect to tissue culture
polystyrene (control) (Fig. 3). Using single-cell patch clamp techniques, most of
neurons cultured on graphene showed spontaneous post-synaptic currents, thus
indicating a normal activity of the neural networks, with higher current peak
amplitudes and an enhanced frequency. Finally, this boost in the electrical activity
of the neural networks formed on graphene films was accompanied by a significant
increment in the number of neurons per mm2.
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Besides neurons, rat hippocampal NSC were also able to predominantly differ-
entiate into oligodendrocytes when cultured on hybrid nanofibrous scaffolds com-
posed of electrospun polycaprolactone nanofibers (200–300 nm in diameter) coated
with GO (Fig. 4) [88]. These hybrid substrates were coated with laminin prior to cell
culture. Interestingly, the expression of neural markers showed a GO
concentration-dependent tendency, being the highest concentration (1 mg ml−1) the
one promoting the largest differentiation into mature oligodendrocytes (for which the
myelin basic protein, Olig2, O4, and GalC were selected as specific markers). In the
absence of polycaprolactone nanofibers, GO itself was found to promote a modest
oligodendrocyte differentiation (twofold with respect to tenfold increase in the hybrid
structures). This enhancement was related to changes in gene expression that
included the overexpression of early and mature oligodendrocyte markers and sev-
eral key integrin-related intracellular signaling molecules implicated in cytoskeletal
remodeling and process extension during oligodendrocyte development. More recent

Fig. 2 Bright-field and immunofluorescence images of human NSC differentiated on GO and
rGO sheets for 3 weeks in the dark and under pulsed laser stimulation. DAPI was used to stain cell
nuclei (blue), GFAP for glial cells (red), and Tuj1 for neural cells (green). Scale bars 200 lm.
Reproduced from [85] with permission of The Royal Society of Chemistry
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work by Weaver et al. [89] have demonstrated the ability of composites of GO and
poly(3,4-ethylene dioxythiophene) (PEDOT) to favor the differentiation of NSC to
oligodendrocytes when functionalized with platelet-derived growth factor by using
carbodiimide chemistry. Functionalization of these platforms with interferon-c
promoted the differentiation of these cells to neurons.

Embryonic neural progenitor cells have been also used as a model in vitro to
evaluate the potential of GBM for neural repair. Particularly, the interaction of these
cells with compact and flexible microfibers exclusively made of rGO (121 ± 5 lm
in diameter, conductivity values of 4.64 ± 0.90 S cm−1) has revealed the ability of
these structures to support the growth of mature neural networks, highly inter-
connected and composed of both neurons and glial cells [90]. Numerous synaptic

Fig. 3 Graphene substrates increase spontaneous synaptic activity and firing. a1, a2
Representative spontaneous post-synaptic currents (sPSC) in tissue culture polystyrene (TCPS)
and graphene. Cumulative probability plots of inter-event interval (b1) and amplitude (c1) of sPSC
in TCPS and graphene. Histogram plots of sPSC frequency (b2) and amplitude (c2) to identify the
difference of selected index. Statistical significance: *p < 0.05. Reprinted from [87], Copyright
(2013), with permission from Elsevier
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contacts were identified in close contact to the microfibers and at their periphery.
Moreover, the colonization by meningeal fibroblasts was dramatically hindered
when microfibers were coated with N-cadherin. Other stem cells such as MSC have
been also targeted to prompt their differentiation into neural cells on GBM.
Specifically, Loh and colleagues described the use of these cells for screening the
utility of fluorination to functionalize graphene substrates [91]. In the case of
pharmaceutical drugs, the introduction of fluorine groups, highly electronegative,
and small in size, is known to improve their metabolic stability and increase the
strength of the interaction with the targeted proteins [92]. In this particular
approach, fluorinated graphene films enhanced the proliferation and polarization of
human BMSC after 7 days. These cells were promoted to differentiate into neural
phenotypes (higher expression of Tuj1 and Map-2, lower values for nestin and
GFAP). This neuronal differentiation was further boosted by the addition of retinoic
acid to the culture media. When intentionally patterned (30-lm microchannels
defined by PDMS lines of 3 mm in length, 150 lm in width, and 50 lm line

Fig. 4 Morphology of nanofibrous scaffolds and respective cultures of NSC by field-emission
scanning electron microscopy. Micrographs of polycaprolactone nanofibers (a) and GO-coated
polycaprolactone nanofibers (b). Scale bars 2 lm. Micrographs of differentiated NSC cultured on
polycaprolactone nanofiber scaffolds (c) and graphene–nanofiber hybrid scaffolds (d) after 6 days
in culture. Scale bars 10 lm. Reproduced from [88] with permission of John Wiley & Sons Inc
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spacing), cells showed a significant alignment and further enhancement of neuronal
differentiation (Fig. 5). Contrary to these results, Oh et al. [93] reported only 50 %
cell viability of human neuroblastoma SHSY5Y cells, besides no significant cell
spreading, when cultured on fluorine-treated graphene sheets. In this approach, the
graphene sheets were purchased from Samsung Co. (Korea) and the fluorine
functionalization achieved by plasma treatment in a C3F8 gas environment with a
50 kHz radiofrequency plasma source at 30 W. In this same study, oxygen-
functionalized graphene sheets by plasma treatment supported mitochondrial
activity values of 138 %, as measured by MTT assay. BMSC were also used by
Sung and colleagues to report on the beneficial influence of ELF-EMF (50 Hz,
1 mT) on neuronal differentiation using graphene-coated glass substrates [94]. In
these studies, exposure to ELF–EMF displayed a synergistic effect with graphene
on neuronal differentiation. Careful inspection of cellular phenomena by RT–PCR,
western blot, and microarray analyses demonstrated an upregulation of cell

Fig. 5 a Schematic drawing of patterning MSC by printing PDMS barriers on graphene films
directly. b Optical microscope image of printed PDMS on a fluorinated graphene film (scale bar
50 lm). c–e The aligned growth of stem cell on graphene, partially fluorinated graphene and
fluorinated graphene with printed PDMS pattern, respectively (scale bar 100 lm). f, g MSC
preferentially attached on fluorinated graphene strips and their F-actin aligned (red) and expressed
neural specific markers: Tuj1 and Map-2 (green) (scale bar 50 lm). h Percentage of Tuj1+ and
Map-2+ cells on unpatterned and patterned fluorinated graphene strips (n = 6, *p < 0.05).
Reproduced from [91] with permission of John Wiley & Sons Inc
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adhesion, increased intracellular calcium level and activated focal adhesion kinase
signaling pathways, as well as a stimulated extracellular matrix production (e.g.,
collagen Ia2 and fibronectin). AMSC, another type of MSC, were used in recent
studies by Lee et al. [95] to investigate the ability of combinatorial patterns of GO
to promote their differentiation into ectodermal neurons. The GO grid patterns were
fabricated using a microcontact printing technique on gold substrates, mimicking
elongated, and interconnected neural networks. The conversion efficiency on the
GO patterns was of ca. 30 %, with a significantly higher percentage of Tuj1+ cells
and longer neurites than on control substrates. In a different study, the spontaneous
differentiation of induced pluripotent stem cells was promoted by graphene and GO
platforms [96]. In these experiments, substrates consisted of glass coverslips coated
with either GO or rGO (obtained by direct hydrazine reduction from GO).
Interestingly, adhesion and proliferation were enhanced in GO rather than rGO, the
latter displaying a similar behavior to control glass. Ectodermal and mesodermal
differentiation processes were quite similar between both substrates, while the
endodermal one (e.g., hepatocytes, insulin-producing cells, and lung epithelium)
was expedited in GO.

Despite the numerous studies of 2-D GBM (e.g., films, coatings) interfacing
neural cells, this interaction has been rarely studied in 3-D structures, even though
this spatial configuration creates more efficient microenvironments for cell growth.
One of the few reports in these lines is work by Li et al. [97], which pioneered the
exploration of 3-D porous foams composed of graphene and coated with laminin as
substrates for NSC culture. The substrates were fabricated by CVD with a Ni foam
template. Findings from this study revealed the ability of these structures to support
NSC growth (viability values over 80 %) and maintain them in an actively pro-
liferative state, with upregulation of Ki67 with respect to 2-D graphene films.
Further studies confirmed an enhanced differentiation of these cells into neurons
(Fig. 6), even illustrating electrical graphene–cell couplings by analyzing intra-
cellular Ca2+ movements. Other material configurations such as nanoparticles have
been also explored in this scenario. Specifically, the ability of GO nanoparticles to
promote the differentiation of mouse embryonic stem cells (CGR8 cell line) into
dopamine neurons has been reported [98]. In comparison to carbon nanotubes and
graphene (obtained from GO by reduction via L-ascorbic acid), only GO was able to
efficiently promote this specific differentiation as confirmed by an increased
expression of tyrosine hydroxylase (72 % of increase in GO at 100 lg ml−1).

5.3 Other Types of Neural Cells

The specific interaction of GBM with immune cells within the nervous tissue and
their ability to initiate pro-inflammatory, anti-inflammatory, or even immunomod-
ulatory responses is still unknown. Pioneer work by Song et al. [99] has brought
some clarity into this topic. Specifically, these authors explored the interaction of
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2-D graphene films and 3-D graphene foams, synthesized by CVD and without any
type of biological coating, with the murine BV2 microglial cell line. The rationale
behind the selection of this cell type is that microglial cells are the resident mac-
rophages of the brain and spinal cord and they function as the first defense barrier of
the innate immune system in the CNS [100]. BV2 cells displayed similar mor-
phologies and high viability, measured by the MTT assay, on graphene materials
than those on control substrates. Interestingly, the level of intracellular ROS was
found inferior on 3-D graphene foams, with or without stimulation with LPS, while
enhanced on 2-D graphene films with respect to the control. When specific
pro-inflammatory parameters were investigated (e.g., TNF-a, IL-1b and nitric oxide
concentrations, induced nitric oxide synthase and cyclooxygenase-2 levels), results
revealed not statistically significant differences between BV2 cells grown on control
substrates and 2-D graphene films (after LPS stimulation). On the contrary, all these
parameters severely decreased when cells were cultured on 3-D graphene foams,
attributed to a partial inhibition of the degradation of IjB proteins in overactivated
BV2 cells. Further studies included the exploration of the impact of conditioned
media from activated microglial cell cultures on murine NSC and PC12 cells.
Conditioned media from 3-D graphene foams seemed to facilitate the growth of
both cell types with high viability, while ROS production was not significantly
increased. Taking together, these findings outline a potentially protective

Fig. 6 Differentiation studies
of NSC on 3-D graphene
foam scaffolds. a,
b Representative fluorescence
images of differentiated NSC
under differentiation
conditions: Tuj1 for neurons
(green, a), GFAP for
astrocytes (red, a, b), O4 for
oligodendrocytes (green, b),
and DAPI for nuclei (blue, a,
b). c Western blot analysis of
nestin, Tuj1, GFAP and RIP
(oligodendrocyte marker)
protein expression of
differentiated NSC on 2-D
graphene films and 3-D
graphene foams. d Relative
optical densities of bands of
markers shown in (c). Data
presented as mean ± SE,
*p 0.05; **p 0.01. Reprinted
by permission from
Macmillan Publishers Ltd
[97], copyright (2013)
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anti-inflammatory role played by 3-D graphene foams, able to mitigate the acti-
vation of microglial cells (by both reducing the production of pro-inflammatory
responses after stimulation and limiting their morphological transformations) and
alleviate the LPS-induced cytotoxicity of NSC caused by activated microglial cells.

6 In Vivo Studies with Graphene-Based Materials
for Neural Repair

Despite the tremendous potential that GBM have extensively demonstrated in vitro
with neural cells, their in vivo exploration in neural tissue scenarios is still rare. In
the particular context of the CNS, Vicario-Abejón and colleagues recently reported
pioneer findings on the ability of rGO to mediate the in vivo generation of new
neurons in the adult brain [101]. rGO nanosheets were injected in the brain along
with a retroviral vector expressing the green fluorescent protein to label dividing
progenitor cells in the core of the adult olfactory bulb. Results demonstrated that the
presence of rGO did not alter de novo neurogenesis or neuronal and astrocyte
survival. It has to be emphasized that there were no signs of the activation of
microglial responses. In a different study, Serrano and colleagues pioneered the
investigation of the response of the injured rat spinal cord to porous and flexible
rGO scaffolds, encouraged by in vitro positive findings with embryonic neural
progenitor cells [102]. At the subacute stage, the substrates were completely col-
onized by extracellular matrix molecules (e.g., collagen) and cells, mainly positive
for markers such as vimentin, platelet-derived growth factor receptor b (PDGRb)
and ED1 [103]. Besides the absence of toxicity in liver, spleen, lungs, and kidneys,
the mechanical compliance of these structures with the spinal cord tissue promoted
the formation of a soft interface that did not induce additional fibroglial scaring with
respect to lesions not carrying scaffolds. Moreover, cell populations were preserved
at the perilesional areas and a small fraction of pro-regenerative M2 macrophages
was identified both at the interface and inside the scaffold. After 30 days (chronic
state), results revealed the existence of a pro-regenerative scenario at the lesion site
in the presence of rGO scaffolds characterized by significant immunomodulatory
changes (reduction in the total amount of macrophages and presence of those
displaying M2 phenotype), enhanced collagen fibers infiltration and angiogenesis,
supporting the growth of some new axons inside the scaffold structure [104].

Novel work by Jakus et al. [105] have demonstrated that a solution-based,
scalable ink composed of graphene (3–8 atomic layers in thickness, 5–20 lm in
length/width) could be 3-D printed into arbitrarily shaped scaffolds (e.g., porous
constructs, hollow tubes) with filaments ranging from 100 to 1000 lm in diameter
(Fig. 7). Graphene comprised up to 60 vol.% of the resulting scaffolds, being the
rest made of polylactic-co-glycolic (PLGA). These 3-D structures presented supe-
rior properties to similar materials reported to date, including conductivities greater
than 800 S cm−1, compressive stress of 600 kPa up to 100 °C and in vitro
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biocompatibility and neurogenic ability with human MSC. Subcutaneous implan-
tation in mouse revealed that these structures did not elicit inflammatory responses
or fibrous encapsulation up to 30 days, while being actively disassembled by the
surrounding cells. Further implantation tests in a human cadaver as a conduit in the
ulnar nerve confirmed their exceptional handling characteristics and potential fea-
sibility for fine surgical procedures.

7 Graphene-Based Materials for Neural Stimulation
and Recording

An increasing body of work is supporting the idea that mechanically compliant
electrodes should comprise the next generation of neural interfaces [106]. Based on
this, the outstanding mechanical properties of GBM, alongside with their electrical
conductivity, are fueling their exploration in this field. For instance, Chen et al.
[107] have developed flexible graphene-based microprobes for the detection of
electrophysiological signals not only of action potentials in axons but also QRS
complex and T waves in electrocardiograms (Fig. 8). Recordings showed a sig-
nificantly higher resolution when treated by steam plasma in order to decrease the

Fig. 7 a 3-D printable graphene (3DG) ink can be rapidly 3-D printed into self-supporting tubular
structures (140 layers) of b various sizes that could serve as custom-sized nerve graft conduits. c,
d Uniaxial, multichannel nerve guides may also be 3-D printed from 3DG inks. e Scanning
electron microscopy micrograph of multichannel 3DG nerve conduit with every other layer close
to contact (yellow box), minimizing or eliminating pores orthogonal to the major axis of nerve
guide. f 3DG can be 3-D printed into structures composed of many hundreds of layers, such as this
high aspect ratio (24:1) 5 mm diameter hollow tube, which can be cut to size as needed.
g Photograph of tubular 3DG nerve conduit cut from f implanted into a human cadaver via
longitudinal transection and wrapping around the ulnar nerve (white arrows). The 3DG nerve
conduit was then sutured close along the previously described longitudinal transection (white
dotted line), as well as to the surrounding epineuro and nerve tissue (inset, yellow circle).
h Digitally sliced file of skull and skull cap and i photograph of resulting 3-D printed 3DG skull
and skull cap. Reprinted with permission from [105]. Copyright (2015) American Chemical
Society
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interfacial impedance between graphene and the electrolyte. These electrodes, used
to record electrical signals in crayfish axons and zebrafish heart, displayed capac-
itance values of 1.4 � 10−3 mF cm−2, impedance values of 5424 X mm−2, action
potentials of 102.64 m Vp–p, and a noise signal of 4.2 l Vrms. In a more recent
approach, strong and conductive microfibers (40–50 lm in diameter) obtained by
wet-spinning liquid crystalline dispersions of GO were proposed as a new gener-
ation of compliant and free-standing electrodes [108]. After biocompatible insula-
tion with parylene-C, a laser treatment was used to open and expand the end of the
fiber (3.5 times) in a “brush” electrode configuration. Electrochemical characteri-
zation demonstrated that the resulting electrodes had a high charge injection
capacity in the range of tens of mC cm−2. These electrodes were successfully used
for in vitro electrophysiology studies, stimulating retinal ganglion cells in live retina
and recording at high quality when implanted in the visual cortex after encapsu-
lation within a water-soluble sucrose microneedle (Fig. 9), thus encouraging further
work for their implementation in electrode arrays. Graphene obtained by CVD has

Fig. 8 Electrocardiographic
recording: a Schematic and
actual view of the cardiac
recording system for zebrafish
(scale bar 500 lm).
b Amplitude of P, QRS
complex and T waves
recorded using a hydrophilic
graphene electrode. Reprinted
from [107], Copyright (2013),
with permission from Elsevier
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been also used to develop microelectrode arrays for neural recording [109]. In this
approach, the description of the interface graphene–electrolyte was explained by a
modified double-layer theory. These electrodes were able to detect neural activities
from dissociated E18 rat cortical neurons with a signal-to-noise ratio of
10.31 ± 1.2.

Novel functionalization strategies of stimulation and recording electrodes tend to
promote cell adhesion processes due to the relevance that they play in signal
transduction in microelectrode arrays [110]. That is the case of work by Wallace
and colleagues, in which polymers composed of polylactic acid or PLGA were
coated with a conductive graphene layer for the preparation of unique electrodes
[111]. When PC12 cells were cultured in contact with these electrodes, their dif-
ferentiation towards neural phenotypes was enhanced (increase in the average
length of neurites per cell and neurite length) using ES through the graphene layer
(100 ls pulses of ±0.1 mA cm−2 with a 20 ls interphase gap and a 3.88 ms rest
period in each cycle, applied for 8 h a day during three consecutive days). This ES
protocol, although promoting the outgrowth of existing neurites, did not induce the
formation of new ones. The interest of these findings is crucial to the field as they
enable the use of non-conducting biocompatible materials for electrode fabrication

Fig. 9 In vitro electrophysiology studies using GO-based stimulating electrodes. a Whole retinas
were explanted and placed retinal ganglion cell RGC side up in a perfusion chamber. The
electrodes were placed on the inner limiting membrane, while patch clamp recordings were
acquired from individual retinal ganglion cells. b 3-D reconstruction of an exemplary RGC.
c Response probability for a sample cell. The blue dots show the raw probability (ratio of number
of direct responses to total number of stimuli) and the red line shows a sigmoidal curve fit.
d Sigmoidal curve fits for all eight RGCs stimulated. Reproduced from [108] with permission of
John Wiley & Sons Inc
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by simply coating their surface with conductive graphene layers. Regarding their
performance, electrodes with a 50:50 PLGA composition showed specific capaci-
tance values of ca. 7 lF cm−2 by cyclic voltammetry. In a different study, Casañ-
Pastor and colleagues decorated electrodes for neural recording with nanostructured
pristine graphene electrodeposited by means of iridium oxide nanoparticles [112].
In comparison to GO, this electrodeposited graphene displayed charge storage
capacity values one order of magnitude larger. These hybrid coatings demonstrated
adequate in vitro cytocompatibility with cortical neural cells (isolated from mouse
E16 embryos), supporting their growth and release of neurotransmitters such as
GABA and glutamate after six divisions. Luo et al. [113] doped PEDOT with GO to
fabricate biocompatible electrodes. The resulting PEDOT/GO films supported the
growth of neural cells obtained from E18 rat embryos cortical tissue, with signif-
icantly longer neurites in the presence of GO. Viability tests at 24 h revealed values
over 96 % even in the absence of any biological coating of the material. When p20,
a laminin fragment peptide known to potentiate neurite outgrowth, was covalently
immobilized into the films, neurons attached to the films were able to sprout sig-
nificantly longer neurites. Tian et al. [114] has also reported conducting polymer
nanocomposites composed of GO-doped PEDOT as useful electrode–tissue inter-
faces with excellent electrochemical performance and in vitro cytocompatibility.

In the olfactory system, recent work by Jang et al. [115] has presented the first
artificial multiplexed superbioelectronic nose mimicking the human olfactory sen-
sory system with high-performance odorant discriminatory ability in mixtures
(Fig. 10). These portable noses were fabricated using highly uniform graphene
micropatterns (designed by CVD and photolithography) conjugated with different
human olfactory receptors (hOR), employed as transducers in a liquid-ion gated
field-effect transistor. Specifically, two types of human olfactory receptors (hORs)
were selected, being their respective target odorants amyl butylate and helional, and
immobilized on the graphene-based substrate by Schiff-base reactions. By intro-
ducing alternative sensing materials, the artificial nose provided excellent odorant
discrimination in experiments involving various odorants and mixtures, with a
minimum detectable level of 0.1 fM.

8 Other Uses of Graphene-Based Materials in Neural
Scenarios

An interesting and novel approach by Choi and colleagues described the use of GO
for encapsulating gold nanoparticles in a 3-D structure effective for the detection of
the differentiation potential of NSC by surface-enhanced Raman spectroscopy
[116]. Curiously, undifferentiated cells on these nanoparticles produced signal
peaks 3.5 times higher than normal metal structures and distinguishable from dif-
ferentiated cells. Moreover, the number of C=C bonds (related to the saturation
level of cell membranes) and the Raman intensity at 1656 cm−1 showed a
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correlation with the differentiation state of the cells. The versatility of these
nanoparticles increases when considering its applicability as a nondestructive in situ
monitoring tool for the differentiation stage of other stem cells, not only the neural
ones.

More recent studies described the utility of GO nanoparticles decorated with
platinum nanoparticles for the modification of ITO plates aiming to the highly
sensitive and rapid detection of acetylcholine [117]. Nanoparticles were electro-
chemically deposited onto the ITO-coated glass plates. The resulting biosensors
displayed an improved analytical performance in terms of low working potential
(0.2 V), short response time (4 s), low detection limit (5 nM), and high storage
stability (4 months) and might also serve for the improvement of other types of
biosensors. In this sense, Hossain et al. [118] have reported the development of
graphene nanoribbon neuro-sensors for detection and imaging of glycine, an
inhibitory neurotransmitter in the CNS that plays critical roles in processing motor
and sensory information related to control movement, vision, and audition. The
zigzag-edged graphene nanoribbon noticeably changed its density of states,

Fig. 10 Schematic diagram of functional anatomy of human olfactory system and components of
a multiplexed superbioelectronic nose simulating each functional stages of human nose.
a Olfactory bulb, where the olfactory signals generated by olfactory sensory neurons (OSN) are
combined for the generation of combinatorial olfactory codes, matching with artificial olfactory
codes generated by the electronic nose. b Olfactory sensory neurons, where olfactory signals
triggered by the specific binding of hORs and odorants, matching with graphene micropatterns
functionalized with hOR. c hORs for the specific recognition of odorants. d Illumination of the
specific interaction between the hOR and the odorant. Reprinted with permission from [115].
Copyright (2015) American Chemical Society
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transmission coefficient, and conductance in response to the attachment of glycine
molecules. This change is reflected in a significant drop of current flow through the
device. Interestingly, the presence of a nitrogen-vacancy center in the device
resulted in lowering the power consumption and increasing the current through the
device up to 35 %, thus allowing for the concurrent application of these nanorib-
bons in both biosensing and imaging in in vitro settings. Different graphene-based
strategies are also under investigation for the detection of neuron-specific enolase, a
lung cancer marker, including nickel hexacyanoferrate nanoparticles assembled on
gold nanocrystals electrodes posteriorly coated with gold nanoparticles-
functionalized graphene nanosheets [119], graphene nanosheets in combination
with magnetic nanoparticles [120], and guanine-decorated graphene nanostructures
[121], to cite a few examples. For further details on the use of GBM for biosensing
and related applications, readers are referred to further chapters in this book and
excellent reviews published before [122].

9 Final Discussion and Future Perspectives

The need of substitutes for damaged and diseased tissues/organs are fueling experts
in different fields to design and develop an increasing variety of implantable
biomedical devices, many of them already in the market or under investigation in
clinical trials [123]. In the particular case of neural implants, some of the most
advanced devices include BrainGateTM 2 (Cyberkinetics Neurotechnology Systems
Inc.) and Argus® II (Second Sight Medical Products Inc.). The first one is a sensor
device to be implanted on the brain motor cortex in patients with impaired motor
function and is currently ongoing clinical evaluation [124]. Argus® II, a wireless
sensory micro-conduit with a video camera and processing unit to replace the
function of light-sensing cells, has received approval by the USFDA and European
Union for the treatment of patients with retinitis pigmentosa [125]. Although
advancing, the field of neural implants is still in its infancy and requires devoted
efforts to accomplish the development of more sophisticated, advanced and efficient
devices.

In this scenario, GBM appear as promising materials with four major attractive
features for interfacing the neural tissue: biocompatibility, electrical activity, fea-
sibility for bio-functionalization, and high surface to volume ratio for drug delivery.
Along this chapter, we have extensively revised most of the work involving the use
of GBM for neural-related applications, pointing out their potential in the different
concrete scenarios. It is worth noting that the interest of GBM for neural regen-
eration is not only based on their both in vitro and in vivo biocompatibility with
neural tissue components, but also on their fascinating interactions with stem cells
including NSC and MSC [126]. This aspect opens an even wider perspective for the
utility of these materials in regenerative medicine. Nonetheless, we must be prudent
because the concrete role played by the different features of graphene and its
derivatives in cell differentiation processes is still unknown. Another field that
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could clearly benefit from the attractive properties of GBM is biosurface engi-
neering [127], with applicability not only on the development of more efficient
neural interfaces as mentioned in this chapter, but also in dental implants, joint
replacements, and bone substitutes, among others.

Despite this potential and interest, there are still open questions regarding the
toxicity of GBM (in both human health and the environment) that boost further
investigation to thoroughly clarify so critical aspects. Moreover, contradictory
results in some of the published studies also hamper progress in the biomedical use
of these materials. In this sense, the youth of these materials is likely one of the
principal reasons for the existence of physical–chemical features and properties of
GBM that might be dismissed or neglected but playing relevant roles on the
applicability of these materials in biomedicine, as recently evidenced by Delacour
and colleagues for the crystalline quality of pristine graphene [128]. A cautious
reflection must be placed in the biomedical use of GBM, because most of studies
have been performed in vitro and, typically, there is not a direct correlation or
translation from those to in vivo models. We hope this revision of the state of the art
in the use of GBM for neural repair serves to impulse the research community to
translate the potentiality of these materials from cell cultures to animal models, a
closer scenario for their future safe use in human healthcare.
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Graphene-Based Smart Nanomaterials:
Novel Opportunities for Biology
and Neuroengineering

Antonina M. Monaco and Michele Giugliano

Abstract In the last three decades, nanotechnologies have so deeply integrated
themselves with medicine, that a new term, “nanomedicine,” was specifically
coined (Freitas in Nanomedicine, volume I: basic capabilities. Landes Bioscience,
Georgetown, 1999, [110]) to indicate “the process of diagnosing, treating, and
preventing disease and traumatic injury, relieving pain, and preserving and
improving human health, using molecular tools and molecular knowledge of the
human body. In short, nanomedicine is the application of nanotechnology to
medicine.”

As Freitas underlined in the same paper [1], though it has been formalized in the
late 1980s [2, 3], the concepts themselves of nanotechnology and nanomedicine
directly come from the famous visionary talk “There’s plenty of room at the bot-
tom” in which the Nobel prize winner Richard Feynman foresaw the great possi-
bilities of the scale-down method: applying this method repeatedly he hypothesized
the possibility of the construction of machines able to manipulate atoms and
molecules [4].

Since then, so much progress has been made and so many goals have been
achieved in several fields that, though not being completely aware of it, we can now
consider nanotechnology as an integral part of our everyday life: Titanium dioxide
nanoparticles are present in sunscreen lotions and in orthopedic implants; Silver
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nanoparticles are used as antimicrobial agents in textiles and Iron oxide ones to
improve the scratch resistance of paints; Carbon fibers make our umbrellas lighter;
nanosensors, nanometric drug carriers and lab-on-chip are more and more often
used for theranostics at the nanoscale.

Nanoparticles and, more in general, nanodevices used in nanomedicine are
synthesized from several elements, such as Gold, Silver, Titanium, and Carbon. The
latter one, being the key element of life itself, has been intensively studied for
biomedical and biological applications, in all its allotropic forms and, among them,
researchers identified in nanocrystalline diamond, carbon nanotubes, and graphene
extremely good candidates for drug and gene delivery systems, materials for
coating electrodes for nervous system and cardiac stimulation, biosensors, and
photothermal therapy.

Here we review some of the most important biological applications of graphene
and its derivatives, such as graphene oxide (GO) and reduced graphene oxide
(rGO), with emphasis on the applications in Neurosciences.

1 Toxicity

Interfacing new materials, regardless their being micro- or nano-, with biological
systems requires in-depth biocompatibility evaluations, in terms of cyto- and
genotoxity, generation of reactive oxygen species (ROS), interaction of the mate-
rials with cells constituents, biological media and organs, and depletion of essential
nutrients for cell functions by absorption on surface’s materials.

Though toxicity of nanomaterials based on Carbon (C) (i.e. carbon nanotubes,
carbon black, nanodiamonds, graphene, and its derivatives) has been extensively
investigated, the debate in the scientific community is still quite heated given the
controversial results and the remaining open questions about the precise mecha-
nisms of internalization of these materials, as well as their localization once entered
in the cytoplasm [5–8]. Furthermore, if on one side the most relevant limitations of
CNTs in biological applications, such as the presence of metallic impurities and
their asbestos-like shape [9, 10], can be overcome by graphene’s morphology and
synthesis methods, biocompatibility evaluations of graphene are made more diffi-
cult by different physicochemical characteristics of the forms employed, such as
single-, few- or multilayer graphene, GO, rGO, nanosheets, nanoplatelets, and
nanoflakes.

As reported for other C-based nanomaterials [11–13], surface functionalization
of graphene reduces its unfavorable effects [14, 15], which are however due also to
the size and shape of graphene itself.

Influence of lateral size of graphene and its derivatives on internalization and cell
viability has been studied for several cell lines. Akhavan et al. observed and cor-
related, for the first time, in human mesenchymal stem cells (hMSc) treated with
reduced graphene oxide nanoplateles and nanosheets [16] and graphene nanorib-
bons [17], increased levels of ROS, reduced viability and chromosomal aberrations
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with the concentration and the lateral size of the material. A similar study, con-
ducted on human alveolar adenocarcinoma (A549), human colon carcinoma
(Caco2), and monkey kidney cells (Vero) cell lines treated with GO at different
concentrations and flakes’ size, highlighted a loss in viability for A549 cell line and
a positive increase of viability for Caco2 and Vero cell line, and relevant genotoxic
effects for nanometer-sized GO flakes [18].

Effects of GO on A549 cell line were investigated also by the research group of
Wang, who studied viability, morphology, membrane disruption, and mortality of
cells treated with three GO samples, different in size [19]. In this study, it was
observed that GO slightly affects cell viability even at the highest tested concen-
trations (200 lg/ml), in correspondence of which almost the 70 % of cells resulted
to be healthy regardless the exposure time (24, 48, and 72 h), and that none of the
three sample affects morphology and ultrastructure of cells. However, treating A549
cells with GO led to a significant increase of ROS, strictly dose- and
size-dependent: the smaller GO tested (s-GO, 170 nm) induced high ROS gener-
ation, almost four times the control condition at 200 lg/ml, which was anyway
three times less than the ROS level for the positive control. Authors thus conclude
that, overall, GO display a good biocompatibility and that is a suitable substrate for
cells growth (Fig. 1).

These findings, though in good agreement with previous studies discussing the
use of GO as drug delivery system [20, 21], are opposite to those ones of Cui et al.,
who reported reduced viability of human fibroblast cells exposed to GO for con-
centrations higher than 50 lg/ml, combined with lower cell adhesion, morpho-
logical changes and localization of GO sheets in mitochondria, endoplasm, and
lysosomes [22]. In the same study, authors also discuss the effects of GO,
administered via tail vein injection, on mice, highlighting that injection dose of GO
at 0.1 and 0.25 mg/ml did not affect mice lifespan, while four of the nine mice
treated with high dose of GO (0.4 mg/ml) died within 7 days from the injection.
Furthermore, histopathological analysis of tissue and organs of mice after 7 and
30 days revealed the formation of granuloma localized in liver, lung and spleen;
interestingly, no GO was found in brain tissues, suggesting that GO is probably not
able to cross the blood–brain barrier. To explain these observations, authors sug-
gested two possible mechanisms of GO toxicity: once in contact with human cells
in vitro, GO triggers processes of signal transduction inside cells and nuclei, which
lead to downregulation of genes associated to adhesion proteins, while its presence
inside cellular structures leads to alterations of gene transcription and cell energy
metabolism. When administrated to mice via vessel injection, GO might be rec-
ognized as a foreign body, thus triggering a defensive response. Once entered in
lung tissues, GO is attacked by macrophages, this leading to the formation of
granulomas. Moreover, because of their particular shape, GO flakes cannot be
extruded by kidneys, liver and spleen; these organs seem to be not affected by GO
presence at the lowest tested concentration, but the observed mice mortality for the
highest dose suggests that this GO heap interferes with organs functionality, thus
resulting in mice death.
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Another mechanism of GO toxicity, proposed by Hu et al. [23], suggests that
physical damages observed in cellular membrane can be due to the electronic
interactions taking place between the positively charged lipid layer and the nega-
tively charged groups present on GO surface.

As already mentioned, surface modifications of graphene affect its toxicity;
results of several studies show that carboxylated graphene and rGO exert less toxic
effects than native graphene and GO [24], that chitosan coating of GO modulates its
cytotoxicity [25], and that intravenous administration of amine-functionalized
graphene (G-NH2) to mice do not trigger any macrophages response leading to
pulmonary thromboembolisms [26]. These studies also investigated haemocom-
patibility of graphene and GO [24, 25], a key aspect for drug delivery systems,
which requires systemic route of administration. Graphene sheets resulted to be

Fig. 1 Optical microscopy images of A549 cells grown on GO (a–c) and on control (d) substrates.
Reproduced with permission from [109]
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slightly more toxic than GO, and both materials did not affect coagulation path-
ways, though they induced a dose-dependent haemolysis of red blood cells.

Lack of consensus in cellular viability is reflected also in evaluations of graphene
and its derivatives toxicity for bacterial cells; if, on one side, the use of GO, rGO,
graphene, and composites GO–Ag can be investigated for designing antimicrobial
coatings as pathogens such as Staphylococcus aureus, Escherichia coli, Fusarum
oxysporum, and Aspergillus niger are inactivated by the presence of these materials
[27–31], on the other side this antimicrobial activity has not been observed for both
same and different families of bacteria, such as Shewanella [32–34].

In vivo assessments of contingent negative effects of graphene and its derivatives
are less numerous than in vitro ones; in addition to the already cited study of Wang
et al., the research conducted by Singh et al. on human blood platelets showed for
the first time that intravenous injection of thin GO sheets in mice affects the release
mechanisms of Ca2+ and the activation of Src kinases, this resulting in the for-
mation of aggregates leading to pulmonary thromboembolism. These adverse
effects showed a dependence on surface charge distribution of the material, as they
were mitigated, albeit not completely removed, administrating rGO thin sheets [35].

Similarly to in vitro evaluations, material’s functionalization leads to a modu-
lation of its toxicity, as observed by Sahu et al. [36] studying the effects of
PEGylated GO used as component for injectable hydrogels that resulted to be stable
after administration to mice, without triggering sever toxic reactions.

Granuloma, pulmonary edema and rise of inflammations are reported for intra-
venous injection of GO at the dose of 10 mg/kg in mice, while no pathological
changes of organs were found at 1 mg/kg. Lungs seem to be the preferred target
organ for GO; although this makes it a good candidate for targeted drug delivery, its
difficult excretion might lead, in a long-term scenario, to the same adverse effects
observed for higher doses because of GO retention in lung tissues [37].

2 Biomedical Applications

The remarkable properties of graphene directly derive from its peculiar chemical
structure, in particular its surface easy to functionalize, the ability to adsorb several
aromatic biomolecules, and of being processed in aqueous solutions, their having
both hydrophilic and hydrophobic groups as well as the fluorescence quenching
ability, and make it and its derived nanomaterials extremely interesting for
biomedical applications.

This kind of applications can be divided in four main classes: (1) biosensors,
(2) substrates, coatings and scaffolds for implants and tissue engineering,
(3) biomedical imaging, and (4) drug delivery systems. Here we briefly review
some of the most relevant studies.
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2.1 Delivery Systems

Graphene’s chemical structure and surface area makes it an extremely interesting
material as drug carrier because of the possibility of binding pharmacological
molecules on both sides of the graphene sheet. However, graphene is insoluble in
water and this requires, as first step, the oxidation to its water-soluble form, gra-
phene oxide and the subsequent functionalization with surfactants, mainly PEG, to
avoid the clustering of the material once in contact with biological media.

These aspects were investigated by the group of Dai et al. [20, 21], who syn-
thesized PEGylated nano-graphene oxide (NGO) loaded with Doxorubucin and
SN-38 (7-ethyl-10-hydroxy-camptothecin), two water-insoluble anticancer drugs,
and with an antigen to a specific activated-glycosylated phosphoprotein over
expressed in cancer cells in order to target specifically the latters. Stability of these
systems exhibited a pH-dependency and the efficiency of the SN-38 loaded NGO,
tested on a human colon cancer cell line (HCT-116) resulted to be comparable with
the free SN-38 in DMSO but remarkably more potent than a similar drug, camp-
tothecin (CPT-11), incubated with the same cell line. Furthermore, the intrinsic
photoluminescence of these NGO was used to image living cells in the
near-infrared region (NIR) with very little background.

The pH-dependency highlighted by Dai et al. was investigated by other research
groups, who observed that the increased release of drug molecules, related to their
improved solubility for lowered pH, might eventually lead to a controlled release of
the drugs themselves into lysosomes once the system “drug-carrier” is internalized
in cells by endocytosis [38–40].

Binding GO, covalently functionalized with sulfonate groups, to folic acid
(FA) allows the specific targeting of human breast cancer cells (MCF-7), as they
express FA receptors; exploiting this specificity, Zhang et al. [41] demonstrated that
FA–GO loaded with a controlled mix of CPT and Doxorubicin efficiently targets
only cells expressing FA receptors and that it is more toxic to MCF-7 cells compared
to FA–GO loaded with only a single drug. FA–GO has been also tested as carrier for
Ce6, a photosensitizer used in photodynamic therapy; results of in vitro studies
demonstrated that incubating human stomach cancer cell lines (MGC803) with FA–
GO–Ce6 and then irradiating them significantly affects viability of cells [42].

Thanks to their strong optical adsorption in the NIR region, graphene and its
derivatives have also been investigated as agent for photothermal therapy. Hu et al.
[43] synthesized and tested in vitro a quantum-dot-tagged rGO nanocomposite
(QD-rGO) covalently bonded with FA to be used for both cell/tumor bioimaging
and photothermal therapy of MCF-7 cells, observing a selective uptake of QD-rGO
in the targeted cells and their consequent death following 4 min of irradiation at
808 nm. Zhang et al. [44] explored the simultaneous use of PEGylated nano-GO as
photothermal agent and as Doxorubicin carrier, thus obtaining a nanocomposite
able to deliver both a chemotherapic agent and heat. This nanocomposite was tested
in vitro on a murine cancer cell line (EMT6) and in vivo on a Xenograft tumor
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mouse model, and it resulted to be more efficient than the two therapies singularly
applied, leading to a complete destruction of tumors without any recurrence.

GO was also investigated for gene delivery and for the combined delivery of
drugs and gene; Bao et al. [45] reported the use of chitosan-functionalized GO as a
carrier to separately deliver CPT and pDNA into human liver and cervical cancer
cell lines (HepG2 and HeLa cells), while Zhang et al. [46] designed polyethylen-
imine (PEI) functionalized GO loaded with Doxorubicin and short interfering RNA
(siRNA) which, inhibiting the protein expression of targeted proteins, might
overcome the problem of multiple drug resistance of cancer cells.

2.2 Bioimaging

Given their intrinsic photoluminescence in the VIS and in the IR spectral regions,
graphene-based materials have been investigated to image living cells and several
biomolecules inside living cells in the NIR via fluorescence, magnetic resonance
(MRI), and positron emission tomography (PET) imaging.

Hong et al. [47] covalently functionalized nano-GO with a specific monoclonal
antibody (TRC105) binding a vascular marker for tumor angiogenesis (CD105) and
investigated its tumor targeting efficacy and pharmacokinetics in an in vivo model of
murine breast cancer using PET and biodistribution studies. Results showed that
nanocomposites are mainly excreted through renal and hepatobiliary pathways and
that TRC105-GO effectively targets the tumor, this suggesting the possible use of
this nanocomposite as combined agent for photothermal therapy and drug delivery
system.

The use of composites of GO and dextran-coated iron oxide nanoparticles
(Fe3O4-GO) as T2-weighted contrast agent for MRI has been reported by Chen et al.
[48], who also highlighted that these composites exhibit significantly enhanced
cellular MRI signal.

Several research groups focused their attention on photoluminescence of gra-
phene quantum dots (GQDs) and on how different preparation methods and surface
functionalization can affect it. Peng et al. [49] obtained 1–4 nm sized GQDs by
chemical exfoliation and acid treatment of carbon fibers, modulating the color of
their photoluminescence by changing the temperature of the reaction.
Green-photoluminescent GQDs were tested in vitro on human breast cancer cell
lines and obtained results showed that GQDs can be used in high contrast
bioimaging applications (Fig. 2).

Blue-fluorescent amino- and carboxy-functionalized GQDs were obtained by
hydrothermal cutting of graphene sheets in presence of ammonia and/or water
solutions [50, 51]; yellow-fluorescent GQDs were electrochemically synthesized by
graphite rods and their uptake and toxicity were tested on three different kinds of
stem cells—pancreas and cardiac progenitor cells (PPCs and CPCs), and neuro-
spheres cells (NSCs)—observing that these GQDs can easily be internalized by
cells without affecting their viability [52].
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GO nanosheets, combined with DNA/RNA aptamers, were used as sensing
platform for simultaneous, selective, and in situ detection of nucleotides involved in
the regulation of several biological reactions, such as adenosine-5′-triphospahte
(ATP) and guanosine-5′-triphosphate (GTP) [53]. This kind of detection is possible
because no hydrolysis of ssDNA by deoxyribonuclease (DNase) has been reported,
this suggesting that, once adsorbed onto the surface of GO, ssDNA is protected
from enzymatic digestion [54].

Fig. 2 Phase contrast picture (a) and fluorescent images (b–d) of human breast cancer cells
incubated with green graphene quantum dots (GQDs). Nuclei are stained in blue (DAPI) and
GQDs have green fluorescence; panel d shows the overlay of panels b and c. Reproduced with
permission from [49]. © 2012 American Chemical Society
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2.3 Biosensors

Accordingly with the IUPAC definitions, a chemical sensor is a

a device that transforms chemical information, ranging from the concentration of a specific
sample component to total composition analysis, into an analytically useful signal.
Chemical sensors contain usually two basic components connected in series: a chemical
(molecular) recognition system (receptor) and a physicochemical transducer. Biosensors are
chemical sensors in which the recognition system utilizes a biochemical mechanism. [55]

Graphene, thanks to its excellent electrochemical properties, seems to be a
promising material to be used in electrodes for detecting biomolecules.

Given the intrinsic fluorescence of GO from NIR to UV wavelengths [56], this
material found use in the fabrication of fluorescence resonance energy transfer
(FRET) sensors mainly interfaced with single-strand DNA (ssDNA), as the inter-
action between GO surface and the exposed bases leads to a strong adsorption of
ssDNA to material surface. In this way it is possible to detect and quantify multiple
ssDNA, as well as microRNA and double-strand DNA (dsDNA) [57–59]. A device
composed by Silver nanoparticles as acceptor and GO, chemically treated with n-
butylamine, as donor in a FRET sensor was developed and used to optically detect
DNA, glutathione, cysteine, and immunoglobulin G [60].

So far, GO FRET biosensors have been used to detect a broad variety of bio-
molecules, such as insulin [61], proteins [62], and nucleotides [63], as well as metal
ions [64, 65].

CVD-grown graphene was exploited in field effect transistor (FET)-based
biosensors for detection of nucleic acids, growth factors and proteins [66, 67]; Loh
et al. designed a graphene sensor integrated with microfluidic flow cytometry in
order to detect red blood cells infected by malaria [19].

Wang et al. [68] developed a graphene modified electrode to be used for
selective detection of dopamine, overcoming the limitations of the simultaneous
presence of ascorbic acid, whose oxidation potential is quite close to that one of
dopamine. A similar graphene/Pt-modified glassy carbon electrode was designed
and successfully tested to simultaneously detect dopamine, ascorbic acid and uric
acid by Sun et al. [69]. This electrode was compared to only glassy carbon and to
only graphene electrodes, and it resulted to provide better measurements of current
and potential both using cyclic and differential pulse voltammetry.

2.4 Substrates, Scaffolds and Tissue Engineering

As other nanomaterials [70, 71], graphene and its derivatives have been used as
substrates and scaffolds for differentiation of stem cells and antibacterial effects, as
well as for culturing primary mammalian cells. Park et al. [72] reported an enhanced
neuronal differentiation of human neuronal stem cells (hNSCs) grown on graphene
films and measured the neural activity of these cultures using the graphene film
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itself as a stimulating electrode. A similar result was reported by Wang et al. [73],
who observed that bone marrow derived mesenchymal stem cells (MSCs) cultured
on fluorinated graphene showed neuron-like morphology with visible neurite pro-
trusions and that they expressed neuronal gene markers.

Chen et al. [74] cultured induced murine pluripotent stem cells (iPSCs) on
graphene and GO substrates, observing not only that both materials support iPSCs
culture and allow for spontaneous differentiation into ectodermal and mesodermal
lineages, but also that different substrates lead to distinct cell proliferation and
differentiation characteristics. In particular, iPSCs proliferate and differentiate at a
faster rate on GO than the control and the graphene condition.

The reasons of these enhanced growth and differentiation of stem cells on gra-
phene and GO were investigated by Loh et al., who demonstrated that both gra-
phene and GO act as preconcentration platforms for accelerated stem cell growth
and differentiation through molecular interactions with growth agent [75].

3 Graphene in the Neurosciences

Their nanoscale dimensions, similar to those ones of the central nervous system
(CNS), make nanomaterials ideal candidates for applications in neurosciences, and
this drove researchers to investigate them (a) for developing both stimulating and
sensing technologies to be interfaced with brain tissue and/or nerve cells to repair
the brain on its own scale, (b) for refining brain imaging, (c) as a helpful tool in
neurosurgery, and (d) for improving noninvasive diagnosis techniques allowing
direct access to the CNS.

Graphene and its derivatives, as well as other C-based nanomaterials, has
attracted great interest for applications in Neurosciences thanks to their chemical
stability and electrically conductive properties. Three are the major applications:
(a) as substrates and 3-D scaffold for neural growth, (b) as material for coating the
electrodes of micro electrode arrays (MEAs), and (c) as material used for field effect
transistors (FETs).

3.1 Graphene for Extracellular Stimulations
and Recordings of Neuronal Activity: MEAs and FETs

Substrate-integrated microelectrode arrays (MEAs) are devices consisting of
metallic electrodes (e.g., made of Pt, Au, and titanium nitrate) embedded in a planar
substrate. Such devices allow the study of neuronal physiology, pathology and
circuit-connectivity, both in vitro and in vivo, through extracellular recordings of
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neuronal activity. This methodology, though offering several advantages, such as
the simultaneous detection of extracellular field potentials in a completely nonin-
vasive way as well as the possibility of studying the very same neuronal networks
over weeks and even months, is not (yet) able to detect synaptic potentials gen-
erated by single cells [76], and it has also to meet specific requirements, such as
high spatial resolution, large signal-to-noise ratio (S/N), large charge injection
limits, and great biocompatibility. If designing MEAs with smaller electrodes leads
to improved spatial resolution, on the other hand this decreases the injected charge
limits and worsen the S/N ratio, as a consequence of the reduced electrode’s surface
exposed to the electrolyte or to neuronal cell membranes. It is thus clear that the
unique electrical properties of graphene make it a very interesting and promising
material for the design of a novel class of (micro)electrodes whose use is not merely
confined to electronic and material sciences applications [77–81].

An easy and relatively cheap technique to fabricate graphene-MEAs from a
CVD-grown graphene films, deposited on quartz substrates, on which Au/Ti
electrodes were patterned by lithography was developed by Du et al. [82]; such
devices resulted to have good transparence and a S/N ratio comparable with that one
of commercially available MEAs made of other materials and they were used to
successfully detect extracellular spontaneous activity of cortical rat neurons from 14
to 40 days in vitro. Interestingly, once cleaned by means of conventional tech-
niques (i.e., via mechanical washing and/or enzymatic digestion), graphene-MEAs
exhibited a slightly higher value of impedance with respect to the value before their
use, this indicating a long-term stability of the devices.

Another fabrication method has been recently proposed by Koerbitzer et al. [83],
who deposited a film of CVD-grown graphene on Gold and on Silicon Dioxide
substrates to evaluate how graphene coating can influence the performance of,
respectively, conductive yet opaque and not conductive yet transparent electrodes.
Results of characterization of these devices showed that, when deposited on Au
electrodes, graphene does not significantly modify the electrochemical properties of
the electrodes themselves while, when deposited on SiO2, it improves charge
injection capacity so that these electrodes display performances comparable to those
of TiN electrodes. These MEAs also showed good cell adhesion properties and
biocompatibility, as they were used to culture cryoconserved embryonic cortical rat
neurons for several weeks; however, the ability of these devices to detect extra-
cellular signals remains an open question, as authors did not perform recordings or
stimulation of the electrical activity in neuronal networks.

The possibility of designing transparent and flexible graphene-MEAs is extre-
mely intriguing, as it might open new horizons in the investigation of electrical
properties of populations of neurons such as the simultaneous optical imaging,
optogenetic modulation and electrophysiological recordings. Park et al. [84], for
instance, developed an implantable graphene-based, carbon-layered electrode array
(CLEAR) allowing high-resolution neurophysiological recordings. Characterization
of these MEAs by means of cyclic voltammetry and electrical impedance
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spectroscopy revealed a slightly higher impedance value, compared to conventional
Pt microelectrodes arrays, which is thought not to affect recordings of neuronal
activity, and similar CV curves were observed for the CLEAR device and Au
microelectrodes. Efficiency of these CLEAR MEAs was then tested in vivo, by
implanting them in both mice and rats, in comparison to conventional Pt devices;
results show that CLEAR MEAs allow to record neuronal signals without differ-
ence from Pt MEAs, but with the significant advantage to allow optogenetic
stimulation, as well as fluorescence and OCT imaging, directly through the elec-
trode sites, made possible thanks to graphene transparency (Fig. 3).

Similar transparent devices were developed by transferring undoped or nitric
acid-doped graphene grown by CVD onto flexible polyimide substrates, previously
patterned with Au contacts, and single electrodes (doped and undoped graphene:
50 � 50 lm2; Au: 500 � 500 lm2) were tested for in vitro recordings from brain
slices and in vivo electrocorticography recordings. Graphene and doped graphene
electrodes showed lower impedances than Au electrodes, especially for frequency
lower than 1 kHz, and they allowed in vivo recordings of neural activity with high
S/N ratio, as well as calcium imaging in hippocampal slices by both two-photon and
confocal microscopy [85].

Heo et al. [86] had also investigated the use of graphene for in vitro or in vivo
stimulator devices; their research led to the design of a graphene/PET film to test
the effects of non-contact field stimulations on cell-to-cell coupling. The electrical
stimulation delivered through this film, whose biocompatibility and suitability for
cell proliferation were demonstrated, affected the regulation of cytoskeleton protein

Fig. 3 In vivo cortical vasculature images through CLEAR device. Bright-field (a, c) and
fluorescence (b, d) images of CLEAR device implanted on the cerebral cortex at different
magnifications; scale bars 500 nm (a, b) and 250 nm (c, d). Bright-field (e) and fluorescence
(f) images of standard micro-ECoG arrays; scale bars 750 nm. Reproduced with permission from
[84]. © 2014 American Chemical Society

202 A.M. Monaco and M. Giugliano



related to cellular mobility, such as actin, this reflecting in morphological changes
in cellular edges.

FETs are another kind of arrays used to record electrical activity of tissue and
electrogenic cells and, if on one side they offer some advantages with respect to
MEAs (i.e., easier fabrication of high-density structures, intrinsic amplification and
better S/N ratio for structures of similar dimensions), on the other side they present
the relevant setback of low stability of Silicon (their major component) in aqueous
solutions, as well as the sharp edges and poor flexibility of crystalline structures
needed in order to achieve a high S/N ratio; these drawbacks thus set limitations to
the use of such devices for in vitro, but especially for in vivo, investigations [87–89].

Graphene, by virtue of its extraordinary electrical and optical properties and
chemical stability, has attracted the interest of many researchers working in this
field, and this led to the design and development of flexible graphene solution-gated
FETs (graphene-SGFETs) with better gate sensitivity than common FETs and
interesting S/N ratio, that were successfully used to record action potentials in
electrogenic cells [78, 90, 91].

3.2 Graphene and Neuronal Growth: Neural Stem Cells

As shown in the previous paragraph, several studies have demonstrated that gra-
phene and its derivatives enhance, though in a nonspecific way, cellular growth and
the differentiation of different kind of stem cells—such as human neural stem cells
(hNSCs) and mesenchymal stem cells (MSCs)—into neurons.

The important role of substrate’s surface chemistry in the differentiation of MSCs
into neurons has been investigated by Wang et al. [73], who reported stronger
polarization and higher proliferation of MSCs seeded on fluorinated graphene
substrates. This specific surface functionalization of graphene-induced morpholog-
ical changes and promoted the differentiation of MSCs into neurons both in presence
and in absence of neuron-inductive chemical inducers, such as retinoic acid.

Akhavan et al. [92] compared the contingent effects of GO and rGO, reduced by
both conventional hydrazine-based and by an innovative green ginseng-based
methods, on hNSCs; they highlighted a better attachment and a higher proliferation
for cells grown on GO and ginseng-rGO when compared with both control and
hydrazine-rGO condition, probably due to the higher presence of Oxygen group on
the surface of ginseng-rGO and GO. Moreover, 3 weeks after the induced differ-
entiation of hNSCs, by means of culture medium lacking growth factors, cells
grown on rGO, and especially on ginseng-rGO, displayed significant morphological
differences. These results seem to be related to the rGO higher capability for
electron transfer and to the already mentioned higher hydrophilicity, and thus to a
better biocompatibility, of GO and ginseng-rGO.
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The same research group has also investigated the differentiation of hNSCs on
GO nanogrids deposited on a substrate made of TiO2 nanoparticles over a film of
SiO2 [93], on rGO/TiO2 heterojunction films [94] and on GO and rGO films
deposited by drop casting onto quartz substrates [95]. The particular design of these
substrates, as well as their post-synthesis treatments, allowed for their use as bio-
compatible flash photo stimulators for effective differentiation of hNSCs into
neurons, which led to a more differentiation of hNSCs into neurons than glia, and to
a more pronounced increase in cell growth and alignment along the geometrical
pattern of the nanogrids. It has also been observed that, after pulsed laser stimu-
lation, cells grown on rGO-coated substrates exhibit the self-organization of neu-
ronal networks by elongation of the differentiated cells in the radial direction,
probably due to the higher thermal conductivity of rGO (with respect to only quartz
and GO-coated quartz substrates) that might induce on rGO surface, by thermal
gradient, a sort of radial stress originating from the center of the laser spot.

Enhanced neuronal differentiation has been also reported by Solanki et al. [96]
(Fig. 4), who designed a substrate composed by positively charged 300 nm Silica
nanoparticles, known for promoting axonal growth for neuronal cultures in vitro,
coated by GO nanosheets, because of the presence of Oxygen groups on GO
surface. hNSCs were seeded on (a) glass (control condition), (b) only Silica NPs
substrates, (c) only GO-coated substrates, and (d) on GO–silica nanoparticle (SiNP–
GO) and the differentiation was induced; while in the first 5 days axons growth was
randomly directed in all the substrates, from the sixth day hNSCs on GO and on
SiNP–GO displayed an aligned axonal growth not observed in the other two
conditions. 14 days after the induced differentiation, cultures on SiNP–GO were
characterized by a higher average length of the axons compared to control condition
(about 20 %) and to only GO one (about 10 %). Moreover, hNSCs differentiated on
SiNP–GO substrates showed the highest expression levels for neuronal markers.
These results are due exclusively to the unique chemical structure of GO, as they
were not observed for hNSCs grown on Molibdenum disulfide (MoS2), a
two-dimensional material with physical structure similar to GO.

Tang et al. [97] demonstrated that culturing neural stem cells on CVD-grown
graphene films leads not only to morphologically healthy, but also developed and
active neuronal networks. Using both calcium imaging and whole cell patch clamp
recordings, authors observed that cells grown on graphene films (a) exhibit higher
frequency of Ca2+ basal oscillations and (b) generate both spontaneous (sPSCs) and
miniature postsynaptic currents (mPSCs), hallmark of network’s normal activity
and of synapse formation, with higher frequency and, only for sPSCs, higher mean
current peak amplitude, with respect to the control condition. These results, though
not shedding light on the mechanisms responsible for these observed features,
suggest that graphene affects synaptic contacts, presynaptic events, and postsy-
naptic features.
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Fig. 4 a Scanning electron microscopy images of differentiated hNSCs on GO and SiNP–GO;
axons are clearly aligned on GO and SiNP–GO, contrary to what is observed for control condition;
scale bar: 10 lm. b MTS assay results showing GO and SiNP–GO biocompatibility. Reproduced
with permission from [96]
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Another interesting result has been recently published by Kim et al. [98], who
reported the neurogenesis of hMSCs even in absence of any external neurogenic
factors. Authors considered this “spontaneous” neurogenesis to be due to the
enhanced formation, on graphene substrates, of three-dimensional clusters of
hMSCs that, by mimicking an in vivo-like situation, might promote the secretion of
cytokines and chemotaxic factors. This hypothesis seems to be confirmed by the
fact that no remarkable differences were found for the body and nuclei shapes of
hMSCs grown on glass and graphene-coated substrates, thus suggesting that
graphene has a specific, yet still unclear, effect on the formation of these 3D
spheroid structures and on the regulation of the growth and the neural differentia-
tion of hMSCs.

The importance of developing innovative methods that, overcoming limitations
of conventional cell culturing techniques leading to 2-D networks, allow the for-
mation of 3-D neuronal networks where cells exhibit closer features to the complex
in vivo conditions in terms of network morphology and gene expression, is at the
basis of the work of Li et al. [99], who designed a 3-D graphene foam scaffold for
neural stem cells. Such a scaffold resulted to be not only an extremely good sub-
strate for cell proliferation and adhesion, allowing the formation of 3-D neural
networks, but also to be able to up-regulate the expression of a protein, Ki-67,
associated with cellular proliferation. Furthermore, the electrochemical properties of
these scaffolds were investigated by cyclic voltammetry, in order to test the pos-
sibility of using them as neural stimulation electrodes; 3-D graphene foam scaffolds
exhibited an increased electrical stimulation via a capacitive charge injection when
compared conventional graphene film electrodes, probably due to the larger specific
surface area of the 3-D scaffolds themselves.

3.3 Graphene and Neuronal Growth: Primary Neuronal
Cultures

One of the first papers reporting on successful use of graphene films, synthesized by
CVD, for culturing murine hippocampal neurons is that one of Li et al. [100]; in this
works it was observed that cells viability is not altered by the presence of the
graphene, that neurons grown on graphene films exhibit similar density and mor-
phology with longer average length of neurites, when compared with control
condition. Furthermore, it was also found an overexpression of the GAP43 protein,
associated with neurites growth; authors hypothesized that this improved neurites
sprouting and, consequently, the GAP43 overexpression might be due to both the
nanoscale morphology of graphene films and to its high electrical conductivity.

As already highlighted, graphene’s unique conductive properties make it one of
the best candidates for interfacing with electroactive cells, as several physiological
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functions involve electrical or charge transfer. This aspect was studied by Zhou
et al. [101], who coated poly-e-caprolactone (PCL) nanofibrous scaffolds with a
graphene layer-by-layer self-assembly, in order to obtain electronically conductive
tridimensional architectures with specific surface chemistry, that were successfully
used as 3-D scaffolds for neuronal growth in vitro.

Sahni et al. [102] investigated the biocompatibility of CVD-grown graphene
films interfaced with neuronal cultures, in terms of viability and of neurites out-
growth of cortical neurons on bare, graphene- and poly-D-lysine (PDL)-coated
plastic polymer dishes. Remarkable differences were found in neuronal viability,
higher on graphene and PDL substrates than in the bare ones, in their adhesion on
graphene films, probably due to Van der Waals forces between the material surface
and cell membranes, as well as in neuronal morphology, with neurons cultured on
graphene displaying more linear dendritic structures compared to the other two
conditions.

In order to investigate the properties of smaller isolated neuronal networks, both
in terms of cell morphology and electrical properties, neurons can be forced to grow
on an ordered pattern, obtained by a variety of techniques and using several
materials and/or proteins to be patterned on the substrates. Results obtained by
Lorenzoni et al. [103], place themselves in this very context: CVD-grown graphene
deposited on glass and on silicon wafers were irradiated by single KrF excimer laser
pulses to obtain series of stripes with higher surface roughness than the underneath
glass, exposed by the laser, length of 800 lm and width variable from 30 to 60 lm,
that were used, after coating with poly-D-lysine, to culture primary hippocampal
embryonic neurons. After 7 days in vitro, neurons were found to grow and develop
only on the graphene stripes, showing a healthy morphology despite the formation
of cell clusters, and stayed healthy up to 3 weeks (Fig. 5).

Another confirmation that graphene can be used as a nontoxic material for
interfacing neurons comes from the work of Bendali et al. [104], who successfully
cultured retinal ganglion cells (RGC) on glass coverslips, CVD-grown graphene
transferred on sapphire substrates and sapphire substrates, either bare or coated with
laminin and poly-D-lysin. Interestingly, retinal neurons were found viable, after
6 days in vitro, on both bare and peptide-coated graphene, though a statistically
significant reduction in the number of viable cells, as well a slight difference in cells
size, were observed for cells grown on bare graphene when compared to
peptide-coated substrates. Nevertheless, authors concluded that the observed
experimental evidences indicate that RGC can grow and survive on bare graphene,
though, in this condition, cells head for aggregation and formation of neurites
bundles, as confirmed by the fact that cell processes resulted to be ticker on
uncoated sapphire and graphene.

Luo et al. [105] designed and synthesized a biocompatible conducting
polymer-based nanocomposite through the electropolymerization of poly
(3,4-ethylene dioxythiophene) (PEDOT) in the presence of GO as dopant agent,
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and used these PEDOT/GO films as substrates for neuronal growth, reporting no
remarkable toxic effects and the development of neuronal networks with signifi-
cantly longer neurites than control condition, even in absence of protein commonly
used to increase cell adhesion.

As mentioned above, surface functionalization of graphene and C-based nano-
materials in general improves their biocompatibility; when it comes to neurons, this
is not the only effect of chemically modifying graphene surfaces, as shown by Tu
et al. [106]. In their study, they demonstrated that adhesion and outgrowth of
neuronal cells, seeded onto graphene substrates, feel the effects of surface charges;
rat hippocampal neurons were grown on carboxylated GO (GO–COOH) as control
condition with negative surface charge, and on GO–COOH whose surface had been
functionalized with three different functional groups: (a) methoxy (–OCH3), with
almost neutral surface charge, (b) amino (NH2), with positively charged surface,
and (c) poly-m-aminobenzene sulfonic acid (–NH2/–SO3H, PABS) which resulted
to be zwitterionic. After 7 days in vitro, almost the 90 % of neurons were still
viable on all the four substrates and neurons cultured on amino functionalized GO
substrates showed a greater number of branches per neurite and of neurites per
neuron, as well as a longer length of neurites, even without exhibiting relevant
differences in cell morphology. However, it is difficult to comment these findings in

Fig. 5 Wide field transmission images of neurons seeded on different substrates: a bare
glass/graphene (no neural network development observed); b PDL coated glass/graphene
substrates (presence of neural networks). In c–e neural networks oriented along line patterns.
Reproduced with permission from [103]
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terms of contingent applications of these substrates as scaffolds and/or as electrodes
material for neural stimulation, given the lack of a direct comparison with the
conventional control conditions, such as glass or plastic culture substrates.

One of the key questions when novel materials are interfaced with neural cells
for future translational applications is whether these materials allow the formation
of fully developed and active neural networks. In this framework, we investigated
the properties of GO and rGO as substrates for neuronal growth, with a particular
attention to their biocompatibility and to the contingent alterations of the electrical
properties of neurons and networks; we observed that, though no remarkable dif-
ferences were found for the percentage of living cells of out the total across the
three conditions, the total density of neurons grown on GO was reduced to almost
the 35 % of the initial seeding density, while it was almost the 50 % for both
control and rGO conditions. We explained this difference taking into account the
fact that although GO, being atomically rougher than rGO, should promote neu-
ronal adhesion, its superficial charge is more negative than rGO, and this aspect
might have been then predominant, under our culture conditions. We also reported
that both passive (i.e., input resistance; membrane capacitance, time constant, and
resting potential) and active (i.e., action potential threshold; the peak of AP
amplitude) neuronal properties did not significantly differ across the three condi-
tions, with the only exception of the AP width at half amplitude that was slightly,
yet significantly larger, on GO and rGO, compared to control; this can be attributed
to differences in ionic channels expression, (e.g., KV), as their density and mem-
brane distribution are known to affect AP shape. Furthermore, neurons grown on
GO and rGO substrates exhibited a slightly higher spontaneous activity than control
conditions, thus suggesting an earlier formation of synaptic connections or a
stronger synaptic connectivity; this enhanced activity can be explained in terms of
increased length and number of neurites, as previously reported, and in terms of the
efficacy of excitatory synaptic connections and their number [107].

Similar results in terms of viability and ability of developing functional neuronal
networks have been recently reported by Fabbro et al. [108], who grown hip-
pocampal neurons on graphene substrates obtained by ball milling or liquid phase
exfoliation of graphite. Such substrates resulted to be inert neuron-interfacing
materials and they supported the development of neuronal networks in absence of
any protein or polymer promoting adhesion; however, no perturbation of neuronal
network synaptic performances has been observed with respect to control condition.
Differences in impact on neuronal activity between graphene and CNTs might be
due, according to the authors, to morphological differences between the two
materials, especially in terms of their roughness which is, for CNTs, significantly
higher (Table 1).
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4 Conclusions

In this review, we highlighted the reasons why graphene and its derivatives have
gained more and more importance in the very last few years in the context of
biomedical applications; we reviewed their most important applications, with a
particular emphasis on the field of neuroscience given their intriguing affinity for
neuronal interfacing.

As we showed, interesting and extremely promising results have already been
achieved, yet additional research is needed in order to shed light on the mechanism
underlying the coupling between these materials and living cells, thus allowing for
the design and development of smart engineered materials, specifically tailored for
the system they will interact to, to be used in advance applications in the fields of
neuroscience and neuroprosthetics.
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Stimulus Responsive Graphene Scaffolds
for Tissue Engineering

Sofia S. Almeida, André F. Girão, Gil Gonçalves, António Completo
and P.A.A.P. Marques

Abstract Tissue engineering (TE) is an emerging area that aims to repair damaged
tissues and organs by combining different scaffold materials with living cells.
Recently, scientists started to engineer a new generation of nanocomposite scaffolds
able to mimic biochemical and biophysical mechanisms to modulate the cellular
responses promoting the restoration of tissue structure or function. Due to its unique
electrical, topographical and chemical properties, graphene is a material that holds a
great potential for TE, being already considered as one of the best candidates for
accelerating and guiding stem cell differentiations. Although this is a promising
field there are still some challenges to overcome, such as the efficient control of the
differentiation of the stem cells, especially in graphene-based microenvironments.
Hence, this chapter will review the existing research related to the ability of gra-
phene and its derivatives (graphene oxide and reduced graphene oxide) to induce
stem cell differentiation into diverse lineages when under the influence of electrical,
mechanical, optical and topographic stimulations.

Keywords Differentiation � Graphene � Scaffold � Stem cells � Stimulation �
Tissue engineering

1 Introduction

Recent developments of medicine and technology have led to an outburst of
research on regenerative medicine allowing the emergence of new and enhanced
biomaterials with the potential to fully heal damaged tissues and organs. Primary
studies were focused on skin equivalents for treating burns but with the increasing
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needs of medicine, different tissue types started to be engineering such as bone,
blood vessels, liver, muscle and nerve conduits [1]. Today, research is focused more
significantly in stem cell technologies. The capacity of these cells to self-renew and
generate differentiated progenies gives them the ability to treat numerous diseases
and injuries all over the body [2]. For improved results in this field it is essential to
use substrates that enable cell attachment, proliferation and differentiation [3, 4].
Indeed, materials that are able to initiate, stimulate and sustain the series of complex
events that lead to cell differentiation produce more favourable results when
implanted in the human body [2, 5]. The design of scaffolds is therefore vital for
cells to proliferate, differentiate and eventually generate the desired tissue [6].
According to the literature, the choice of the material and consequently scaffold’s
mechanical properties has a direct impact in tissue formation by inducing cell
differentiation into the desired phenotype through mechanotransduction [6, 7]. For
that reason, it is important to use materials that possess intrinsic characteristics for
sustaining cell growth and inducing differentiation which may possibly lead to
important progresses in stem cell research.

Graphene is a single-atom thick sheet of hexagonally bonded carbon atoms
arranged in a two-dimensional (2D) honeycomb structure with unique electronic,
physical, chemical and mechanical properties, including high electrical conduc-
tivity, elasticity and high molecule absorption [8, 9]. Presently considered the
thinnest, strongest and stiffest material [10], graphene is leading to numerous
promising advances in fundamental science, especially in nanobiology and nano-
medicine [11]. Moreover, this material has a great potential to improve the per-
formance of a broad range of biomedical devices since it is highly biocompatible,
has low toxicity [12, 13] and exhibits low inflammatory responses [14].
Furthermore, graphene and its derivative, graphene oxide (GO) have the capability
of being easily functionalized [15], which has made them popular in several fields
of biomedical engineering including anti-bacterial [16], viral [17] and parasitical
applications [18] as well as bioassays [19], biosensors [20], cancer cell targeting,
imaging and therapy [21–25] and stem cell-based tissue engineering (TE) [25–27].
As a result, graphene-based materials are now receiving increasing attention in the
field of TE [26]. Many researchers have already proposed graphene as one of the
best candidates for accelerating and guiding stem cell differentiations into specific
lineages [28]. In fact, its exceptional properties led graphene to be considered as a
powerful platform that not only allows stem cell attachment and growth but also
enhances the differentiation of stem cells into specialized cells [29]. It has already
been demonstrated that graphene is an effective substrate to promote the adherence
of human osteoblasts and mesenchymal stromal cells [30], to stimulate osteogenic
[31], myogenic [32] and neuronal [33] differentiation of human mesenchymal stem
cells (hMSCs) and to induce the differentiation of neural stem cells (NSCs) in
three-dimensional (3D) porous structures [34].

However, despite of the significant developments in applications using
graphene-based materials, the stem cell-based TE using graphene is still a field of
science that is not entirely mastered, in particular the efficient control of the dif-
ferentiation of stem cells into specific cell types of interest, especially in

220 S.S. Almeida et al.



graphene-based microenvironments [35]. Additionally, because it is possible to use
stimuli to control stem cells’ physiological activities, such as its viability, division,
migration and differentiation [36–40], graphene has recently been investigated as a
template and/or electrode for inducing stem cell differentiation under various
stimulation types.

Therefore, in the following, the capacity of graphene-based materials to induce
stem cell differentiation when under the influence of various stimulations (including
electrical, mechanical and chemical) will be revised.

2 Graphene Substrates as Platforms for Directing Cellular
Differentiation: From 2D to 3D

Scaffolds play a very important role in the success of TE, since they are able to not
only provide cell support and attachment, by acting as a biomimetic structure, but
also to modify cellular responses over time and to supply growth factors and drugs
[41]. For the fabrication of an ideal scaffold several parameters should be taken in
account, such as the mechanical strength so that it can support the predesigned
tissue structure, porosity, absence of toxicity, ability to transport oxygen, provision
of attachment sites for cells, provision for nutrients and biodegradability [42].
Although the use of 3D scaffolds is the most common stem cell culture method in
TE [43], the use of 2D constructs can also be very advantageous, since, for
example, the smart layering of 2D sheets can facilitate the creation of a more
organized structure allowing a more appropriated cell placement.

The fabrication of 2D graphene templates is usually accomplished by two main
methods [29]. First, by the chemical vapour deposition (CVD) method [44], in
which thin graphene sheets are produced. For allowing the enhancement of gra-
phene’s excellent features, including its electrical conductivity and mechanical
properties, the fabrication of 2D graphene scaffolds by this method led researchers
to start to see graphene as a potential material for TE applications. Alternatively, 2D
graphene constructs can be fabricated through the chemical exfoliation of graphite
[45], which allows the production of GO and reduced graphene oxide (rGO) sheets.
In this case, it is essential to perform the exfoliation appropriately once it was
already demonstrated in previous works [28] that the surface chemistry of graphene
determines the surface adhesion properties, which can directly lead to the increasing
or decreasing of cells’ proliferation and differentiation. In fact the lack of stan-
dardization of graphene-based materials remains a significant problem for the
reproducibility of the results, ion since the several methods reported for the pro-
duction of graphene sheets can have, as final products, materials with different
number of layers and/or chemical groups, affecting the behaviour of cultured stem
cells in a different manner [46]. Many researchers have already demonstrated that
the use of graphene as a 2D scaffold has a great potential to enhance the prolif-
eration and differentiation of a vast number of cells [32, 34, 47–49]. However, for a
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successful in vitro implementation of stem cell differentiation systems, the use of
2D scaffolds may not be always sufficient, since effective differentiation requires
appropriated features such as a suitable topography with cell growth channels as
well as the natural synergistic effects of cell-to-cell and cell-to-extracellular matrix
(ECM) interactions that can only be assured by 3D systems [43]. In addition, their
high heterogeneity, limited scalability and low reproducibility are making 2D
scaffolds a more less attractive system when compared with 3D ones since they are
not entirely compatible with the development of in vitro models that accurately
simulate the native stem cell niche [34].

Concerning the importance of the topographic cues for cells behaviour reported
above, the effects of graphene-based polymer composites in the form of 2D and 3D
scaffolds on the biological response of osteoblasts were investigated by Kumar et al.
[50]. As shown schematically in Fig. 1, first, the authors fabricated the scaffolds by
incorporating 1 % (wt/wt) of GO and rGO in polycaprolactone
(PCL) nanocomposites, being that the 2D substrates were circular discs (5 mm
diameter and 30.5 mm height) prepared by compression moulding, whereas the 3D
macroporous scaffolds were prepared by the salt leaching method. Then the cells
were cultured on both 2D and 3D substrates and biological studies were performed
in order to observe cells’ behaviour. They demonstrated that there is in fact a
difference in the cellular responses obtained by the two different substrates. They
found that the cells tend to organize into aggregates in 3D scaffolds in contrast to
2D ones where cells tend to spread and become randomly distributed.

As a result, the use of 3D scaffolds in TE is becoming a more popular method for
stem cell culture, since it not only allows a substantial improvement of stem cell
viability and function but also because it is a method that has higher efficiency,
consistency and predictability [43]. Although graphene has proved to have a great
potential in this field it is still a very recent material, meaning that there is a limited
number of studies related with 3D graphene structures. However, its exceptional

Fig. 1 Preparation of planar 2D and porous 3D PCL/graphene composite and schematic
representation of in vitro osteoblast response on 2D and 3D scaffolds. Reproduced with permission
[50]. © 2015 WILEY PERIODICALS, INC
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properties are exciting more and more the scientific community to develop further
methods in order to provide 3D graphene scaffolds with several topographies.

Primary attempts for the fabrication of 3D graphene structures were reported by
Chen et al. [51] in which they performed the direct synthesis of 3D foam-like
graphene macrostructures using the CVD method, allowing the production of thin
films named by them as graphene foams (GFs) (Fig. 2).

This was an important step in graphene’s research since it excited the devel-
opment of more studies using 3D graphene scaffolds in the field of TE, in particular,
the investigation of the ability of this graphene structures to regulate cell behaviour
and induce stem cell differentiation. Consequently, Crowder et al. [31] investigated
the use of 3D GFs as cell culture substrates for the evaluation of its capacity to
promote osteogenic differentiation of hMSCs. The GFs were produced by growing
graphene on 3D Ni scaffolds, in which Ni was posteriorly removed by FeCl3
etching. Their results indicated that 3D GFs are capable of supporting the attach-
ment and viability of hMSCs and also of inducing the spontaneous osteogenic
differentiation of hMSCs without the need of extrinsic biochemical manipulation,
demonstrating once more the potential of graphene in biomedical applications.

Later on, the capacity of 3D GF to act as a biocompatible and conductive
scaffold for NSCs was evaluated. In this study Li et al. [52] reported the first use of
a 3D graphene porous foam, as a novel scaffold for inducing the proliferation and
differentiation of NSCs in vitro. The synthesis of the 3D GFs was made by the CVD

Fig. 2 Synthesis of a GF and integration with polydimethylsiloxane (PDMS). a, b CVD growth
of graphene films (Ni–G) using a nickel foam as a 3D scaffold template. c An as-grown graphene
film after coating a thin poly(methyl methacrylate (PMMA) supporting layer (Ni–G–PMMA). d A
GF coated with PMMA (GF–PMMA) after etching the nickel foam with hot HCl (or FeCl3/HCl)
solution. e A free-standing GF after dissolving the PMMA layer with acetone. f A GF/PDMS
composite after infiltration of PDMS into a GF. All the scale bars are 500 µm. Adapted by
permission from Macmillan Publishers Ltd: Nature Materials [51], © 2011
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method using a Ni foam as a template, in which the Ni foams were removed
afterwards by appropriated chemical solvents. The results presented in this study
indicate that these graphene structures are able to effectively support NSC growth as
well as induce more cells’ proliferation when compared with the traditional
CVD-grown 2D templates, since it was verified an upregulation of Ki67 protein
expression (known as a cellular marker for proliferation). Additionally, it was also
demonstrated by phenotypic analysis that 3D GFs tend to enhance the NSCs dif-
ferentiation towards astrocytes and neurons in particular.

Another study concerning the use of 3D GFs to promote the repair of neural
injuries was presented by Serrano et al. [53]. In this paper, it was reported a new
method for the fabrication of the 3D porous structures, in which scaffolds were
produced by a biocompatible freezer-casting procedure. The possible utility in
neural tissue regeneration was assessed using embryonic neural progenitor cells
which allowed the study of the cellular adhesion, morphology and viability as well
as the neuronal/glial differentiation. The results proved that highly viable and
interconnected neural networks were formed on these scaffolds having presented
both neurons and glial cells and synaptic connections.

Later on, Shin et al. [54] reported the fabrication of GO-impregnated biomimetic
matrices composed of poly(lactic-co-glycolic acid) (PLGA) and collagen (GO–
PLGA–Col) by performing electrospinning for the enhancement of the myoblast
differentiation. After analysing the physicochemical and mechanical properties of
the hybrid scaffold as well as its biocompatibility and biofunctionality, they found
out that GO dispersed and blended adequately with collagen in the hybrid matrices.
Moreover, it was demonstrated that the hydrophilicity of the PLGA matrices sig-
nificantly increased due to the blending of GO and Col which led the GO–PLGA–
Col hybrid matrices to become a more favourable microenvironment for the
attachment and proliferation of the C2C12 skeletal myoblasts as demonstrated in
Fig. 3. Furthermore, the results observed in Fig. 4 demonstrate that these hybrid 3D
matrices were able to stimulate the myogenic differentiation of myoblasts, being
this differentiation further enhanced under the culture conditions of the differenti-
ation media, which was explained by the synergistic effect of GO and Col.
Recently, Girão et al. [55] showed the feasibility to prepare GO–Col scaffolds,
taking advantage of their chemical electrostatic interactions and resulting in porous
structures suitable for cellular microenvironments.

Afterwards, in order to produce a more efficient scaffold Nieto et al. [56] syn-
thetized a graphene foam/polylactic acid–poly-e-caprolactone copolymer hybrid
(GF–PLC) scaffold by a dip-coating method that enables retention of the porous 3D
structure. For biocompatibility tests, hMSCs were cultured on the scaffolds for a
period of 28 days. Hybrid scaffolds revealed to be a good substrate for supporting
chondrogenesis. Therefore, this study demonstrated that 3D GFs combined with
other materials are also advantageous for TE applications, in particular for this case,
it is suited for musculoskeletal applications, such as the growth of new cartilage in
order to replace damaged one.
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3 Graphene-Based Stimulus Responsive Scaffolds

Previous works have already demonstrated that by stimulating stem cells it is
possible to control several physiological activities of the cells, including its dif-
ferentiation [36–40]. In addition, graphene has already proved to be a good
structure for inducing stem cells’ differentiation when several stimuli are applied
[57–59]. As a result, in the last few years, the possibility of controlling stem cell
fates by applying different stimulations to graphene scaffolds has attracted an
increasing attention of many researchers in the field of stem cell-based therapies.

Fig. 3 Initial attachment and proliferation of C2C12 skeletal myoblasts. a Initial attachment of
C2C12 skeletal myoblasts on tissue culture plastic (TCP), PLGA matrices, GO–PLGA matrices,
PLGA–Col matrices, and GO–PLGA–Col matrices were measured using a CCK-8 assay at 6 h
after seeding. b Proliferation of C2C12 skeletal myoblasts was measured using CCK-8 assay on 1,
3, 5 and 7 days after incubation. The different letters in a denote the significant differences
between the control and experimental groups, p < 0.05. The different letters in b denote the
significant differences between the control and experimental groups at the same time point,
p < 0.05. If two groups have the same single letter (a, b, c, etc.), there is no significant difference
between them. If a group is marked with a dual letter (e.g. de), it has a significant difference from
the control and other groups marked with ‘a’, ‘b’ or ‘c’, but does not from another group marked
with ‘d’. Reproduced with permission from [54]. © 2015 BioMed Central
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Fig. 4 Myogenic differentiation analysis with immunofluorescence staining. Two-photon exci-
tation fluorescence images of C2C12 skeletal myoblasts in a growth media (GM) and
b differentiation media (DM). The cells were cultured in GM for 2 days and then cultured in
GM or DM for additional 5 days. The cell nuclei were counterstained with DAPI (blue), the
F-actins were stained with TRITC-labelled phalloidin (red) and the myosin heavy chains (MHCs)
were stained with FITC-labelled anti-MHC antibody (green). The scale bars are 50 lm.
Quantification of c the cell area, d MHC-positive area, and e fusion index. The fusion index was
calculated as a percentage of the nuclei number in multinucleate myotubes with more than two
nuclei to the total number of nuclei. Quantitative analysis was performed using ImageJ Software.
The different letters in c and d denote the significant differences between each experimental
group, p < 0.05. The different letters in e denote the significant differences between each
experimental group, p < 0.05. If two groups have the same single letter (a, b, c, etc.), there is no
significant difference between them. If a group is marked with a dual letter (e.g. bc), it has a
significant difference from the control and other groups marked with ‘a’, but does not from another
group marked with ‘b’. Reproduced with permission from [54]. © 2015 BioMed Central
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3.1 Electrical Stimulation

Electrical stimulation plays an important role in the guidance of stem cell differ-
entiation [60, 61] and because of its particularity of being a non-invasive method it
is now being used as a promising therapy, in particular for neurological diseases
[62, 63]. In addition it is considered one of the most advantageous stimulations
once it is a more controllable, quantifiable and reliable technique that allow the
precise delivery of the stimulus through the use of electrodes [64].

Previous works [37, 65] have already demonstrated that the use of electrical
stimulation indeed influences cells’ behaviour being already established that it
effectively controls various stem cell’s physiological activities such as cell viability,
division, migration and more importantly cells’ differentiation. Due to its favour-
able electrical conductivity and high transmittance [10] graphene is considered a
promising material for modifying the behaviour of electrically sensitive cells. In
fact, since neural cells and their functions are based on electrical activities, the
unique electrical properties of graphene suggest that it could be a successful plat-
form for neuronal stimulation and treatment [66]. Moreover, graphene not only has
adequate chemical characteristics for the effective attachment of neural tissues [67],
but also is susceptible to have its electronic properties tailored in order to match the
charge transport that is necessary for electrical cellular interfacing [68, 69].

The first work that reported the use of graphene combined with electrical
stimulation was presented by Heo et al. [70]. The authors proposed the fabrication
of an enhanced electrical stimulator supported by a substrate that combines the
superior properties of graphene with the non-cytotoxic properties of the polymer
polyethylene terephthalate (PET) [71] in order to minimize cellular damage after
electrical stimulation. Thus, non-contact electrical field stimulation, produced by
charge-balanced biphasic stimuli, was applied through the flexible, transparent and
non-cytotoxic graphene-PET film electrodes in order to stimulate neural cells that
were cultured in a dish and to further examine its effects on cell-to-cell coupling.
Their results showed a superior effectiveness in the shape of cell-to-cell interaction
of human neuroblastoma cells when weak electric field stimulation of 4.5 mV/mm
with pulse duration of 10 s during 32 min was applied. Additionally, for this
stimulation they also observed a significant increase in the strength of the existing
cell-to-cell couplings as well as an increment in the number of cells which enabled
the formation of new cell-to-cell couplings (Fig. 5). The observed altered cellular
interactions were explained based on possible changes on the regulation of the
endogenous cytoskeletal proteins fibronectin, actin and vinculin. Hence, this work
allowed, for the first time, to demonstrate the benefits of using graphene in electrical
stimulation therapies, opening tremendous opportunities for graphene-based
materials in the field of TE.

Meantime, in the study of Park et al. [34], already mentioned above, a trans-
parent graphene electrode was used for the first time for the electrical stimulation of
already differentiated cells of hNSCs (neurons and glia cells) in order to confirm
their neuronal activity. Therefore, a series of voltage pulses typically 1 � 10 of
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500 mV monophasic/cathodic voltage pulses with 1 � 100 ms duration in a second
were applied to the differentiated cells from hNSCs using graphene electrodes. The
fluorescence intensity of the cells which indicated calcium levels inside the cell was
continuously monitored with a fluorescence microscope. By observing the results
before and after electrical stimuli, they found out that cells exhibited increased
calcium levels, since its fluorescence intensity increased significantly after stimu-
lation. In addition, by plotting the fluorescence intensity versus the stimulation time
period they observed that electrical stimulation caused an increase of fluorescence
intensity between 60 and 70 %. Thus, their findings clearly suggested that the
differentiated cells from hNSCs on graphene films were operating as a neuron, and
more importantly that graphene films can indeed be used as neural stimulation
electrodes.

The response of NSCs cultured on graphene substrates to electrical stimulation
has been also studied by Tang et al. [72]. Herein, a series of 10–100 ms
monophasic cathodic pulses with intervals of 5 s were applied in the cultured
graphene substrates. After several tests, they established a stimulation threshold
current of 0.5–1 lA. Furthermore, their findings confirmed not only that graphene is
able to improve neural performance and electrical signalling in the network but also

b Fig. 5 Cell-to-cell interactive reactions to electric field stimulation. a Schematic illustrations of
cell-to-cell interactive reactions between two separated cells under electric field stimulation.
a Cell-to-cell decoupling (CD). Cells belonging to the CD group separated from each other after
stimulation. b Cell-to-cell coupling (CC). The CC group was further classified into two groups:
The newly formed cell-to-cell coupling (NCC) group and the strengthened cell-to-cell coupling
(SCC) group. The NCC represents a group of cells that respond to electric field stimulation by
forming new contacts between cells. The SCC represents a group of cells strengthening existing
contacts between cells after electric field stimulation. c Cell-to-cell wavering (CW). Cells
belonging to the CW group exhibit a wavering behaviour following electric field stimulation. b A
bar graph categorizing behavioural reactions to electric field strengths. The percentage of cells
categorized as CC (red) is the highest at 4.5 mV/mm and the second highest is at 22.5 mV/mm.
On the contrary, the percentage of cells categorized as CD (green) is the lowest at 4.5 mV/mm and
the second lowest is at 22.5 mV/mm. There was no effect of electric field on the CW (blue)
group. c The categorization of CC cells. When we further categorized CC into two groups, there
was a clear effect of electric field on NCC. In particular, at 4.5 mV/mm, the lowest electric field
stimulation, the percentage of cells belonging to NCC was the highest among other electric fields.
Under the weak electric fields, cells exhibited a trend of increased percentages of SCC. d A typical
example of a cellular reaction to the electric field. a Live images and tracing of cellular changes
with no electric field stimulation. “f1” indicates the 1st image and “f40” indicates the 40th image
taken from the optical microscope during stimulation experiment. The initial shape of the cell is
represented as a black tracing line and the final shape of the cell is represented with colour coding
(CC-red, CD-green and CW-blue). With no stimulation, the majority of cells were categorized into
the CW group. Few NCC and SCC were observed with no stimulation. b Live images and tracing
of cellular changes with 4.5 mV/mm. At 4.5 mV/mm, the largest percentages of cells were
categorized as CC and we observed clear NCC and SCC. c Live images and tracing of cellular
changes at 450 mV/mm. At 450 mV/mm, the majority of cells reacted to the electric field and
were categorized into CD and CW groups. The scale bar represents 30 lm. Values from the bar
graphs are mean (n = 6 for 22.5, 45, and 225 mV/mm, and n = 10 for 0, 4.5 and 450 mV/mm).
Significantly different p < 0.05, 0.01 and 0.001 are represented by *, ** and *** symbols.
Reproduced from Heo et al. [70], © 2011, with permission from Elsevier
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that it can work as a 2D material for conducting electrical current to neurons,
confirming, hence, its potential to act as an effective neural interface for TE
applications.

The effects of electrical stimulation in 3D graphene porous structures were also
investigated in the work presented by Li et al. [52] that first proved that these
scaffolds were able to support NSCs growth and induce cells’ proliferation, as
mentioned in the previous section. Here, 3D GFs were used as a cell stimulation
electrode by being subjected to a series of monophasic cathodic pulse produced by
a function generator, in which it was demonstrated that the stimulation threshold
was 20–30 lA. To evaluate the influence of electrical stimulation, the differentiated
NSCs cultured on the 3D structures were stained with Fluo-4 AM dye before
stimulation in order to monitor the change of intracellular calcium ion concentra-
tions, once it is known by previous works that submitting a neuron under voltage
pulse stimuli may favour the opening of calcium ion channels, consequently
increasing calcium ion concentrations in the cell, which results in a superior
fluorescence intensity of the dye present in the cells [73]. The results presented in
this study show an increase of 50–60 % in fluorescence intensity after electrical
stimulation, clearly demonstrating that 3D GFs also have the capacity to operate as
an effective conductive platform for electrically stimulate cells, which validates that
3D graphene structures exhibit a great potential for advanced strategies in several
areas of regenerative medicine.

Despite of graphene effectiveness in acting as a viable material for regulating
cells’ behaviour it may not always produce the most desirable results when sub-
mitted to electrical stimulation. For that reason, researchers started to study and
fabricating enhanced graphene-based structures combined with other materials in
order to act as a platform for applications based on electrical stimulation.
Concerning this, Zhang et al. [74] studied the performance of a new amphiphilic
rGO template with an enhanced charge injection capacity in the electrical stimu-
lation of neural cells to assess its capacity to act as a viable interface for the passage
of electrical current. To obtain the rGO sheets and further fabricate this template,
GO sheets were simultaneous submitted to covalent functionalization and thermal
reduction treatments. The covalent functionalization was performed by applying
methoxy poly(ethylene glycol) (mPEG) chains on the surface of the rGO sheets,
allowing the enhancement of this material as it not only allows the material to have
a high dispersibility in various solvents, which enables several post-treatment
processes, but also increases its charging capacitance. By performing calcium
imaging tests in the PC12 neural cells cultured on the amphiphilic mPEG–rGO
films and hydrazine–rGO sheets, the authors found out that the electrical stimula-
tion, executed by applying a series of 1–100 ms monophasic anodic with durations
of 10 s and potentials lower than 0.6 V, significantly increased the percentage of
cells with higher action potentials cultured on the mPEG–rGO films due to their
higher charge injection. These findings not only demonstrated that this new
amphiphilic mPEG–rGO material is capable of being used for neural prostheses
applications in a safer and efficacious manner but also that graphene can be
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combined with several other materials in order to effectively modify electrically
sensitive cells.

In another work Berit et al. [75] investigated the suitability of graphene to work
as a material for electrical stimulation purposes when combined with other mate-
rials, by analysing the electrochemical properties of the fabricated graphene-based
electrodes. As it was already recognized that graphene had the ability to improve
the electrical interface between neuronal cells and electrodes, the authors proposed
the use of this material as a biocompatible coating for commonly used electrode
materials, more specifically, for gold and silica (SiO2). After performing electro-
chemical and Raman characterization on both gold and SiO2 electrodes coated with
graphene, they found out that graphene on SiO2 substrate is a more promising
material combination for the fabrication of superior stimulation electrodes.

More recently, the ability of graphene-based materials to serve as viable plat-
forms for the regeneration of optical nerves using electrical stimulation was studied
by Yan et al. [76]. Optical nerves are usually damaged due to atrophy, apoptosis or
death of retinal ganglion cells (RGCs) and could cause serious problems, such as
the permanent visual field loss and irreversible ocular diseases. The use of electrical
stimulation to heal injured neurons in vitro and to improve the survival rates and
axon growth of central nervous system in vivo has already produced reasonable
results. Despite this, the use of electrical stimulation-based therapies still remains a
challenge, mostly due to electrode’s characteristics, which have to include high safe
charge injection limit (Qinj, i.e. electrochemical capacitance), high performance for
long periods of stimulation and high biocompatibility. Graphene has a low Qinj,
which forces researchers to combine graphene with other materials to achieve
success. Hence, in this work, the authors proposed a new graphene-based electrode
for the regeneration of optic nerve via electrical stimulation. The fabrication of the
electrode was performed by co-electrospinning biocompatible PLGA with the
polypyrrole-functionalized graphene (PPy-G)/ethanol dispersion. To synthetize the
PPy-G, the polymerization-enhanced ball milling method was utilized (Fig. 6a),
which enables the efficient introduction of electron-acceptor nitrogen increasing the
material’s capacitance and also allowing it to remain a conductive platform for
charge transportation. Moreover, randomly oriented PPy-G/PLGA nanofibers and
aligned PPy-G/PLGA nanofibers with different percentages of (w/w) PPy-G were
fabricated under the same electrospinning conditions, as shown in Fig. 6.

In order to investigate the biocompatibility of the proposed substrate, first, its
cytotoxicity was evaluated using the CCK-8 assay. As observed in Fig. 7e, the
RGC cell viability was higher than 80 % in all the substrates, demonstrating that the
as-synthesized PPy-G/PLGA nanofibers are highly biocompatible substrates.
Moreover, the authors demonstrated that the PPy/G–PLGA nanofibers containing
6 % (w/w) PPy-G are the best substrate structure for cell attachment and growth
since it showed a cell viability of approximately 100 % (similar to the control
substrate). Then electrical stimulation was applied to the PPy-G/PLGA-based
aligned nanofibers, with an optimized step potential of ±700 mV/cm. For effects of
comparison, PPy/PLGA aligned and random nanofibers were also submitted to the
same electrical stimulation as well as random PPy-G/PLGA nanofibers. The results
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showed that electrical stimulation led to a clear enhancement in the viability, neurite
outgrowth and antiaging ability of RGCs. The influence of aligned or random
nanofibers was also evaluated by analysing scanning electron microscopy
(SEM) images of RGCs that were seeded on these both types of substrates (Fig. 7a,
a′, b, b′, c, c′).

They found out that although electrical stimulation has promoted cell growth and
density in both types of nanofibers, the aligned nanofibers were capable of allowing
a longer cell length (137 % improvement in cell length after electrical stimulation),
as shown in Fig. 7d, which not only demonstrates that electrical stimulation
enhances the regeneration of RGCs but also that aligned fibrous substrates are more
favourable to do this.

The impact of electroactive graphene composite scaffolds on neural TE was also
studied by Zhou et al. [77], who have successfully functionalized 2D and 3D PCL
structures with graphene-polyelectrolyte multilayers. Briefly, graphene-heparin /
poly-L-lysine polyelectrolytes were assembled via layer-by-layer deposition onto
2D PCL surfaces and 3D PCL electrospun fibers in order to fabricate alternative
biocompatible microenvironments with tunable electrical conductance properties
capable of enhancing both neuron cell adhesion and neurite outgrowth.

Fig. 6 a Schematic synthesis of the PPy-G via the polymer polymerization enhanced ball milling
method. b Digital photo of the PPy-G well dispersed in ethanol. c AFM micrograph of the PPy-G.
d SEM micrograph of the aligned nanofibers from 1 % (w/w) PPy-G/PLGA dispersion compared
to (e) that of the random nanofibers prepared at the identical conditions. f SEM micrograph of the
aligned nanofibers from 6 % (w/w) PPy-G/PLGA dispersion compared to (g) that of the random
nanofibers synthesized at the identical conditions. Inset f is the digital photo of the nanofibrous
scaffold used for electrical stimulation. Reproduced with permission from Yan et al. [76]. © 2016
American Chemical Society
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At this point, graphene had already proved that it could be a potential material
for inducing stem cell differentiation via electrical stimulation; however, despite the
studies mentioned above, there were still few investigations that could confirm this
possibility. Thus, to address this challenge and evaluate, for the first time, the
influence of electrical stimulation on the differentiation of muscle cells on
graphene-based materials, Ahadian et al. [58] presented a study where C2C12
myoblasts were cultured not only on ultrathin thermally reduced graphene
(TRG) films but also on GO and glass slide substrates. After finding out that TRG
films are more favourable for cell adhesion and spreading, they also demonstrated

Fig. 7 Confocal microscopy images of RGC cells seeded on a the random PPy-G/PLGA
nanofibers without ES and a′ after ES; b the aligned PPy-G/PLGA nanofibers with 1 % (w/w)
PPy-G without ES and b′ after ES; c the aligned PPy/G–PLGA nanofibers containing 6 % (w/w)
PPy-G without ES and c′ after ES. d The average cell length of RGCs without and after ES. e Cell
viability of RGCs cultured on the different substrates. ES conditions: Step potential was pulsed
between −700 and 700 mV/cm. ES was performed 1 h everyday and lasted for 3 days.
Reproduced with permission from Yan et al. [76]. © 2016 American Chemical Society
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that myoblast cell differentiation was significantly increased after electrical stimu-
lation (8 V, 1 Hz and 10 ms for 2 continuous days). As a result, this work enabled
the confirmation that graphene substrates are able to electrically regulate cells’
behaviour, including its differentiation, leading to the development of numerous
possible applications in the field of TE.

Meanwhile, several other studies have been exploring the capacity of
graphene-based materials to control cells’ behaviour via electrical stimulation.
Concerning this, Meng et al. [59] used a large size non-functional graphene
nano-film (NGNF) as a substrate for the electrical stimulation and consequent
behaviour modification of rat pheochromocytoma PC-12 cells. The graphene
nano-film was fabricated by spray coating several high conducting graphene sheets
on top of the polyurethane film. After performing numerous trials, they defined the
intensity of 100 mV/mm as the optimized constant electrical stimulation condition,
which revealed a significant enhance of PC-12 cells differentiation as well as neurite
extension and growth. The effects of a programmed electrical stimulation were also
investigated by applying 100 mV/mm at 1 and 10 Hz to the cultured graphene
substrates. When comparing the influence of these two types of stimulations, the
authors observed a longer increase in the neuritis length with the programmed
electrical stimulation, being also demonstrated that this type of stimuli has a much
positive effect in the nerve behaviour than with the other one.

The promotion of PC-12 cells’ differentiation via electrical stimulation on gra-
phene substrates was confirmed also by the study of Sherrel et al. [78]. To fabricate
graphene–biopolymer (GBP) electrodes, first, the CVD method was used to pro-
duce highly crystalline graphene layers on copper substrates. Then, these layers
were transferred to biopolymer supports, including polylactic acid (PLA) and
PLGA. The combination of graphene with these two copolymers allows the for-
mation of a unique electrode structure with several benefits, including superior
surface properties and the possibility of electrical communication with excitable
cells. Electrical stimulation was applied by submitting the cells that were seeded in
the GBP structures to a biphasic current waveform with 250 Hz, which consisted in
100 ls pulses of ±0.1 mA/cm2 with a 20 ls interphase gap, and a 3.88 ms rest
period for each cycle, during 8 h per day for 3 days. The results presented in this
study corroborated that electrical stimulation enhances the differentiation of PC-12
cells when cultured on graphene conductive layers, since it was visible a great
increase in the neurite length and neurites’ connectivity when compared to
unstimulated cells. The authors also demonstrated that graphene can be used as a
coating for non-conducting, flexible biopolymer surfaces without hampering its
biocompatibility, which is favourable for the creation of viable electrodes from
non-conducting materials with optimized cell compatibility with graphene, which
provides the suitable electrical properties for electrically stimulate cells.

Meantime, Guo et al. [79] suggested that an electrical stimulation-assisted
culture process should enhance the ability of engineered conductive scaffolds to
regulate the differentiation of MSCs towards the neural lineage. To obtain a
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self-powered electrical stimulation system for the enhancement of neural differen-
tiation of MSCs on graphene substrates, an highly effective triboelectric nano-
generator (TENG), used to supply pulsed electric simulation signals, was combined
with poly(3,4-ethylenedioxythiophene) (PEDOT)–rGO hybrid microfiber (80 lm
in diameter), which allowed the enhance of the scaffold’s electrical conductivity.
First, they found out that the conductive rGO–PEDOT hybrid microfiber exhibited
enhanced MSCs proliferation as well as good neural differentiation tendency. Then,
graphene microfibers were submitted to electrical stimulation using the TENG,
triggered by human walking steps, to apply 3000 pulses/day during 21 days with a
frequency of about 120 times/min, resulting in a significant increase in the neural
differentiation of MSCs. Their findings illustrate the potential of rGO–PEDOT
hybrid microfiber scaffolds for neural TE applications and also demonstrate the
viability of a human motion-driven self-powered TENG to electrically stimulate
stem cells cultured on graphene substrates.

In a more recent study reported by Akhavan et al. [80] GO foam layers were
fabricated by precipitation of chemically exfoliated GO sheets in an aqueous sus-
pension under ultraviolet (UV) irradiation. This is a very versatile method where 2D
graphene layers can be manipulated in order to produce 3D scaffolds with the
desirable shape and size. Hence, rolled laminin-functionalized GFs were developed
as electrically conductive 3D scaffolds and applied in directional growth of neural
fibres, demonstrating that these structures allow the differentiation of hNSCs into
neurons under an electrical stimulation. It was established that under low voltages
(<5 V), the electrical sheet resistance of GFs is low enough (*170 Ω/sq) to pro-
duce the electrical stimulation currents (*20 mA) necessary to allow the differ-
entiation of the neural cells. Moreover, it was demonstrated that the rolled shape of
the GFs was also an important factor since it led to the formation of cross sections
with superhydrophilic characteristics which induced the effective proliferation and
differentiation of the hNSCs through the pores and scaffold’s interfaces. Finally, it
was investigated the influence of the electrical stimulation in the differentiation of
the hNSCs cultured on the GFs. A series of 100 ms cathodic voltage pulses were
applied on the two ends of the graphene roll in intervals with duration of 10 s. This
stimulation resulted in an increased cells’ proliferation and in an accelerated dif-
ferentiation of the hNSCs into neurons (rather than glia) through the pores of the
foam. Therefore, the findings presented in this study validate the capacity of 3D
GFs to act as a flexible and conductive scaffold for the regeneration of nervous
systems and TE. This work excited further studies as the one presented by Ahadian
et al. [81] in which they demonstrated the influence of electrical stimulation on the
differentiation of cardiac stem cells that are seeded on graphene substrates. Here,
graphene nanosheets were embedded into a 3D structure of mouse embryoid bodies
(EBs) using the hanging drop technique, in a ratio of 0.2 mg per mL graphene in
the EBs, being posteriorly confirmed that this inclusion did not hamper stem cells’
viability. Moreover, results showed that the inclusion of graphene in the EBs led to
a decrease in the stem cell proliferation, which can be explained by the accelerated
cell differentiation caused by graphene. In addition, it was demonstrated that the
inclusion of graphene not only allowed the enhancement of the mechanical and
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electrical properties of the EBs, but also allowed to significantly increase the cardiac
differentiation on the EB–graphene substrates. To assess the influence of electrical
stimuli on the cells seeded on this structure, an electrical current with a voltage of
4 V, frequency of 1 Hz and a duration of 10 ms during 2 continuous days was
applied. The results presented in this study reveal an enhanced cardiac differenti-
ation of the EBs after electrical stimulation, which demonstrates once more that
graphene is a promising material for the differentiation of several types of stem cells
via electrical stimulation, revealing its potential for inumerous stem cell-based
therapies.

3.2 Optical Stimulation

3.2.1 Laser Stimulation

For many years, the use of electrical current to stimulate neurons was the most
appellative technique [64]. However, several limitations such as the necessity of
having direct contact between the stimulating electrode and the tissue [82], the
possible toxicity associated with the electrode’s material [83, 84] and the influence
of tissue impedance and coupling on the effective stimulation [85] led researchers to
explore other viable alternatives to effectively stimulate the differentiation of stem
cells. Pulsed laser stimulation is already being used as an alternative to electrical
stimulation for evoking neural activity in motor and sensory systems [82, 86, 87]. In
fact, the use of lasers for inducing neural responses is becoming a more appealing
method as it is not only able to stimulate the desired tissue without the necessity of
having direct contact but also offers an improved spatial resolution of stimulation
[88]. Regarding its influence in the behaviour of stem cells, as laser irradiation has
the capacity of providing intensive electric fields to the culture media, it is expected
that it can open the calcium ion channels of the cells and that its magnetic field
component can control the released calcium ions, which in theory would result in an
increased calcium ion concentration inside the neurons, therefore enhancing neural
regeneration [28]. Previous works have already demonstrated the efficacy of lasers
for modifying the behaviour of stem cells [89, 90]; however, until very recently
there were no reported studies that investigated the influence of pulsed laser irra-
diation on the stem cells’ behaviour when these are seeded on graphene sheets. In
this regard, Akhavan et al. [57] reported for the first time the use of graphene in the
self-organized differentiation of hNSCs into neurons under pulsed laser stimulation.
After the preparation of the films, by drop-casting a GO suspension onto quartz
substrates and reducing some of the GO films with hydrazine, hNSCs were seeded
on the synthetized GO and rGO films to assess, first, the biocompatibility of these
templates in the proliferation of the neural cells. The results revealed that GO films
are able to induce a higher proliferation of the cells which was explained by GO’s
superior hydrophilicity. On the other hand, it was demonstrated that the better
electrical conductivity of rGO sheets enable them to induce more differentiation of
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the stem cells into neurons. To promote hNSCs differentiation into neurons and to
rearrange their orientation towards the centre of the laser spot, GO and rGO tem-
plates seeded with hNSCs were submitted to nanosecond pulsed laser stimulation
using a ND–YAG nanosecond pulsed laser system (wavelength of 532 nm, pulse
duration of 5 ns, repetition rate of 10 Hz, power of 0.3 W, maximum pulse energy
of 300 mJ and spot size of �0.5 cm2) which was used at its second harmonic
oscillation for 30 s at each hour to stimulate the cells through a photoexciting
method. The results presented in this study clearly show that rGO sheets, as a 2D
biocompatible scaffold, when stimulated by pulsed laser irradiation, not only pro-
vide an accelerated differentiation of hNSCs into neurons (rather than glia) but also
cause the self-organization of a neuronal network on its surface by elongating the
differentiated cells in the radial direction, which can be explained by the radial
stress that is induced by the surface thermal gradient. Contrariwise, a decelerated
differentiation was observed on the quartz substrates, which was assigned to the
extra local heating produced by the irradiation on the quartz substrate. When
comparing the efficacy of GO and rGO substrates it was visible that rGO films
produced better differentiation results mainly due to its higher thermal and electrical
conductivity, which allow it to transfer the extra heat generated by the laser irra-
diation outward from the laser spot. Hence, their findings not only demonstrate the
excellent ability of chemically exfoliated rGO sheets for neural regeneration and
repairing, but also encourage further investigations using graphene as the substrate
for the promotion of stem cells’ differentiation by applying pulsed laser irradiation.

3.2.2 Flash-Photo Stimulation

In order to reduce the possibility of causing cellular damages, which are usually
induced by electric field stimulation, flash photo stimulation also started to be
investigated. The use of this type of stimulation in graphene-based scaffolds is
advantageous when these are combined with metal oxide semiconducting materials,
such as titanium oxide (TiO2) or zinc oxide (ZnO), once graphene and GO have the
capacity of trapping extra electrons and the metals are able to effectively generate
photoexcited electron–hole pairs with those trapped electrons. When the conditions
are favourable, appropriate chemical bonds, such as Ti–C and/or Ti–O–C, are
formed at the existing interface between graphene and the metal oxide, leading to the
relocation of the electrons present in the pairs to graphene materials. The increasing
number of photoexcited electrons present on the graphene sheets ultimately induces
local electric fields. The induction of this local electrical field is crucial once it allows
the modification of cell’s behaviour, such as its differentiation, by affecting cells’
calcium ion channels. Therefore, graphene-based materials are a potential viable
substrate for the photocatalytic-based stimulation of cells [28, 91–93]. In this regard,
Akhavan et al. [66] presented a pioneer work in which the influence of flash photo
stimulation in the differentiation of hNSCs into neurons on graphene–TiO2 hetero-
junctions was investigated. Herein, for purposes of comparison the differentiation
behaviour of hNSCs was evaluated with and without flash photo stimulation on three
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different substrates (TiO2, GO/TiO2 and rGO/TiO2). The hNSCs cultured on the
graphene-based substrates were submitted to a flash photo stimulation by applying
flash photo pulse trains (produced by Xenon lamp of a Canon camera) with pulse
duration of 4 s and a frequency of 1 Hz (4 flashes/s) that would repeat after each 60 s
in a total time of 30 min at each 12 h. Moreover, in order to find the optimal
conditions of stimulation, the concentration of the ascorbic acid in the cultured
media was varied as well as the flash intensity, which was varied from 1 to 100
mW/cm2 by changing the distance between the flash and sample. As shown in
Fig. 8, the results presented in this study show that flash photo stimulation induced
different responses in the three substrates, since on the rGO/TiO2 substrate the
number of cell nuclei was increased by a factor of *1.5, whereas on the GO/TiO2

substrate and on the TiO2 substrate a smaller increase was observed with rates of 48
and 24 %, respectively. This increase observed under flash photo stimulation in all
the materials was explained by the ability of this stimulation to prevent cell death in
the absence of cell growth factors. Furthermore, when the influence of flash photo
stimulation on the differentiation of hNSCs was analysed, it was observed that the
rGO/TiO2 film was the substrate that presented better results. In fact, an 88 %
decrease in the ratio of glial cells and an 81 % increase in the ratio of neuronal cells
were observed, contrary to the other substrates (GO/TiO2 and TiO2) where only a 25
and a 15 % increase in the neuronal cells rate was, respectively, observed, revealing
that although photo flash stimulation enhances the differentiation of hNSCs it is also
dependent on the chemical state of graphene sheets as well as the composition
formed between the graphene sheets and the beneath TiO2 layer. The enhanced
differentiation verified on the rGO/TiO2 films was assigned to the fact that the
photoexcited TiO2 films enable the injection of electrons from this substrate into the
cells that are cultured on the rGO sheets through the Ti–C and Ti–O–C bonds formed
at the interface of graphene and TiO2 films.

Finally, the optimal conditions for an efficient flash photo stimulation of hNSCs
cultured on graphene-based substrates were assessed (Fig. 9), being revealed that
with a concentration of 15.0 mmol/dm3 of ascorbic acid in the cell culture medium
and with an optimum flash intensity of 10 mW/cm2 it is possible to not only

Fig. 8 a Surface density of cell nuclei and ratio of b glial cells (GFAP-positive cells) and c neural
cells (TUJ1-positive cells) on TiO2, GO/TiO2 annealed at 100 °C and rGO/TiO2 after 3-week
differentiation in dark and under flash photo stimulation (n = 5, p < 0.01). Reproduced from
Akhavan et al. [66] with permission from the Royal Society of Chemistry

238 S.S. Almeida et al.



increase the number of cell nuclei and differentiated neurons on rGO/TiO2 (by
factors of *2.5 and 3.6), but also to decrease the number of glial cells (by a factor
of *0.28). These findings allowed introducing for the first time rGO/TiO2

heterojunction film as a biocompatible flash photo stimulator for the effective dif-
ferentiation of hNSCs into neurons, exciting further researches related with the
photo stimulation of stem cells.

Later on, in another work presented by Akhavan et al. [94] flash photo stimu-
lation was used to induce the differentiation of hNSCs into 2D neuronal networks,
which contained cell-to-cell and cell-to-graphene electrical connections, on gra-
phene nanogrids. To fabricate the nanogrids, graphene nanoribbons were synthe-
sized by the oxidative unzipping of multiwalled CNTs and deposited on a SiO2

matrix containing TiO2 nanoparticles (NPs), being this structure proposed as a
photocatalytic stimulator for the accelerated differentiation of hNSCs. Then, the
hNSCs were stimulated to differentiate by applying, flash photo pulse trains
(generated by a xenon lamp of a Canon camera) with 10 mW/cm2 of intensity, 4 s
of pulse duration and 1 Hz of frequency (4 flashes/s), repeated after 60 s time
intervals for 30 min at every 12 h to the cultured substrates. The influence of flash
photo stimulation on the differentiation of the cells was studied on both rGO
nanoribbon (rGONR) grid/TiO2 NPs/SiO2 and quartz and rGO/TiO2 substrates, in
order to not only assess its effects but also to study the influence of the surface
topography of the nanogrids on the differentiation of hNSCs. Thus, the results
presented in this study show that the number of cell nuclei differentiated on rGONR
grid/TiO2 NPs/SiO2 films increased 5.9- and 26.8-fold when compared with the
number of cells on quartz substrates, in the dark and under photo stimulation,
respectively. In addition, the stimulation of the cells cultured on the rGONR grids,
originated by the injection of photoexcited electrons from the TiO2 NPs into the
cells on the nanogrids, resulted in higher neural differentiation than differentiation
of glial cells (1.8 and 0.17, respectively). The enhanced differentiation on the

Fig. 9 a Surface density of cell nuclei, glia and neurons (n = 3, p < 0.05), b) ratio of neurons to
glia (n = 3, p < 0.05) and c ratio of cell nuclei (n = 5, p < 0.05) on rGO/TiO2 film after 3-week
differentiation in a culture medium containing 15.0 mM ascorbic acid (a) and different
concentrations of ascorbic acid (b, c), under flash photo stimulation with various intensities.
Reproduced from Akhavan et al. [66] with permission from the Royal Society of Chemistry
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rGONR grids comparatively to the rGO sheets, which only had an increase of 1.6
and 3.1 (dark and under stimulation), was attributed to the physical stress induced
by the surface topographic features of the nanogrids. Finally, the current–voltage
properties of the neural networks that differentiated on the electrically disconnected
rGONR grids were investigated with the purpose of analysing the formation of
cell-to-cell and cell-to-rGONR electrical couplings after stimulation, which proved
to be effective. Their findings, allowed confirming the ability of graphene-based
materials to induce stem cell differentiation under photo flash stimulation, pre-
senting rGONR grids as highly promising two-dimensional scaffolds for applica-
tions in regenerative medicine and stem cell-based therapies, exciting further
researches in the field of TE.

3.2.3 Near Infrared (NIR) Stimulation

Although flash photo stimulation has demonstrated to be an efficient method for the
effective differentiation of hNSCs into neurons on graphene-based substrates [66],
this is a method where the presence of a semiconducting photocatalyst material is
mandatory, meaning that this stimulation will not produce favourable results when
applied to substrates composed only by pristine graphene, once it acts like a zero
band gap semiconductor. Despite that, it has already been proved that is possible to
induce band gap opening and modulation of graphene not only by the fabrication of
N-doped graphene sheets [95], but also by graphene nanoribbons [96] and graphene
nanomeshes [28, 68, 69]. Although these structures have already been investigated
for NIR photothermal therapies [23, 24, 97], up to now, there has been only one
work that reported the study of the applicability of these graphene-based semi-
conductors in neural stimulation and differentiation. Therefore, in a more recent
research presented by Akhavan et al. [98], the effects of applying NIR stimulation
on hNSCs cultured on graphene nanomesh semiconductors were assessed. To
fabricate GO nanomeshes (GONMs), GO sheets were, first, photocatalytic degraded
using TiO2 NPs embedded on the surface of a SiO2 layer. For purpose of biological
applications, several GONM films were posteriorly reduced by hydrazine vapour,
obtaining thereby rGO nanomeshes (rGONMs), which act as p-type semiconductors
with a band energy of approximately 1 eV. The biocompatibility of the
graphene-based structures was first evaluated by analysing the adhesion and pro-
liferation of stem cells in those substrates, being demonstrated that rGONMs have a
similar biocompatibility in growth of hNSCs to GO sheets. Additionally, the
number of cell nuclei and neural cells per unit area of the substrates (Quartz, GO,
GONMs and rGONMs) studied was assessed, being established that GONMs are
the most beneficial substrates for the proliferation of the hNSCs. These results were
assigned to the excess of oxygen functional groups formed on edge defects of
GONMs substrates, resulting in an enhancement of the surface’s hydrophilicity.
Afterwards, graphene-based nanomeshes were applied as semiconductor templates
in NIR laser stimulation to induce the differentiation of hNSCs into neurons. In this
work an 808 NIR laser with a spot size of *0.5 cm2 and a power density of
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0.1 W/cm2 was applied to the graphene-based nanomeshes for 10 min at each hour.
In addition, the temperature of the samples was continuously monitored using a
thermocouple that was positioned inside the medium, since that for extended
periods (10 min) of NIR irradiation the temperature of the incubated medium tends
to increase to over than 45 °C, which can result in undesirable cell damages. Their
observations demonstrated that under NIR laser stimulation rGONMs (with better
chemical stability and higher electrical conductivity than GONMs) showed a higher
level of cell differentiation, including elongation of the cells and increased differ-
entiation into neurons than glia, when compared to quartz and rGO substrates. The
higher biological activity of hNSCs cultured on the nonzero band gap rGONM
semiconductor than on the zero band gap rGO sheets was attributed to the response
of the low-energy (<0.5 eV) photoexcited electrons, which are injected from the
rGONM semiconductors into the neural cells, to the NIR laser stimulation applied.
In addition to that, the high-energy (� 1.5 eV) photoelectrons present in the
stimulated rGO could possibly inhibit cell proliferation and/or even cause cell
damages. Finally, since the use of this laser irradiation produces thermal heating,
the authors also investigated the influence of conventional heating of the culture
media up to � 43 °C (the temperature typically reached under the irradiation) in
order to assess the real influence of the NIR laser stimulation. Interestingly, they
found out that no significant differentiation was induced under these conditions,
which further confirmed that photoelectrons play an important role in the promotion
of the hNSCs differentiation. Their findings not only suggest that rGONMs are
promising scaffolds for neural regeneration and repairing, but also excite more
researches related with the induction of stem cells’ differentiation under NIR laser
stimulation.

3.3 Mechanical Stimulation

Although it was already demonstrated that the behaviour of stem cells is influenced
by the microenvironment in which they reside, the understanding of the mecha-
nisms that regulate the fate decisions of stem cells is a subject that still attracts the
attentions of many researchers [99]. In fact, it was just recently discovered that
physical and mechanical factors have a significant influence in the modulation of
cells’ behaviour, being already demonstrated that the mechanical properties of the
extracellular environment and the application of mechanical forces on cells can,
indeed, trigger several cellular responses, including cells’ self-renewal and its lin-
eage specification [100–105]. As a result, the application of mechanical stimuli for
inducing stem cell differentiation is becoming an increasingly recognized tool
within the scientific community [99]. Since cells have the ability to sense forces,
and transduce them into biochemical signals, when a perturbation on the cellular
microenvironment occurs, including a change in the ECM stiffness, topography or
composition, the cell immediately responds to those cues, adopting different shapes,
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generating traction stress or even producing other mechanical forces that can be
transmitted to the neighbouring cells [102, 105–107]. Therefore, when a mechanical
stimulus, such as fluid shear stress, is applied to the cell surface several
mechanosensitive ion channels, protein kinases and other membrane-associated
signal-transduction molecules are activated, which triggers downstream signalling
cascades that lead to changes in gene expression [108].

Graphene is a very versatile material that has the potential to act as an effective
platform for inducing stem cell differentiation under mechanical stimulation. In a
recent study, Kang et al. [109] reported the enhanced osteogenic differentiation of
hMSCs by covalently conjugating the mechanical stiffness of GO flakes to 3D
collagen scaffolds. The higher levels of osteogenic differentiation observed on the
stiffer scaffolds were said to be mediated by MSCs mechanosensing, since the
molecules that were involved in cell adhesion to stiff substrates were either
upregulated or activated. This study confirmed the importance of scaffold’s
mechanical properties and therefore, mechanical stimulation for promoting stem
cell differentiation.

Furthermore, several theoretical and experimental studies have already suggest
that mechanical strain influences the vibrational and electronic band structure of 2D
graphene [110] and graphene nanoribbons (GNRs) [111]. In fact, in the work
presented by Chen et al. [112], the effects of uniaxial strain in individual GNRs
were for the first time successfully investigated. After applying uniaxial strains (0–
6 %) to individual GNRs with highly smooth edges by atomic force microscopy
(AFM) manipulation, they were able to demonstrate that strain engineering GNRs
allows to tune the band gap of graphene in a non-monotonic manner, which could
be beneficial for the modulation of cells’ behaviour.

Despite of the unique properties of graphene which allow it to be a very
advantageous platform for inducing stem cell differentiation, to this date there are
not yet any reported investigations that demonstrate the effects of applying several
mechanical strains on stem cells cultured on graphene-based substrates.

3.4 Chemical Stimulation

Due to its interesting chemical diversity, graphene-based materials have also been
studied as substrates for controlling the differentiation of stem cells via chemical
stimulation. Concerning this, Wang et al. [113] studied the effects of using modified
graphene sheets on the MSCs neuronal commitment. Since cell growth is influ-
enced by the surface chemistry of graphene templates [28], the authors produced a
scaffold for stem cell growth composed by fluorinated graphene sheets. First, the
CVD method was used to prepare graphene sheets and then, to perform the
fluorination of graphene several samples were exposed to a fluorinating agent. After
studying the influence of cellular adhesion, morphology, gene expression and
differentiation in terms of the surface chemistry, topography and mechanical
properties of the substrate, they observed that fluorinated graphene substrates were
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able to induce a higher level of proliferation and also stronger polarization of MSCs
when compared to substrates composed by graphene. To study the influence of
chemical stimulation in the neuronal differentiation of these cells, the authors
examined the expression of neuronal gene markers after the use of retinoic acid.
When comparing the results of the cells cultured with and without the addition of
the retinoic acid, it was observed that neural differentiation can be significantly
enhanced with the addition of the retinoic acid, which demonstrates that it can act as
a neuron-inductive chemical agent.

The influence of the surface chemistry on the differentiation of stem cells cul-
tured on graphene structures was also investigated by Akhavan et al. [114] which
explored an alternative way to produce improved graphene sheets using Asian red
ginseng for the green reduction of chemically exfoliated GO into rGO. Concerning
this, they analysed the influence of GO, hydrazine–rGO and ginseng–rGO films in
the differentiation of NSCs into neurons. The results obtained show that ginseng–
rGO films presented a better stability against aggregation when compared to the
hydrazine–rGO ones in aqueous suspensions. Moreover, hydrazine–rGO films,
which are hydrophobic, exhibited no toxicity against hNSCs, whereas the hydro-
philic GO and ginseng–rGO films proved to be more biocompatible since it allowed
stem cells’ proliferation after only 3 days. When evaluating the influence of these
three substrates in the neural differentiation, it was demonstrated that ginseng–rGO
films were the substrates that allowed higher differentiation of hNSCs into neurons
(rather than glia), followed by hydrazine–rGO substrates, being this explained by
fact that rGO films have higher capability for electron transfer when compared to
GO films. In the work already mentioned above, besides studying the influence of
electrical stimulation, Tang et al. [72] also investigated the influence of chemical
stimulation on the neural response of NSCs cultured on graphene films. Hence, high
K+ stimulation was applied to the cells by adding 50 mmol/dm3 KCl to the culture
media. To assess the cell response the intracellular Ca2+ changes upon stimulation
were evaluated. The results presented show that K+ stimulation was able to induce a
superior response (65 % of fluorescence intensity) to electrical stimulation (30 %)
in the intracellular Ca2+ change, by allowing the depolarization of the cells and
activating voltage-operated calcium channels which resulted in an increased
extracellular Ca2+ influx. Furthermore, the authors also investigated the effects of
this stimulation in the activation of C-jun, which is an inducible transcription factor
that has the capacity to regulate other gene expression in response to extracellular
stimuli [115]. Their examinations allowed to the conclude that K+ stimulation
induced the activation of C-jun in the neural networks on graphene substrates, once
it was demonstrated that under stimulation the number of cells positive for phos-
phorylated C-jun was only 14 %, whereas with stimulation the number significantly
increased to 43 %.

Meantime, in another investigation, Akhavan et al. [116] also tested the influ-
ence of using chemical inducers on the osteogenic differentiation of hMSCs cul-
tured on graphene nanogrids. After demonstrating that the proposed hydrophilic
graphene nanogrids were biocompatible, the authors investigated the influence of
chemical stimulation on this type of substrate by adding known osteogenic
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inducers, such as dexamethasone and ascorbic acid. The results presented in this
study reveal that the chemical stimulation of the rGONR grid induced an enhanced
osteogenic differentiation of the hMSCs, revealing that the amount of osteogenesis
in the patterned substrates was � 2.2-folds greater than the differentiation on the
rGO sheets, which were uniform substrates. When comparing to the substrates that
were not chemically stimulated, the authors observed lower levels of osteogenic
differentiation on the patterned substrates and no differentiation on the graphene
sheets. Hence, besides confirming the potential of chemical stimulation in the
promotion of stem cell differentiation, this work also opened the path for further
researches related with the surface topographic features since it was demonstrated
that patterned substrates showed enhanced differentiation.

Later on, in the work reported by Weaver and Cui [117], a new nanocomposite
composed by of conducting polymer PEDOT and GO nanosheets was fabricated
and its NSC scaffolding performance evaluated. They found out that the biomo-
lecules interferon-c (IFNc) and platelet-derived growth factor (PDGF) are able to
selectively stimulate neuronal or oligodendrocyte lineage differentiation, by cova-
lently cross-linking to the surface of the GO or PEDOT nanocomposite, respec-
tively, via carboxylic acid functional groups provided by GO. Additionally, it was
demonstrated that when the surfaces are stimulated with FNc they have the capacity
to support a larger population of neurons whereas when they are stimulated with
PDGF they support a larger population of oligodendrocytes.

3.5 Topographical Stimulation

The microenvironment present on the cell imposes specific biophysical cues,
including cells’ topographical and mechanical properties, which can act through
cell–substrates interactions and lead ultimately to the modulation of cellular
behaviours such as differentiation [35]. In addition, since stem cells have the ability
to sense the physical characteristics of their environment, specific biomechanical
signals can be transmitted to them via various substrate topographical features such
as pillars, grooves or pits [118]. Therefore, in the last years, researchers have started
to further investigate the possibility of controlling stem cell fates by modulating
some biophysical characteristics of the scaffolds, including the design of
micro/nano-patterns, elasticity and scaffold’s porosity [119–121].

The first work that studied the influence of morphological stimulation using
graphene-based materials on the differentiation of stem cells was presented by
Wang et al. [113], which investigated the possibility of inducing neural differen-
tiation of MSCs by confining them into microchannels of fluorinated graphene
surrounded by polydimethylsiloxane (PDMS) parallel lines in the absence of
chemical inducers. To design the PDMS lines, these were ink-jet printed onto the
fluorinated graphene substrates with the length and the width of, respectively, 3 mm
and 150 lm and a line spacing of � 50 lm, which resulted in a 30-lm-wide
fluorinated graphene microchannel in between the PDMS lines. The results
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presented in this study reveal that there is a correlation between the density of
aligned MSCs and the coverage of fluorine on the graphene film and that the MSCs
that were randomly seeded attached preferentially onto the fluorinated graphene
microchannels, assuming a more elongated morphology as illustrated in Fig. 10.

Moreover, they found out that not only the MSCs showed a preferential adhesion
to the fluorinated graphene strips but also that their cytoskeleton aligned along the
length of the pattern. To assess the effects on the neuronal differentiation, the
expression of neuronal markers of the cells that were cultured on the micropatterns
was analysed. When comparing with the results of the cells cultured under
non-patterned fluorinated graphene, they observed that the cells that were cultured
under patterned fluorinated graphene demonstrated enhanced expression of the
neuronal markers Tuj1 and MAP2 even without the presence of a neuron-inductive

Fig. 10 a Schematic drawing of patterning MSCs by printing PDMS barriers on graphene films
directly. b Optical microscope image of printed PDMS on fluorinated graphene film (scale bar
50 lm). c–e The aligned growth of stem cell on graphene, PFG and FG with printed PDMS
pattern, respectively (scale bar 100 lm). f, g MSCs preferentially attached on the FG strips and
their F-actin aligned (red) and expressed neural-specific markers—Tuj1 and MAP2 (green) (scale
bar 50 lm). h Percentage of immunoreactive cells for Tuj1 and MAP2 on unpatterned and
patterned FG strips. Note that the patterned FG strips induce higher expression of Tuj1 and MAP2
in the absence of retinoic acid (n = 6, p < 0.05). Reproduced with permission [113] © 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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agent (Fig. 10). This work allowed confirming that morphological changes in
graphene-based substrates that induce variations in terms of cytoskeletal and
nuclear alignment can, indeed, promote the differentiation of MSCs towards the
neuronal lineage.

Afterwards, Kim et al. [122] proposed a simple method that uses graphene
combined with chitosan to fabricate a nanotopographic substrate for stem cell
engineering. The results presented showed that graphene-incorporated chitosan
substrate was able to promote the adhesion and differentiation of hMSCs.
Moreover, it was proved that the differentiation on rGO–chitosan substrate was
higher than the ones obtained on the chitosan substrate and polystyrene regardless
of the use of osteogenic of osteogenic induction media. Finally, they proved that
nanotopographic cues of the substrate play a significant role in the enhancement of
cell-to-cell and cell-to-material interactions, which results in an improvement of
cells’ functions.

Since it was already demonstrated in previous works [123], patterned geometries
can play a significant role in the guidance of stem cell differentiation. Akhavan et al.
[94] proposed graphene nanogrids as a viable 2D-patterned template for the pro-
liferation and differentiation of hNSCs. The oxidative unzipping of multiwalled
CNTs was applied to obtain graphene nanoribbons (length of 10 µm, width of 50–
200 nm and thickness of 1 nm) and to posteriorly fabricate the graphene nanogrids.
Then, the biocompatibility of rGONR grid/TiO2 NPs/SiO2 films was investigated
using bright-field and fluorescence imaging to analyse the adhesion and prolifera-
tion of hNSCs cultured on those substrates. For comparison, cells were also cul-
tured on quartz, TiO2 NPs/SiO2, and GO nanoribbon (GONR) TiO2 NPs/SiO2

substrates. After analysing the fluorescence images, they observed that the hNSC
were immunopositive for nestin (a green-coloured marker used for staining NSCs).
This observation allowed researchers to conclude that not only stem cells were able
to proliferate on the films, but also that they exhibited the neural stem cell property
as they induced positive results for nestin. Moreover, the hydrophilic graphene
nanogrid-coated films, in particular the GONR, demonstrated to have better cells’
attachment as well as a increased proliferation of the hNSCs in the two vertically
preferred orientations, coincident with the pattern of the nanogrids, when com-
paring with the quartz substrate and the TiO2 NPs/SiO2 films, which exhibited
lower cell growths with random orientations. Finally, they found out that elongated
patterns of rGO nanogrids were able to demonstrate increased differentiation of
hNSCs into neurons in the absence of any chemical inducer when compared with
the SiO2 substrate.

Meantime, Solanki et al. [124] reported the fabrication of a new substrate
consisting of nanoparticle-based nanotopographical features modified with gra-
phene. This substrate was studied for the enhancement of neuronal differentiation
and growth. The arrays of graphene–silica NPs hybrid structures (SiNP-GO) were
produced by coating GO sheets on the surface of positively charged silica NPs
followed by packing on the surface of glass substrates. Since GO contains high
concentration of oxygen functional groups attached to its basal plane (high elec-
tronegativity), they have a higher capacity to readily attach positively charged
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molecules or surfaces, which in this case was the surface of 300 nm silica
nanoparticles (SiNPs). The substrates were then treated with the ECM protein
laminin (10 lg/mL for 4 h) in order to provide further attachment and growth of the
hNSCs on the GO. To investigate the influence of the proposed substrate (SiNP–
GO) in the neuronal differentiation, other three substrates were used as control: a
glass substrate with a positively charged surface; a glass substrate with a monolayer
of positively charged NPs and a glass substrate with a positively charge surface
coated with GO. Then the hNSCs were seeded in the four substrates and the
influence of SiNPs, GO and SiNP–GO on the neuronal differentiation was analysed
by performing immunocytochemistry and quantitative PCR on the differentiated
cells after 14 days. Their findings revealed that in the first days of differentiation
axons tended to be aligned only on the GO and SiNP–GO substrates and not on
glass and SiNPs substrates. In fact, after 14 days of differentiation, these substrates
exhibited very well-aligned and well-extended axons, in opposing with the other
substrates (glass and SiNPs) where although they demonstrated to have extended
axons, they did not show any cell alignment. After analysing the images, the
variation in the angle of orientation of the axons extending from differentiated
hNSCs on substrates containing GO was quantified and compared with the orien-
tation of the axons present on the control SiNPs and glass substrates. Their results
allowed the authors to confirm the observations made previously, since the angle of
orientation of the axons from differentiated hNSCs on the GO and SiNP–GO
substrates was ±17.8° and ±9.16° respectively, whereas in the other two substrates
the axons extended randomly having a much higher variation of ±42° and ±46.11°,
respectively. In addition to this, they also investigated the influence of nanotopo-
graphical features on the length of the axons extending from hNSCs that were
differentiated on the different substrates on the day 14. It was confirmed that the
length of axons present on the SiNPs was 20.76 % more than the average length of
those cultured on glass and 11–3 % more than those cultured on GO, confirming
that the alignment of the axons was exclusively induced by the presence of GO in
the interior of the ECM, while the SiNPs monolayer can induce an increase in the
average length of the axons from hNSCs differentiated on SiNP–GO. Afterwards, to
determine whether the alignment of the axons present on GO and SiNP–GO was
due to the crowding of hNSCs and by consequence dependent on the seeding
density, the authors reduced the cell density by 50 % and after observing the cells’
behaviour during 2 weeks, they confirmed that the axonal alignment of the dif-
ferentiating hNSCs on the SiNP–GO substrates is not dependent of the cellular
density, as the cells performed similarly. The effects of SiNP–GO on the neuronal
differentiation of hNSCs were investigated by analysing the expression of immature
and mature neuronal markers in the differentiated cells after 2 weeks. After per-
forming immunostaining tests, it was demonstrated that a majority part of the
aligned axons present in that substrate were characterized by the expression of
several neuronal markers, including TuJ1, MAP2 and synapsin, and the axonal
marker, GAP43. Moreover, it was demonstrated that the hNSCs differentiated on
SiNP–GO substrates showed the highest expression levels for all neuronal markers.
Next, for the first time the authors compared the axonal alignment of the
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differentiated cells on GO and CVD-grown graphene sheets. Although they
observed axonal alignment on pristine graphene similar to the alignment observed
on GO, they concluded that this was not sufficient for effective differentiation, being
the GO substrates more advantageous for coating SiNPs, assembling ECM proteins
and aligning the axons from differentiating hNSCs. Then, they further investigated
the influence of the chemical structure of graphene (hexagonal lattice carbon-based
structure) in the axonal alignment. In this regard, a nanomaterial, molybdenum
disulphide (MoS2), with a physical structure similar to graphene was selected and
deposited on glass substrates, which were already coated by laminin. Their
observations allowed to conclude that the unique chemical structure of graphene
caused the axons to align, once although the hNSCs have grown well and differ-
entiated on these MoS2 substrates, they did not reveal to have any axonal align-
ment. Hence, this work demonstrated the importance of morphological stimulation
on the differentiation of stem cells, once it proved that is possible to enhance
neuronal differentiation as well as axonal alignment by engineering specific
microenvironments, which in this case consisted in nanotopographical features
modified with GO.

In another work, Shah et al. [125] reported the use of graphene–nanofiber hybrid
scaffolds for the guidance of NSCs differentiation into oligondendrocytes. In order
to fabricate these hybrid scaffolds, GO was directly deposited on the surface of
oxygen plasma-treated PCL electrospun nanofibers and then coated with the ECM
protein laminin. They found out that GO–PCL nanofiber scaffolds have a higher
capacity to promote the growth of more elongated cells when comparing to the
simple PCL substrates. In addition, they demonstrated that the GO–PCL nanofiber
scaffolds were able to induce a more selective differentiation of the NSCs into
oligodendrocytes, which was confirmed by the presence of several oligodendrocyte
markers, including CNP, PDGFR, Olig1 and Olig2, as well as mature oligoden-
drocytes markers, such as PLP, MBP, MAG and MOG. Moreover, it was observed
that the use increased amounts of GO on the electrospun nanofibers further pro-
motes the differentiation of NSCs into mature oligodendrocytes. Finally, they also
demonstrated that GO contents of the nanofiber scaffolds have a significant influ-
ence on the overexpression of several key integrin-related intracellular signalling
proteins, including focal adhesion kinase (FAK), Akt, integrin-linked kinase
(ILK) and Fyn kinase (Fyn) proteins, known by promoting the oligodendrocyte
differentiation.

In a more recent work, Kim et al. [35] hypothesize that the fabrication of
combinatorial patterns of graphene-based nanomaterials could be a more advanta-
geous approach to have a precise control of stem cell differentiation, in particular
for the differentiation of human adipose-derived mesenchymal stem cells
(hADMSCs). To generate the desired patterns over large surface areas the micro-
contact printing (MCP) method was applied. They found out that GO line patterns
were effective in the modulation of cells’ morphology, which resulted in an
enhanced differentiation of hADMSCs into osteoblasts. It was also confirmed that
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GO grid patterns are a promising method for the neuronal differentiation, once it
allowed the highly efficient conversion of mesodermal stem cells into ectodermal
neuronal cells, explained by its ability to mimic interconnected/elongated neuronal
networks.

4 Conclusion

Graphene and its derivatives show to be emerging materials that hold great potential
for biomedical applications, in particular on the development of stimulus responsive
platforms for TE. Due to its unique structure and diversity of electrical, mechanical,
chemical and morphological characteristics, graphene and its derivatives (GO and
rGO) are now receiving increasing attention within the scientific community. In
fact, its exceptional characteristics have already led many researchers to consider
graphene as a promising platform for stem cell-based therapies, since graphene has
already demonstrated to play an important role in the adhesion, proliferation and
differentiation of several stem cells, demonstrating its potential not only for neu-
ronal differentiation, but also for osteogenic and cardiac differentiation.

Moreover, besides of being an effective substrate for inducing spontaneous stem
cell differentiation, graphene has already proved to be appropriated for inducing
stem cell differentiation under several types of stimulation, including electric, NIR,
flash photo, chemical, mechanical and morphological. Although the research with
graphene for tissue regeneration is still in the early stages of development, this
carbon nanomaterial may have a bright future in different clinical scenarios.
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Graphene Hybrid Architectures
for Chemical Sensors

Parikshit Sahatiya and Sushmee Badhulika

Abstract Graphene, one atom thick allotrope of carbon, has enabled researchers to a
new era of exploration due to its unique properties. Graphene is considered to be
mother of all carbon materials with excellent electrical, mechanical, optical, and
thermal properties that made its use for various engineering applications. Graphene
and graphene hybrids have proved over the last decade to be promising material for
chemical sensors. High surface-to-volume ratio coupled with high conductivity
enabled graphene-based sensors to perform well with high accuracy, high sensitivity
and selectivity, low detection limits and long-term stability. To further enhance the
properties of graphene, graphene-based hybrids have been synthesized for its use as
transducing element in various chemical sensors such as gas and biosensors. These
hybrids exhibit the synergistic benefit for both the material for fabrication of efficient
sensors with enhanced performance. This chapter focuses on synthesis, characteri-
zation and applications of various graphene hybrids in chemical sensors.

Keywords Graphene � Graphene hybrids � Functionalized graphene � Chemical
sensors � Electrochemical sensors � Biosensors

1 Introduction

Chemical and biosensors are increasingly becoming indispensable part of our
society with applications across various fields such as biomedical, environmental,
pharmaceutical, clinical, chemical processing, and military [1–4]. This had led
researchers to focus on developing various chemical sensors with low cost process
while still exhibiting high sensitivity. Chemical sensors may be defined as a device
that responds with selectivity to a particular chemical substance (analyte) present in
desired medium to produce a measurable signal at any given analyte concentration.
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Chemical sensors in reality are complex devices fabricated and optimized for a
particular application. While each application has its own unique requirement, the
ultimate goal of the chemical sensor is to achieve high sensitivity at which single
atom or molecule can be resolved. In general there are two main components of the
chemical sensors namely (i) a recognition element which is selective to the analyte
to be detected and (ii) transduction element that is responsible for generating a
measurable signal which can be further processed for qualitative and quantitative
analysis. For this purpose, various materials which include ceramics, metals,
semiconductors, etc., [5–7] have been synthesized over ages to fulfill the growing
demand of the chemical sensors from both environment and healthcare perspective.

In recent years, graphene, densely packed sp2 bonded carbon atoms having one
atom planar thickness have attained significant attention to be used as a next
generation electronic material, due to its outstanding properties such as high current
density, ballistic transport, high thermal conductivity, optical transmittance,
hydrophobicity, and chemical inertness at nanometer scale [8]. The first ever gra-
phene was extracted by mechanical exfoliation of graphite using scotch tape
method [9] which has further led to enormous experimental activities. Electron
transport experiments on graphene-based devices have shown apart from the above
mentioned properties, very high carrier density and exceptionally high electron
mobilities (100,000 cm2/V-s) [10]. These outstanding properties arise due to the
unique band structure of graphene, which has zero band gap with conduction and
valence band exhibiting near-linear dispersion that touches the brillouin zone corner
[11]. Graphene is highly sensitive to changes in the chemical environment which is
due to the fact that suspended graphene has extremely high mobility and that the
electron transport remains ballistic up to 0.3 µm at room temperature [12].
Moreover, every carbon atom in graphene provides large surface to volume ratio, as
a result, electron transport in graphene is highly sensitive to adsorbed molecular
species. Finally, due to its high crystallinity graphene has inherently low electrical
noise. The above properties make graphene an ideal choice for fabricating ultrahigh
sensitive chemical sensors for detection of various analytes which includes various
gas and biomolecules.

However, the above properties of graphene emerge only in 2D direction thereby
limiting its scope and applications. To further enhance graphene properties and
expands the scope of applications that graphene offers, various graphene hybrids
have been synthesized, wherein graphene acts as a platform for support, scaffold or
a 2D planar substrate for anchoring other nanomaterials. It is always desirable to
harness the useful properties of both graphene and its derivatives with various kinds
of functional materials in composites. In this regard, hybrids of graphene with
various metal oxides, metal nanoparticles [13], semiconducting nanoparticles [14],
conducting polymers [15] and other carbon allotropes such as carbon nanotubes
(CNTs)/carbon nanofibers (CNFs), etc. [16, 17] have been developed over the past
decade. For instance, incorporating graphene with metal oxide in various forms
increases the electrical conductivity as compared to pristine metal oxide thereby
expanding the scope of metal oxide usage in various forms of chemical and
biosensors. Moreover, CNTs, which is a 1D material can be functionalized onto the
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surface of 2D graphene, forming a hybrid material whose properties emerge in all
three dimensions, thereby increasing the active surface area and faster electron
kinetics. Similarly, pristine metal oxide/metal nanoparticles have the tendency to
aggregate [18] thereby reducing the stability. Graphene with metal oxides/metal
nanoparticles serves to overcome the drawback wherein nanoparticles can grow or
decorate on graphene sheets or where graphene is wrapped around the nanoparticle.
These hybrid structures serves for various exciting applications such as electronics,
chemical and biosensors, energy storage, optical, thermal, photodetectors, etc. [19].

In this chapter, we will systematically discuss graphene hybrids architectures in
terms of their synthesis, characterization, properties and their applications in various
chemical sensors. Potential sensing mechanisms are thoroughly analyzed in an
effort to understand the sensing properties which both graphene and its derivatives
offer. Furthermore, summary on recent promising progress of graphene hybrids in
the area of chemical sensors is made, highlighting, sensing performances such as
selectivity, sensitivity, response time, and limit of detection. Finally, wherever
applicable, limitations of present approaches and future research perspective have
been discussed.

2 Functionalized Graphene Materials

Pristine graphene is highly hydrophobic material and is insoluble in almost all
solvents [20]. Therefore, foremost processing of graphene composites begins with
solubilization of graphene. To increase the solubility of graphene various functional
groups have been attached to the carbon atoms by covalent, non-covalent func-
tionalization, and chemical modification [21, 22].

It is not possible to directly disperse hydrophobic graphene sheets or graphite
flakes in water directly without the assistance of dispersing agents. Reduced gra-
phene oxide (rGO) can form stable aqueous solutions due to the presence of oxygen
containing groups, but the degree of solubility depends on the reduction of graphene
oxide. However, the resulting solubility of rGO is limited with a value of 0.5 mg/mL
[23]. There are various other organic solvents such as acetone, ethanol, dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), and tetrahydrofuron (THF) which
can be used to form stable suspensions with rGO [24]. Besides that, metal ions and
functionalized groups have been known to modify rGO sheets for enhanced solu-
bility. GO sheets mixed with KOH in water and then with hydrazine has shown to
produce K-modified graphene [25] which can lead to homogeneous suspensions. In
addition, sulfonated groups could be attached to rGO by the use of p-phenyl-SO3H
groups which has shown excellent dispersion in water (2 mg/mL) [26].

Covalent functionalization is based on binding of organic functionalities like free
radicals and dienophiles on pristine graphene and chemistry of attachment of
oxygen groups from Graphene oxide (GO), that is, synthesis method starting from
GO. The covalent functionalization reactions mainly includes two methods (i) for-
mation of covalent bonds between free radicals and dienophiles and C=C bond of
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pristine graphene and (ii) formation of covalent bond between oxygen group of GO
and organic functional group. In the work done by Sinitskii et al. [27] they showed
upon heating of diazonium salt, a highly reactive free radical is produced, which
reacts with the carbon atoms of graphene sheet thus forming covalent bond. The
graphene sheets in this work were synthesized by unzipping of carbon nanotubes
(CNTs).

The ratio of carbon atoms with sp2 and sp3 hybridization in the graphitic lattice
is an indication of degree of oxidation or covalent functionalization reaction. As the
functional groups increases there is increase in the defects sites which is estimated
using Raman spectroscopy as ID/IG ratio, ID represents the defects peak which occur
at *1350 cm−1 which corresponds to sp3 carbon atoms and IG is the graphitic peak
which occur at *1580 cm−1 which corresponds to sp2 carbon atoms. As discussed,
graphene consists of sp2 carbon atoms and as such coexistence of sp3 carbon atoms
which are termed as defects. As shown in Fig. 1. ID/IG, ratio increases with addition
of free radicals.

Apart from free radicals, dienophiles are also known to functionalize the sp2

carbon atoms of graphene by covalent method. In work done by Georgakilas et al.
[29] they functionalized graphene sheets which were produced by graphite dis-
persed in organic solvents by pyrrolidine rings. The hydroxyl group introduced due
to the above reaction increased its dispersibility in organic solvents such as ethanol
and DMF. Also, ratio of ID/IG remarkably increased which indicated the func-
tionalization of graphene and increase in the sp3 planar carbon atoms. He et al. [30]
developed a facile method for covalent functionalization of graphene sheets with
functional groups and or polymeric chains via nitride cycloaddition method. The
resulting functionalized graphene sheets are highly conductive and show excellent
dispersibility in solvents.

Covalent functionalization can also be achieved by forming a covalent bond with
oxygen atoms of GO with the functional group. GO can be defined by randomly

Fig. 1 Schematic of radical
addition to single layer
graphene a Raman spectra of
graphene before and after
functionalization, b optical
image of functionalized
graphene layer. Reprinted
with permission from Ref.
[28], © 2009 American
chemical society
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distributed aromatic sp2 carbon atoms and oxygenated aliphatic sp3 carbon atoms
containing various functional groups such as epoxy, hydroxyl, carbonyl, and car-
boxyl [31, 32]. GO forms unstable dispersion in water and organic solvents such as
DMF, ethylene glycol and THF, since the exfoliated GO tend to aggregate and
forms larger particles of graphite oxide. For stabilization of GO, several stabilizing
groups are added such as polystyrene, elastomeric silicon foams, octadecylamine,
etc., [33]. However, the use of these stabilizing agents restricts the use of graphene
in technological applications. Conceptually, reduction of GO should rehybridize the
effected sp3 carbon atoms to sp2 carbon atoms, thereby making it defect free.
However, experimental evidence of GO reduction has shown that large number of
oxygen groups remains which increases the defect sites in graphene. These defects
alters the properties of rGO, mainly its conductivity, and hence the reduction
method is always specified such as thermally reduced graphene, chemically reduced
graphene, chemically converted graphene to distinguish it from pristine graphene.
Apart from above mentioned methods, there are several other methods such as
addition of chromophores, polymers, etc., [34, 35] for covalent functionalization of
graphene to tune its properties and increase the solubility in the common organic
solvents.

Non covalent functionalization is another way of functionalizing graphene with
other organic compounds by p-interactions. It is an attractive synthetic method,
because it offers functionalization of graphene with functional group without
altering the electronic network. These p interactions are important in context of
fabrication of nanosensors, because subtle changes in the electronic properties of
the p systems can lead to dramatic effects in structure and properties of the nano
system. In the past couple of decades, extensive literature is available to understand
the p complexes which include H–p interaction, nonpolar gas–p interaction, p–p

Fig. 2 Schematic of the functionalization effect on charge density, electron-hole puddle, doping
due to change in hybridization of graphene, graphene’s quantum capacitance, lattice distortion,
dipole–dipole interaction. Reprinted with permission from Ref. [37], © 2009 Wiley publications
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interaction, cation–p interaction and anion–p interaction. Since describing each of
them is beyond the scope of this chapter we refer to review by Georgakilas et al.
[36] wherein all the interactions are explained with the relevant literature (Fig. 2).

3 Graphene–Metal Nanoparticle Hybrid

Combination of graphene with nanoparticles thus forming graphene nanoparticles
hybrid offers unique physiochemical properties that are highly desirable for both
chemical and biosensors, when compared to the use of either material alone. These
graphene–nanoparticle hybrid are promising and alluring due to the fact that they
not only display the excellent individual properties of the nanoparticles such as
optical, electronic, magnetic, and structural [38, 39] that are not observed in bulk
material, but also exhibit additional advantage and offer synergistic properties that
promise their use in various chemical and biosensors. In general graphene–
nanoparticle hybrids can be categorized into two kinds (i) nanoparticles anchored or
decorated or grown on graphene sheets and (ii) graphene encapsulated nanoparticle
wherein the nanoparticle surface is wrapped around graphene.

There have been many reports of graphene hybrids with metal nanoparticles
such as Au, Pd, Ag, Pt, Ni, Cu, etc., [40–42]. Depending upon the type of
nanoparticles decorated or grown on graphene, they have been applied in various
forms of sensors such as gas sensors for detection for toxic gases and volatile
organic compounds, biosensors for detection of cardiac biomarkers, malaria, glu-
cose by different techniques such as electrochemistry, chemiresistive, etc. There are
various methods of synthesis of graphene–metal nanoparticles such as chemical
reduction, microwave-assisted synthesis, thermal evaporation, photochemical syn-
thesis, and electroless metallization.

One of the easy and widely used approach to synthesize graphene–metal
nanoparticle hybrid is by direct chemical reduction of metal precursors in presence
of graphene or its derivatives such as GO and rGO. As discussed, GO and rGO
possess oxygen functional groups which act as a nucleation sites for growth of
metal nanoparticles.

Usually the precursors for nanoparticles are metal salts, which are reduced in
solvent that contains GO and rGO. Because of the van der Walls interactions, the
rGO tend to aggregate and even stack to form graphite. Hence, in order to obtain
graphene as individual sheets and reduce its agglomeration attaching metal
nanoparticle is a possible solution. Xu et al. [43] used water–ethylene glycol system
to prepare various graphene–metal nanoparticle (Au, Pt, and Pd). First, Graphite
oxide was synthesized using hummers method and was mixed with water to form
colloid. Metal precursors such as K2PtCl4, K2PdCl4, and HAuCl4�3H2O were used
for Pt, Pd and Au, respectively, were added to the colloid and then heated in oil bath
for 6 h, followed by drying in vacuum oven at 60 °C for 12 h. Luo et al. [44]
synthesized graphene–gold nanoparticle hybrid by depositing gold atoms by
physical deposition method and then condensed upon annealing to form
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nanoparticles. The deposition of gold nanoparticles on GO nanoplattes has also
been achieved by direct reduction of AuCl4 by NaBH4 in GO THF solution. In
order to disperse GO in organic solvent it was first functionalized with octadecyl
amine forming GO-ODA. UV–Vis spectroscopy confirmed the formation of Au
nanoparticles where the peak at 550 nm was observed. Size was measured by the
determining the concentration of GO-ODA in the solution. Oleic acid and oley-
lamine mixture is strong reducing agent for formation of Au, Ag and Cu
nanoparticles in presence of GO [45]. The method showed narrow size distribution
as well as fine dispersion of the produced nanoparticles on the GO surface. Phan
et al. [46] synthesized Pt/Pd core-shells hybrid on a graphene support by two step
chemical (seed-mediated and polymer-assisted) process. At first, colloidal solution
of Pd nanocubes were synthesized as core followed by Pt coating as shells. In the
second step, graphene was decorated onto graphene by the use of hydrazine in a
facile one step reaction. Recently, affinity of Au nanoparticles with graphene has
been compared with Pd and silver nanoparticles. The study concluded that palla-
dium has the highest affinity to graphene which was supported by theoretical studies
suggesting that higher affinity of Pd with graphene was due to the partial covalent
nature of binding between Pd and graphene [47].

Another general method for synthesizing graphene–metal nanoparticle is the
reduction of GO by microwave assisted method. Hassan et al. [48] utilized
microwaves to reduce aqueous solutions of GO in presence of various reducing
agents like ammonium hydroxide, hydrazine dihydrate, or ethylenediamine. Metal
salts such as copper nitrate, palladium nitrate, or a mixture is present in liquid phase
together with GO and the corresponding nanoparticles were formed and deposited
on rGO nanoplatelets. Thermogravimetric analysis showed a significant weight loss
up to 750 °C with this method, which indicates that this method was effective in
removing the oxygen functionalities from rGO.

Photochemical method is another method of synthesis of graphene–metal
nanoparticles hybrids. Gu et al. [49] synthesized various noble metal nanoparticles
such as Au, Pt, Pd, and Ag via UV-assisted photocatalytic reduction by the use of
ZnO nanorods. First, GO served as the two dimensional support to disperse ZnO
nanorods by hydrothermal method. The ZnO nanorods were self-assembled on GO
forming ZnO/graphene sheet (GS) composite. This ZnO/GS then served as sup-
porting material for dispersion of metal nanoparticles. The mixture was then irra-
diated with UV light. Photogenerated electrons from ZnO reduced the metal ions to
metal nanoparticles at the location distinct from ZnO nanorods thereby forming
graphene–metal nanoparticle–ZnO hybrid. Figure 3 shows the TEM images of
graphene—Ag, Au, and Pd nanoparticles hybrids structure.

Du et al. [50] developed a green and facile method for synthesizing graphene–
metal nanoparticle hybrid by the use of electroless deposition. They constructed a
galvanic cell by using nickel (Ni) foam as a substrate. Various nanoparticles with
redox potential higher than that of Ni were deposited which included Au, Pt, Pd and
Cu. Figure 4 shows the schematic illustration of the deposition of metal nanopar-
ticles on graphene hydrogel @ nickel foam via electroless deposition.
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Fig. 3 TEM images of a GS/ZnO @Ag, b GS/ZnO @Pd, c GS/ZnO@Au, d GS/ZnO@Pt and
HRTEM images of the interface of e Ag nanoparticles, f Pd nanoparticles, g Au nanoparticles and
h Pt nanoparticles and ZnO nanorods. Scale 50 nm. Reprinted with permission from Ref. [49]. ©
American Chemical Society
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It is worth noting that GO sheets, compared to rGO facilitate the growth of metal
nanoparticles which can be due to the larger number of functional groups present in
GO as compared to rGO. Several reports regarding this phenomenon including that
of Ag and Ni nanoparticles have been published [51, 52]. Also, surface chemistry of
chemically modified graphene can affect the nucleation density of as grown metal
nanoparticle, whereas the lattice structure of rGO can be useful in patterning of
several nanoparticles. Apart from this, number of graphene layer has shown direct
relation to particle size and density to the thermally evaporated Au nanoparticles
[53]. It was observed that particle size decreases and density increases as the

Fig. 4 Schematic illustration of deposition of metal nanoparticles on graphene hybrid @ nickel
foam with substrate enhanced electroless deposition. Reprinted with permission from Ref. [50]. ©
Royal Society of Chemistry

Fig. 5 a Distribution of gold nanoparticles on monolayer, bilayer and trilayer graphene and
b statistics of the size and density of gold nanoparticles on n-layers graphene. Reprinted with
permission from Ref. [53]. © American Chemical Society
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number of layer of graphene increases. This is attributed to fact that surface energy
of graphene is dependent on the layer number which controls the interaction
between graphene and evaporated Au atoms. Second, the diffusion coefficients of
Au atoms are different on different surfaces which determine the nucleation growth
of Au nanoparticles. The above method could also be used to identify the number of
graphene layers. Figure 5a shows the distribution Au nanoparticles on single,
bilayer, trilayer graphene and Fig. 5b shows the statistics of size and density of Au
nanoparticles on n-number of graphene layers.

4 Graphene–Metal Oxide Hybrid

There is growing demand for the synthesis of graphene–metal oxide hybrids
because of their excellent properties which promise applications in electronics,
chemical and biosensors, solar cells, Li-ion batteries, and supercapacitors. Till date,
there are various kinds of metal oxides synthesized which include TiO2, ZnO, CdS,
NiO, MnO2, Co3O4, Fe3O4, Fe2O3, Cu2O, RuO2, SnO2, and CdSe [54–56]. The fact
that metal oxide has a large bandgap, restricts its direct use in various sensing and
electronic device applications because of the low electronic conductivity. To
enhance and expand the scope of pristine metal oxides, graphene has been proved
to be an efficient dopant which not only increases the conductivity but also
increases the overall surface to volume ratio. Moreover, due to the fact the con-
duction band of the most of the metal oxide is greater than the work function of the
graphene, it allows for easy electron transfer from metal oxide to graphene.
Graphene, due to its high mobility, increases the conductivity and directs the
electrons to the metal contacts as most of the metal contacts used have work
function less than that of graphene. Unlike metal nanoparticles, which mostly have
the 0D structure with only few reports on 1D metal nanowires, metal oxide have
been synthesized in various dimensional structures such as quantum dots,
nanoparticles, nanowires, nanofibers with various shapes and sizes [57]. There are
various methods for synthesizing graphene–metal oxide hybrid which include
in situ crystallization, solution mixing, microwave-assisted growth, vapor deposi-
tion, electrochemical deposition, and electrospinning.

One of the most widely used methods is in situ crystallization to synthesize
hybrids of graphene, GO, rGO, and metal oxide. In this process, the reduction of
graphene oxide and also the formation of metal oxide nanoparticles take place in a
single step. In a work done by Son et al. [58] graphene ZnO quantum dot hybrid
was synthesized using simple solution method. Firstly, GO was uniformly dispersed
in DMF by ultrasonication. Thereafter, Zinc acetate dihydrate was dissolved in
DMF and then the GO solution was added while continually stirring to form a
stable precursor. The solution underwent two heat treatments (i) at 95 °C for 5 h.
Followed by washing with ethanol by centrifugation and finally with water and
(ii) at 55 °C for 2 h. The complete schematic of the synthesis process is as shown in
Fig. 6. Cao et al. [59] reported facile synthesis of graphene–CdS hybrid by mixing
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GO and Cd(CH3COO)2 in DMSO, followed by heating in autoclave for 12 h at
180 °C. During the process, hydrothermal reaction results in simultaneous forma-
tion of CdS nanoparticle and reduction of GO to rGO. The in situ crystallization
method is in general applied to other semiconducting metal oxides on graphene
platforms such as TiO2 rods, SnO2 nanoparticles, and MnO2 nanoneedles [60, 61].
Mostly, in situ crystallization refers to the hydrothermal method, but alternate to it
is in situ microwave assisted method of synthesis to obtain graphene–metal oxide
hybrid. Yan et al. [62] GO, synthesized by Hummers method, was reduced to
graphene by the use of hydrazine. Thereafter, 100 mL of graphene water suspen-
sion was subjected to ultrasonic vibration for 1 h. Potassium permanganate
(KmNO4) was then added to the graphene solution and stirred for 10 min.
Subsequently, the resulting mixture was heated using a household microwave oven
for 5 min and then cooled to room temperature. Finally, the product was washed,
filtered, and dried at 100 °C for 5 h to obtain graphene–MnO2 hybrid.

Another efficient easy and direct means to synthesize graphene metal oxide
hybrid is by simple solution mixing approach. Feng et al. [63] pre-synthesized CdS
nanoparticle were functionalized with benzyl mercaptan and then mixed with rGO
sheets. Through p–p interactions functionalized CdS were absorbed on rGO sheets.
Sellapan et al. [64] synthesized graphene/TiO2 hybrid by the use of chemical vapor
deposition and RF magnetron sputtering techniques. In this method, graphene was
synthesized by three methods, namely, CVD, catalyst free CVD and solution
processed graphene. TiO2 was synthesized by RF magnetron sputtering with
thickness of 50 nm.

Fig. 6 Schematic of a chemical exfoliation of graphene sheets from GO with the aid of ZnO,
b synthesis of Gr–ZnO quantum dot from GO and zinc acetate dihydrate, c graphene covered ZnO
quantum dot and d TEM image of graphene–ZnO quantum dot. Inset HRTEM image of
Graphene–ZnO quantum dot. Reprint with permission from Ref. [58]. © Nature publishing group
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Various thin films of metal oxide on graphene and its derivatives have been
synthesized by electrochemical deposition. This method has the ability to deposit
various metal oxides in various shapes, size, and thickness depending upon the
applied potential. These methods overcomes the drawbacks of traditional methods
like drop casting, spin coating, etc., which in ideal case will have device to device
variation. Yin et al. [65] deposited monocrystalline ZnO with high donor concen-
tration on rGO on quartz. As the thickness of the rGO film increases the mor-
phology of ZnO deposited changes from porous like structure to ZnO nanorods
which have tremendous applications in electrochemical sensing. Figure 7 shows the
FESEM of 4 samples with different thickness of rGO films. It can be clearly seen
that ZnO deposited changes its morphology from porous structure to nanoparticle to
nanorods structure. Several other metal oxides such as CuO, NiO, and TiO2 have
been deposited using the electrochemical deposition.

Apart from the conventional methods discussed above, new methods such as
growing metal oxides on graphene foams, flexible substrates such as polyimide,
PET, PDMS, etc., are gaining interest due to recent progress in wearable and

Fig. 7 SEM images of electrochemically deposited ZnO on rGO films of thickness a 5 nm
showing particle shaped structure, b 9 nm showing transition state which is rod like without the
typical hexagonal shape, c 13 nm, d 13 nm exhibiting ZnO hexagonal nanorods. Reprinted with
permission from Ref. [65]. © Royal Society of Chemistry
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flexible electronics. Boruah et al. [66] demonstrated the growth of ZnO nanowires
on graphene foam. Graphene foam was synthesized by CVD on the surface of Ni
foam as catalyst, wherein the nickel was etched by dipping the sample in 3 M HCl
for 12 h. After nickel etching, the sample was washed with DI and chloroform and
then ZnO nanorods were grown using resistive thermal evaporation. Hwang et al.
[67] developed method to grow ZnO nanowires on graphene/PDMS substrate.
Graphene films were synthesized using chemical exfoliation from natural graphite
and subsequently growing ZnO by hydrothermal method.

Other than the methods discussed above, electrospinning is another method to
synthesize 1D structures of graphene–metal oxide hybrid. Electrospinning process
involves preparation of the polymer solution, and then feeding it into syringe and
varying the electrospinning parameters such as applied voltage, flow rate and dis-
tance between the syringe and collector. Recently, graphene–ZnO nanofibers were
in situ synthesized and align between the gold electrodes by our group [68]. Herein,
the electrospinning time was optimized such that to get a single aligned graphene–
ZnO nanofiber between pre-patterned gold electrodes. The structural characteriza-
tion of the synthesized hybrid revealed that graphene exists not only on the surface
of ZnO but also inside the ZnO. Varying the parameters of the electrospinning
process and the viscosity of the electrospinning solution, it is possible to synthesize
the hybrids in various shapes such as nanorods and nanoparticles [69].

5 Graphene-Conducting Polymer Hybrids

Conducting polymers or so called synthetic metals such as Polyaniline (PANi),
polypyrole (PPy), polythiophene, are the class of polymers containing large number
of sp2 carbon atoms that permits delocalization of charge carriers. Owing to the
unique electrical, chemical, mechanical and structural properties of both conducting
polymers and graphene, these hybrids have generated interest in field of chemical
and biosensors. Conducting polymers act as a conducting agent that interface with
graphene or play the role of sensitizing agents to enhance the properties of a sensor
such as sensitivity, lower detection of limit, increase response time and selectivity.

The most widely used method for synthesis of graphene-conducting polymer is
the in situ polymerization in a solution containing monomer and graphene or GO,
wherein in case of GO post reduction of GO to rGO is necessary. Since both the
molecules have conjugated configuration there is a strong affinity between graphene
and conducting polymer by p–p stacking. In a typical process, monomer is added into
organic solution of graphene or GO dispersion. An initiator which is generally an
oxidative species such as FeCl3, H2O2, etc., is needed for polymerization reaction.
Wang et al. [70] synthesized graphene/PANi hybrid by in situ polymerization of
aniline. Three electrode set up was used wherein graphene was used as a working
electrode. The electrolyte used was 0.5 M H2SO4 and 0.05 M aniline. PANi was
in situ electropolymerized on graphene at a constant potential of 0.75 V for different
periods. Thereafter, the hybrid was washed with distilled water and dried. Asadin
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et al. [71] synthesized graphene nanoribbon/PANi hybrid by in situ electropoly-
merization method, wherein graphene nanoribbon was synthesized via solvothermal
route through unzipping of CNTs. For hybrid, 5µL of graphene/aniline was casted on
glassy carbon electrode (GCE) and the potential was scanned between −1.3 and
0.8 V (v/s Ag/AgCl) at scan rate of 50 mV/s for a total of 10 cycles. Figure 8 shows
the cyclic voltagram of the electro-polymerization process.

Another method to synthesize graphene-conducting hybrid is by liquid/liquid
interfacial polymerization in oil/water system. In work done by Hao et al. [72] water
phase containing sulfonated graphene with H2O2 and FeCl3, and the oil phase is
chloroform containing aniline. The oil/water interface provides a good template for
the polymerization of PANi. The sulfonic group acts as acid dopant necessary for
the formation of PANi/sulfonated graphene hybrid.

Synthesis of graphene-conducting polymer can also be done using photo-
chemical reaction. Tien et al. [73] developed a facile and one step redox reaction
under UV illumination employing GO reduction and pyrrole polymerization via
electron transfer at room temperature. GO was synthesized using Hummers method
in the above synthesis. Recently, inkjet printing has gained attention due to its ease
of fabricating device. Sriprachuabwong et al. [74] used Graphene–PEDOT: PSS
solution as ink for inkjet printing by the use of commercial inkjet printer. One to
eight layers of graphene–PEDOT: PSS were printed over an area of 3 mm � 5 mm.

Fig. 8 CV of the electro-polymerization process in 1 M H2SO4 at scan rate of 50 mV/s. Inset
SEM image of graphene/PANi on the surface of GCE. Reprinted with permission from Ref. [71].
© Elsevier
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6 Graphene–Carbon Nanomaterials Hybrids

Graphene properties exists in 2D planar direction of graphene structure thereby its
scope in applications wherein it is necessary to utilize properties in all axial
directions. In this regards, 1D CNTs can be functionalized onto the surface of
graphene combining the properties in all directions allowing for high surface area as
compared to graphene alone. Badhulika et al. [75] synthesized graphene–CNTs
hybrid in a single step CVD method via in situ vapor–liquid–solid and surface
catalyzed mechanisms. In this approach, 1 nm Fe nanoparticles were deposited on
copper substrates via electron beam evaporation. C2H2 gas was used as carbon
source in argon and hydrogen atmosphere. Growth of graphene and CNTs take
place simultaneously on copper foil and Fe nanoparticle, respectively. Thereafter,
copper was etched in FeCl3 solution and residues of Fe were removed by the use of
HCl. Further, platinum nanoflowers were electrodeposited on graphene–CNT
hybrid by the use of three electrode system using chloroplatinic acid hexahydrate as
a precursor for platinum.

Apart from CNTs, carbon nanofibers are also one dimensional structure which
has unique and excellent properties in axial direction. Dong et al. [76] synthesized
graphene–CNFs hybrid by the use of electrospinning method. Polyacrylonitrile
(PAN) polymer was dissolved in DMF under continual stirring to obtain
homogenous polymer solution. Secondly, GO was dispersed in water. Thereafter,
fibrous polymer was obtained by the use of electrospinning wherein the voltage

Fig. 9 a Schematic of electrospinning process using ultrasonic atomizer, b top view and c side
view of the as prepared graphene–CNF hybrid, d high magnification image of a single graphene–
CNF hybrid and e SEM image of pristine CNF. Reprinted with permission from Ref. [76]. ©
Elsevier
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applied was 22 kV, distance from needle to collector was kept at 15 cm at a flow
rate of 1 mL/hr. Meanwhile, spray containing GO was incorporated using ultra-
sonic atomizer. The complete schematic of the procedure and the FESEM images of
the nanofiber are as shown in Fig. 9.

7 Application of Graphene Hybrids in Chemical Sensors

7.1 Gas and Vapor Sensors

One of the most interesting application of graphene and its derivative is gas sensors.
The principle of operation of graphene-based gas sensors is based on the change in
the graphene conductivity due to adsorption of gas molecule on the surface of
graphene. This change in electrical conductivity due to the adsorption of gas
molecule can be attributed to the change in the carrier concentration of graphene
acting as donors or acceptors. Furthermore, interesting properties of graphene aid to
detect single atom or molecular level thereby increasing the sensitivity. Graphene,
being a 2D material, all the sp2 carbon atoms are exposed to the analyte of interest.
Moreover, graphene is highly conductive with low Johnson noise (electrical noise
generated by thermal agitation of charge carriers) and hence little change in the
carrier concentration can cause notable variation in electrical conductivity. Finally,
it has very few crystal defects and hence noise caused by thermal switching is low.

Graphene is very sensitive to chemical environment and hence it is easily
affected by different gas species. For example, exposure to NO2 causes an increase
in conductance of graphene. However, similar increase in conductance would be
observed when exposed with different oxidizing agent such as O2. Moreover,
mixture containing oxidizing agent such as NO2 and reducing agent such as NH3

will not create any net change in graphene conductivity. Another issue with
graphene-based gas sensor is reversibility. Activation energy needed for molecular
desorption for gases such as NH3 and NO2 is higher than the thermal energy at
room temperature. Hence high temperature desorption is needed in an inert ambi-
ent. Most of the graphene-based gas sensor is based on conductance change.
Electrical conductivity of graphene is very much sensitive to environmental
changes such as moisture, temperature, contaminations, and this creates additional
difficulties for reliable sensors. The above problems calls for an alternate solution
for gas sensing, which can be functionalizing nanofibers with various conducting
polymers/metal oxides/metal nanoparticles/carbon nanomaterials which can control
the binding energy of the target molecule to the nanofibers surface and provide
better selectivity.

There are several reports on graphene hybrid-based such as graphene–metal
nanoparticles/metal oxide/conducting polymers/carbon nanomaterials which have
shown excellent sensitivity and selectivity to environmental hazardous gases such
as NO2, NH3, benzene, hydrogen, and hydrogen sulfide. Li et al. [77] sensed H2 gas
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with the Pt/graphene hybrid with the lowest detection of 0.06 %, operating tem-
perature being high as close to 100 °C. Hydrogen gas has usually been detected
using noble metal/graphene hybrid at room temperature like Kaniyoor et al. [78]
reported lowest detection limit of 30 ppm using Pd/graphene hybrid. Shafiei et al.
[79] synthesized Pt/graphene with the lowest detection limit of 50 ppm. Chu et al.
[80] reported the detection range of 6–1000 ppm with lowest detection limit of
6 ppm by use of Pd nanocube/RGO hybrid. Toxic gas such as NH3 and NO2 has
been reported with Ag/RGO composite with the lowest detection limit of 15 ppm
and 0.5 ppm by Phan et al. [46] and Tran et al. [81], respectively. Figure 10 shows
the response of rGO/Ag nanowire hybrid for NH3 gas at various levels of injection.

Song et al. [82] reported the detection limit of 1 ppm of NO2 gas with
ZnO/graphene composite. Jiang et al. [83] sensed benzene at 260 °C using com-
posite of SnO2/graphene with the lowest detection value of 5 ppb. Likewise, Li
et al. [84] synthesized CuO2/graphene composite and detected H2S at room

Fig. 10 Response of a rGO,
rGO/Ag nanoparticles,
rGO/Ag nanowires to
100 ppm NH3 gas in nitrogen
environment at room
temperature, b rGO/Ag
nanowires at different
concentrations of NH3 gas in
nitrogen environment at room
temperature. Reprinted with
permission from Ref. [81]. ©
Elsevier
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temperature with 5 ppb as lowest level of detection. Zhou et al. [85] reported lowest
detection concentration of 0.4 ppm for NO2 with the use of RGO/Cu2O nanowire
mesocrystals at room temperature. Figure 11 shows the response of
Cu2O-functionalized graphene sheet (FGS) for different concentrations of H2S and
also towards different gases.

Jang et al. [86] reported composite polypyrole (PPy)/RGO for sensing NH3 with
5 ppm as detection limit. Figure 12 shows sensitivity graph of sensor fabricated
using rGO and rGO/Ppy hybrid. Gross et al. [87] reported PANI/GO for methanol
sensing with detection limit of 100 ppm.

7.2 Electrochemical Sensors

Graphene-based materials have excellent conductivity, large specific surface area,
large electrochemical active surface and availability for surface functionalization
which are important characteristics of a material to be utilized for electrochemical

Fig. 11 a I–V characteristics of (i) Cu2O (ii) Cu2O-FGS and (iii) FGS, b dynamic H2S sensing
behavior of Cu2O-FGS-based sensor, c sensitivity plots of Cu2O-FGS and FGS-based sensors
under different concentrations of H2S gas, d sensitivity of different gases H2S (5 ppb), NH3

(25 ppm), CH4 (25 ppm) and C2H5OH (25 ppm). Reprinted with permission from Ref. [85]. ©
Royal Society of Chemistry
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sensors. Graphene has been known to perform superior than other carbon nano-
materials such as CNTs due to presence of more sp2-like planes and edge defects in
graphene. Till date, there are numerous reports on graphene and its
derivatives-based electrochemical sensors such as detection of dopamine, H2O2,
ascorbic acid, volatile organic compounds, DNA, etc.

In order to use graphene hybrids as working electrode of the electrochemical
sensor, graphene hybrids have been used to modify conventional glassy carbon
electrode, platinum or gold electrode. There are various methods of functionaliza-
tion of graphene hybrids onto the surface of working electrodes such as the use of
APTES when functionalizing with rGO, or by drop casting, or by the use of paraffin
film, etc. The surface modification of gold electrode is realized by thiol terminated
molecules because of the excellent affinity of thiol molecule towards gold.

In order to take good catalytic activity that metal nanoparticles possess, gra-
phene–metal nanoparticles hybrids have been used for electrochemical sensors. Shan
et al. [88] fabricated enzymatic glucose sensors based on graphene–Au nanoparti-
cles–chitosan hybrid. The sensor also exhibited good electrocatalytic activity
towards H2O2 and O2. The sensors showed good linear response to glucose from 2 to
10 mM at −0.2 V. Although amperometric glucose sensor based on glucose oxidase
exhibit high sensitivity and selectivity, their application is restricted due to the
intrinsic nature of enzyme which needs specific temperature, pH, and ionic deter-
gents. Moreover, immobilization step are highly complicated. Hence, non-enzymatic
technique seems to be attractive without any of the above-mentioned drawback.
Badhulika et al. [75] synthesizes graphene/CNT/Pt nanoflowers hybrid for

Fig. 12 Real-time amperometric response of graphene/MWCNTs/Pt nanoflowers towards
successive addition of glucose at 0.4 V v/s Ag/AgCl in 0.1 M phosphate buffer saline
(PBS) with pH 7.4. Reprinted with permission from Ref. [75]. © Wiley
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developing non-enzymatic glucose sensor. Direct oxidation of glucose was observed
due to the electrocatalytic property of Pt nanoflowers. The linear range of detection
was 1–7 mM with the sensitivity of 11.06µA/mM/cm2. Figure 12 shows the
amperometric response of the hybrid on successive addition of glucose. Li et al. [89]
developed facile one step electrochemical method for synthesizing graphene/NiO
hybrid as non-enzymatic glucose and methanol sensor. Electrochemical experiments
indicated that composite had large surface area compared to its pristine
counterpart. Guo et al. [90] used graphene–Pt hybrid electrode for the electro-
chemical sensing of H2O2 and trinitrotoluene. The hybrid was synthesized rapidly
using one step microwave assisted heating method. In this report, the enhanced
performance of graphene–metal nanoparticle hybrid arises from excellent electrical
conductivity and high specific area as well as synergistic effect of both graphene and
metal nanoparticle.

Some electrochemical sensors have been developed based on the catalysis of
biomacromolecules such as horseradish peroxidase, hemoglobin and myosin for
H2O2 detection. However, their applications are limited due to the factors such as
critical demand on environmental condition, high cost and instability. Hence,
research toward non-enzymatic sensors for detection of H2O2 is gaining interest.
Recent reports have shown that electrodes modified with noble metal nanoparticles,
metal oxides, CNTs have shown good catalytic activity for direct detection of
H2O2. Jia et al. [91] synthesized graphene–Au nanoparticle hybrid by direct elec-
trochemical deposition of Au on graphene/chitosan modified electrode for
non-enzymatic detection of H2O2. Figure 13 shows the real-time amperometric
response of graphene/Au nanoparticle modified electrode for H2O2 detection.
Devasenathipathy et al. [92] synthesized graphene bismuth hybrid for the detection

Fig. 13 a Amperometric response of graphene/chitosan/Au nanoparticle modified electrode for
successive addition of H2O2 into N2 saturated 0.1 M pH 7.2 with an applied potential of −0.4 V
under constant stirring, b reduction current v/s concentration of H2O2. Reprinted with permission
from Ref. [91]. © Elsevier
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of hydrazine by real time amperometric method. The linear range was 0.02–
280 µM with limit of detection (LOD) of 0.005 µM.

7.3 Biosensors

Biosensor is a chemical sensing device that uses biochemical reactions mediated by
immunosystems, enzymes and tissues to detect chemical compounds by electrical,
optical or thermal signal. A typical biosensor comprises of two parts (i) bioreceptor
and (ii) transducer. The bioreceptor is a molecule which detects the target analyte
and transducer converts the binding or recognition event into a measurable signal
which can even be quantified.

Proper immobilization of enzyme onto the modified electrode surface is of prime
importance in development of a biosensor. There are various immobilization
techniques that depend on nature of the enzyme and associated detection mode
which includes adsorption, covalent binding, affinity to complementary biomole-
cules, cross linking, and entrapment. The perfect choice of the immobilization
method will yield higher sensitivity and hence it is of utmost importance to choose
proper technique depending on the enzyme and the detection technique. Graphene
hybrids have high surface area, large active sites for functionalization which makes
them suitable for enzyme immobilization, thus expanding the range of applications
graphene hybrids can offer. Moreover, due to the high electrical conductivity, it can
enhance direct electron transfer between enzymes and electrodes. Enzyme are
immobilized onto graphene hybrid modified electrode via covalent and
non-covalent interactions. Functional groups present in the graphene hybrids aid in
covalent functionalization with the enzyme whereas non covalent functionalization
happens via weak van der Walls forces, electrostatic interaction, hydrogen bonding
or p–p stacking.

Cao et al. [93] developed electrochemical sensor for the detection of cholesterol
using Pt–Pd–chitosan–graphene hybrid electrode. Pt–Pd were electrochemically
deposited on graphene–chitosan hybrid. The hybrid not only accelerated the elec-
tron transfer kinetics but also helps in increased enzyme immobilization. The linear
range for the fabricated cholesterol sensor was found to be 2.2–5.2 µM with LOD
of 0.75 µM. The response time was less than 7 s. The interference studies with Uric
acid, ascorbic acid and glucose displayed high selectivity of the as fabricated sensor
towards cholesterol. Kumar et al. [94] reported label free electrochemical detection
of cardiac biomarker myoglobin using graphene–CNT hybrid. Here, high sensi-
tivity was achieved due direct electron transfer between the myoglobin and the
composite. The linear range was found to be 1 ng/mL to 4 µg/mL with LOD of
*0.34 ng/mL.

Immunosensors are biosensors which are based on antigen–antibody interaction.
Immobilization of antibody onto the material of interest is an important step in the
development of Immunosensors as antibody are very specific to antigen, which acts
a recognition site and thus promote antibody–antigen interaction. Graphene
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hybrid-based Immunosensors are fabricated by covalent immobilization of antibody
onto graphene hybrid. The above method requires graphene to have functional
groups where antibody can be immobilized. Next, the carboxyl group on the surface
is activated for coupling with amine group, as every antibody has a protein which
has a specific amine group. Anitbody with the amine group binds to functional
group on graphene hybrids and forms a peptide bond.

Prostate-specific antigen (PSA) is a tumor biomarker for prostate cancer. Su
et al. [95] synthesized Gr/MnO2 hybrid material with the deposition of Au
nanoparticles for development of PSA biosensor. Au nanoparticles were deposited
on to the Gr/MnO2 hybrid by the use of poly (diallyldimethylammonium chloride)
via simple sonication induced method. Au nanoparticles were used as binding sites
for antibody immobilization. The linear range was found to be 0.005–10 ng/mL
with LOD of 2.5 pg/mL. Clenbutonal (CLB) is known to reduce stress symptoms
and asthma. This had led its wide spread use in treatment of human depression and
pulmonary disease.

8 Conclusion and Outlook

Graphene exhibits unique electronic, chemical, mechanical, optical, and thermal
properties which have paved way for various interesting applications in the field of
electronics, sensors, biomedical and mechanical. The derivatives of graphene, i.e.,
graphene oxide and reduced graphene oxide are synthesized in various forms to
meet the ever growing requirements of graphene as a material for thin film pro-
cessing, composites, sensors and devices. To further enhance the properties and
expand the scope of applications that graphene offers, various hybrids have been
synthesized which include graphene–metal nanoparticles/metal oxides/conducting
polymers/CNTs/CNFs, etc., and applied in various domains of engineering and
technology. The properties of these hybrids do not only depend on the individual
component, but also depends upon the synergy between the graphene and the
hybrid material. Therefore, it becomes important to control the kind of chemical
bonding, distribution density and 3D arrangement of graphene hybrids which would
not increase the stability but also enhance the sensing behavior of the hybrid
material. Despite the excellent properties of graphene and its hybrids, it still has a
long way to go before it could totally replace silicon technology due to the fact that
its reproducibility and large-scale production with precise number of layer is still a
challenge.

Graphene hybrids have been utilized in developing numerous chemical sensors
by varying the hybrid materials, synthesis procedure, optimization of the hybrid
material to be doped, device level fabrication and lately developing flexible sensors
for wearable devices. The idea is to benefit from the synergistic contribution of both
materials to produce an output which not only is selective and sensitive but also
repeatable. Next step would be a step ahead in mass fabrication of sensors with low
cost which can be commercialized. This could be achieved by suitable

280 P. Sahatiya and S. Badhulika



microfabrication technique for patterning of graphene. Current approaches of
graphene-based FET/microfabrication rely on e-beam evaporation technique whose
throughput is very low and is not suitable for mass production. As a future research
direction, it would be useful to directly pattern graphene on substrates for precise
and rapid device integration and also to modify graphene properties by preparing
molecular patterns.
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Antimicrobial Properties of Graphene
Nanomaterials: Mechanisms
and Applications

Adel Soroush, Douglas Rice, Md Saifur Rahaman
and François Perreault

Abstract Nanotechnology opens new possibilities for the development of
antimicrobial materials. Of particular interest are graphene-based nanomaterials,
which possess unique antimicrobial properties and offer multiple routes for func-
tionalization into advanced nanocomposite materials. In this chapter, we review the
current state of knowledge regarding the fundamental aspects of the antimicrobial
interactions of graphene and graphene-based materials. Then, an overview of the
multiple graphene-based composite materials developed for antimicrobial applica-
tions is provided, with an analysis of the different chemical functionalization routes
used to modify graphene and graphene oxide with biocidal compounds. An analysis
of the potential of graphene-based nanomaterials in the development of novel
antimicrobial surfaces and coatings is also conducted, with an emphasis on the field
of membrane processes, where significant developments have been made. Finally,
promising avenues for material development are identified and critical questions
surrounding graphene-based nanomaterials are discussed, providing a guide for
future development and application of antimicrobial graphene-based materials.
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1 Introduction

While microorganisms are an essential component of our man-made world, per-
forming countless beneficial services to humanity, under many situations a careful
control of their proliferation is required. When microorganisms represent a potential
source of pathogens, cause product spoilage, or hinder the performance of industrial
processes, control strategies must be established to limit the deleterious effects of
microbial growth.

Antimicrobial compounds, from silverware to plant extracts, have been used
throughout history to control microbial proliferation [1]. Modern antibiotics, first
extracted from molds and then obtained from synthetic sources, have risen in the 20th
century as an extremely efficient approach to fight bacterial infection [1].
However, their widespread use triggered the emergence of resistant strains that are
able to cope with these potent antibiotics [2]. The emergence of these
antibiotic-resistant bacteria is due to the strong selective pressure of antibiotics,
which act on a few selective sites in the cell. Consequently, new antimicrobial
compounds that target multiple sites or exploit different inhibitory pathways [1] are
being investigated as a response to these drug-resistant strains.

Outside of clinical settings, control of microbial growth is important in any
engineered system exposed to aqueous environments, as the development of surface
microbial communities, or biofilms, can lead to impaired system performance.
Several of the most preeminent examples of biofilms’ deleterious effects include
biofouling of ships’ hulls, heat-exchangers, water treatment membranes, and
metallic surfaces susceptible to corrosion [3–6]. The negative impacts of biofouling
make it a costly problem, as it leads to material degradation and increased energy
and chemicals consumption. In the desalination industry alone, Azis et al. [7]
estimated a global cost of 15 billion USD yearly due solely to biofouling.

In environmental systems, antibiotics are not desirable due to their high cost,
narrow range of action, and the risk of spreading drug-resistance. Because of this,
less specific biocides such as oxidizers, copper, tributyltin, and pesticides are used
to prevent the growth of biomass on surfaces. However, environmental concerns
over the persistence of biocidal compounds in the environment have triggered a
search for alternative compounds capable of imparting broad-range antimicrobial
properties on surfaces prone to fouling.

In both biomedical and environmental settings, nanotechnology provides a path
to smarter and more efficient antimicrobial material design. Antimicrobial nano-
materials (NMs), summarized in Table 1, can be very diverse in nature, ranging
from metallic nanoparticles (NPs), organic nanostructures, photocatalytic materials,
and carbon-based compounds. These new materials represent a shift to a new
paradigm of microbial control, where surface-active materials are used to provide
localized antimicrobial activity [8]. Each material possesses unique advantages and
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specific limitations that guide how they should be used for different applications in
biomedical or environmental settings. This chapter will focus on graphene-based
nanomaterials (GNMs), providing an overview of the most recent understanding of
their antimicrobial properties, and highlights the most promising applications and
challenges to overcome in the use of GNMs for antimicrobial applications.

Table 1 Main types of antimicrobial nanomaterials and their antimicrobial mechanisms

Nanomaterial Proposed mechanisms Comments Ref.

Ag –Silver ions release –No particle-specific effect
identified
–Direct cell contact increases
toxicity by enhancing particle
dissolution

[9–11]

CuO –Copper ions release
–Particle-mediated
oxidative stress

–Particle-specific effect identified
–Shape, size, and polymer
coating affect particle-mediated
toxicity

[12–14]

Dendrimers –Membrane disruption
by polycations binding
to lipopolysaccharides

–Antimicrobial activity
influenced by dendrimer type and
generation
–Also used as a carrier for other
antimicrobial compounds

[15–17]

ZnO –Zinc ions release
–Radicals formation

–Light-mediated toxicity
–Direct contact increases toxicity

[18, 19]

TiO2 –Radicals formation –Light-mediated toxicity
–Depends on crystal structure
–Direct contact increases toxicity

[20, 21]

C60 –Photocatalytic
activity
–Oxidative stress

–Oxidative stress is caused by
direct oxidation of biomolecules
by C60

[22, 23]

Vanadium oxide –Haloperoxidases-like
activity

–Generates oxidizers (HOBr and
1O2) in the presence of Br− and
H2O2

[24]

Carbon nanotubes –Membrane disruption
–Oxidative stress

–Requires direct contact for
toxicity
–Size, surface functionalization,
and electronic-structure modulate
toxicity

[25, 26]

Graphene –Membrane disruption
–Oxidative stress

–Requires direct contact for
toxicity
–Size, surface functionalization,
and sheet orientation modulate
toxicity

[27–30]
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1.1 Interactions of Graphene Nanomaterials with Bacterial
Systems

1.1.1 Insights from In Silico and In Vitro Studies

The most fundamental insights into the mechanisms of bacterial inactivation of
GNMs are obtained from computational studies using molecular dynamics
(MD) simulations. These in silico systems allow for a nanoscale resolution of the
interactions that can occur when GNMs come into contact with biological mem-
branes. From computational studies, the mechanisms of membrane penetration and
membrane disruption by GNMs were investigated.

Penetration of GNMs into the membrane was found to occur by two mechanisms
according to the size and oxidation level. Small sheets with low levels of oxidation
insert in the membrane and rotate under the influence of Brownian motion and
transbilayer lateral pressure until they reach the center of the bilayer, at which point
they align their hydrophobic planes with the phospholipid tails [31, 32]. As the
sheet size increases to a dimension greater than the membrane thickness, sheets will
be oriented at an angle to maximize the amount of their surface embedded the
membrane [33]. This motion triggers the formation of lipid vesicles and facilitate
GNMs’ internalization [31, 34]. The relationship between the internalization
pathway and the physicochemical properties of GNMs is shown in Fig. 1a.

Fig. 1 Interactions of GNMs with membranes revealed by MD simulations. a The different
interactions of GNMs with lipid bilayers according to sheet size and oxidation level (PG pristine
graphene, eGO edge-oxidized GO, sGO sparsely- oxidized GO, dGO densely oxidized GO).
Adapted from Mao et al. [31] with permission of Elsevier Ltd, © 2014. b Disruption of the lipid
bilayer integrity when a sheet penetrates the lipid bilayer (upper panels) compared to when the
sheet adheres on the membrane surface. Adapted from Dallavalle et al. [33] with permission from
the American Chemical Society, © 2015
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Due to their two-dimensional structure, GNMs may cross biological membranes
more readily than other NMs. Indeed, MD studies show that sheet entry is initiated
by a piercing of the lipid bilayer by the sharp edges of graphene, which lowers the
energy barrier for membrane penetration [33, 35]. Since GNMs always feature
sharp edges at the nanoscale, they can be expected to have higher membrane
penetration rates than other NMs [35].

Sheets that are unable to enter the lipid bilayer will instead adhere to the surface
of the membrane (Fig. 1a). Two levels of surface interaction have been noted from
MD studies: a state where sheets are deposited on the membrane without membrane
deformation, and a state where GNMS adhere strongly to the membrane [31, 33].
The latter is favored in larger and more oxidized GNMs and leads to significant
alteration of the membrane. When sheets are strongly bound to the membrane,
phospholipids will move out of their arrangement following the motion of the
graphene sheets. As the phospholipid molecule is moved out of its bilayer, the
hydrophobic tail become free to reorient and will have a strong affinity to the
hydrophobic regions of GNMs. This result in a reversed membrane orientation in
the area covered by the sheet (Fig. 1b). Such drastic membrane reorientation can
lead to a disruption of the membrane functions and impair the cell metabolism [33].

Membrane disruption by the extraction of phospholipids from the membrane
was also observed by Tu et al. [36]. These authors identified three stages of
membrane disruption by GNMs: an initial membrane structure (stage I), a weak-
ened membrane stage (stage II), and a final, disrupted membrane where cell
integrity is compromised (stage III). From MD simulations, the weakening and
disruption of the membrane was attributed to the capacity of GNMs to extract
phospholipids from the bilayer onto the hydrophobic planes of the sheet.
Phospholipids extraction was triggered by short-range van der Waals forces
between the GNMs and lipid molecules [36]. Then hydrophobic forces will allow
lipids to accumulate on GNMs, weakening locally the cell membranes. This
mechanism was observed to occur in both graphene and GO, due to the unoxidized
hydrophobic regions found in GO sheets [36].

Experimental data supporting these simulation findings were obtained with
artificial lipid bilayers. When a dioleoylphosphatidylcholine:dipalmitoylphos-
phatidylcholine (DOPC:DPPC) lipid bilayer was exposed to GO, the interaction
between GO and the bilayer promoted an expansion of the lipid structure and a
detachment of the lipid layer from its mica substrate [37]. This effect is thought to
be governed by electrostatic interactions [38, 39]. Hydration forces were also
shown to influence the adhesion kinetics of GO sheets on lipid bilayers [39]. When
these forces are overcome, however, irreversible binding and vesicle disruption
occurs, demonstrating the potential membrane disrupting properties of GO [39].

1.1.2 Bacterial Inactivation by Graphene Nanomaterials

Model systems are often limited in their capabilities to predict the interactions of
GNMs with bacteria due to structural differences between lipid bilayers and actual
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cell membranes. Bacteria possess a complex cell wall architecture, with
lipopolysaccharides and peptidoglycans covering the phospholipid layer [40]. This
important difference was previously shown to lead to different types of cellular
interactions when the nanoscale interactions of GO were probed by atomic force
spectroscopy [41]. Therefore, cellular studies are the most reliable approach to
identify which interaction pathway can be associated with antimicrobial activity.

Exposure of bacteria to GNMs leads to several different cellular effects able to
generate cell inactivation. These mechanisms, which range from physical disruption
of the membrane to chemical oxidative pathways, are described in Fig. 2. The
relative importance of these mechanisms in the overall antimicrobial effect has been
a subject of debate, with different studies often emphasizing the importance of one
mechanism over the other.

A commonly observed effect of bacterial exposure to GNMs is a disruption of
the cell integrity. Permeation of the cell membrane and distorted cells have been
demonstrated using fluorescent assays, leakage of cellular metabolites, and
microscopy analysis [27, 43–45]. This disruption effect was often linked with the
properties of GNMs to perturb membrane integrity observed in in vitro or in silico
systems [36, 46]. However, membrane disruption can be induced by multiple
cellular stresses, and the hypothesis that direct physical alteration of the membrane
by GNMs is the main cause for cell disruption remains to be clearly demonstrated.

Recent results have instead emphasized the primary role of oxidative stress in
bacterial inactivation by GNMs [27, 47]. For instance, when cells exposed to GO
are enriched with a-tocopherol, a lipid-soluble antioxidant used to mitigate cellular
oxidative stress [48, 49], cell disruption, and bacterial inactivation were signifi-
cantly reduced [27]. These results demonstrate that oxidative interactions are a
major element of the antimicrobial activity of GO.

Fig. 2 Overview of the different interactions of GNMs with membranes. Reproduced from
Perreault et al. [42] with permission from The Royal Society of Chemistry, © 2015
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Despite the evidence supporting the central role of oxidative interactions in
bacterial inactivation by GNMs, the mechanisms leading to oxidative stress remain
unclear. GNMs have been shown to be able to directly oxidize biomolecules in
in vitro conditions [27, 50, 51]. The intrinsic oxidative potential may play a role in
the oxidative stress induced by GNMs. However, oxidative stress is a general
cellular response; physical stress and alteration of respiratory pathways can also
trigger oxidative bursts in bacteria [52]. Due to the complex nature of GNMs, it is
most likely that oxidative stress and cell inactivation proceed through multiple
pathways.

In addition to these two pathways, which both lead to membrane damage, GNMs
can adhere to the cell surface and completely wrap them in an impermeable layer of
GNMs [28]. This mechanism is specific to cells exposed to GNMs in suspension
and is not observed for GNMs-coated surfaces [27]. Cell wrapping by GNMs does
not result in a disruption of the cell integrity, as it is reversible and at least three
different groups have reported complete bacterial recovery when the sheets were
detached from the cells by mild bath sonication [27, 28, 53].

1.1.3 Physicochemical Determinants of Antimicrobial Activity
in Graphene

One of the main paradigms of nanotechnology is that the behavior of NMs is
dictated by their physicochemical properties. This statement is also true for
antimicrobial NMs, where properties such as size, shape, crystal structure, and
surface chemistry were found to be key for their bactericidal properties [54–56].
The determining properties will be dependent on the specific nature of the material.
For example, the antimicrobial activity of metal NPs will change according to their
solubility [9, 10], while crystal structure and morphology have major impacts on the
antimicrobial activity of photocatalytic NMs [20, 57]. While there is limited data on
the antimicrobial determinants for GNMs, properties such as size, oxidation level,
and sheet orientation were highlighted as determining factors.

Sheet size is an important parameter that modulate the antimicrobial effect of
GO. However, how size affects bacterial inactivation was found to be dependent on
the exposure conditions. In suspension assays, both Liu et al. and Perreault et al.
showed a clear relationship between GO sheet size and the number of viable
Escherichia coli colonies obtained on agar plates [27, 28]. This increased antimi-
crobial effect of larger GO sheets was attributed to the previously discussed cell
wrapping mechanism, where larger sheets can completely wrap around cells and
isolate them from the medium [27, 28, 53]. On the other hand, when bacteria were
exposed to a GO-coated surface, cell inactivation increased with decreasing sheet
size, revealing a completely different mechanism of inactivation. For GO-coated
surfaces, the antimicrobial activity was higher for small GO sheets due to the higher
concentration of defects and density of edges [27]. However, the exact nature of
these reactive sites remains unidentified.
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Surface chemistry can influence the antimicrobial activity of NMs [26, 58]. For
GNMs, the most significant change in surface functionalization is the oxidation
level, which changes the material from the conductive and hydrophobic graphene to
its insulating and hydrophilic oxidized counterpart, GO [42, 59]. Multiple studies
have compared the antimicrobial potential of GO with graphene or rGO in order to
understand how oxidation affects antimicrobial properties. However, there is a lack
of agreement between the different studies available. Akhavan et al. [60] compared
the toxicity of GO- and rGO-coated stainless steel and found higher antimicrobial
activity for rGO, an effect that was attributed to its higher conductivity and stiffness
compared to GO. On the other hand, Musico et al. [43] found that a PVK–GO
nanocomposite performed better than a PVK–graphene of the same loading. Similar
conclusions were obtained in suspension assays, with some reports identifying GO
as the more antimicrobial material [29], while for other studies, rGO is the more
potent form [61].

This discrepancy highlights the need for additional studies in order to pinpoint
the role of the oxidation level on their antimicrobial activity of GNMs. A systematic
approach, where a range of partially reduced GO is evaluated, could bring in-depth
understanding of the relationship between oxygen content and bacterial inactiva-
tion. Such analysis was performed for mammalian cells, where a linear correlation
between oxygen content and toxicity was found using 8 GO materials with different
oxygen content [62]. The nature of the oxygen functional groups was also found to
influence the toxicity of oxidized GNMs to lung epithelial cells, with C=O func-
tionalities providing higher toxicity [63]. Similar in-depth studies of oxygen content
and functionalities are still lacking for bacterial toxicity evaluation.

The edges of GNM sheets are very reactive sites compared to the planes [64] and
their abundance and availability have been correlated with the antimicrobial
properties in both GO and graphene [27, 46]. In a recent study, Pham et al. [46]
demonstrated the role of the sheet edges in bacterial inactivation by comparing a
smooth highly ordered graphite surface with graphene-based surfaces of different
roughness. In these surfaces, increased roughness resulted in a high density of sheet
edges exposed for bacterial interactions. Bacterial inactivation was higher for the
rougher graphene surface compared to the smoother one, while bacterial viability
was virtually not affected for the graphite surface (Fig. 3). However, it should be
noted that it is the edge density and not the specific orientation of the sheets that has
a high impact on bacterial inactivation. Indeed, when using Langmuir-Blodgett
films to expose bacteria to GO sheets on a completely flat surface, high bacterial
inactivation was still observed by Mangadlao et al. [30] revealing that orthogonal
contact between the sheet and the cell is not needed.

These findings reveal that the antimicrobial activity of GNMs can be tuned by
changing their physicochemical properties. Additional research is needed to gather
a complete understanding on the relationships between GNMs properties and
bacterial inactivation. Beyond size, orientation and oxidation level, there are
multiple surface functionalization that can have a strong influence on the antimi-
crobial effects of GNMs that remains unexplored. Identifying the physicochemical
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determinants of the antimicrobial activity of GNMs is critical to ensure optimal
antimicrobial performances by graphene-based antimicrobial compounds.

1.2 Graphene-Based Antimicrobial Nanocomposites

Combining different nanostructures can lead to the development of advanced
antimicrobial NMs, presenting multifunctional properties, synergistic antimicrobial
effects, or offer a more amenable structure to be integrated into material design. For
all these objectives, GNMs have shown the potential to be used as a platform for the
synthesis of antimicrobial nanocomposites. In this section, the different approaches
used to design GNMs-based nanocomposites, along with the different routes for
their synthesis, are presented.

Fig. 3 Effect of sheet edge density on the antimicrobial activity of GNMs. Surfaces of highly
ordered graphite are compared with graphene-coated surfaces with either a rough or a smooth
surface. Cell integrity is visualized by scanning electron microscopy. Cell viability is quantified
using a live/dead fluorescent staining. Adapted with permission from Pham et al. [46] © 2015,
American Chemical Society
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1.2.1 Graphene Versus Nanotubes for Composite Synthesis

Carbon nanotubes (CNTs) have been extensively investigated for the design of
advanced functional composites [65]. Their electronic and structural properties
were found to enhance the performance of many types of NMs. Despite these
advantages, the use of CNTs is limited due to concerns regarding their cytotoxicity
and the harsh acid treatments required to generate the surface functional groups
needed for nanocomposite synthesis [66, 67]. GNMs share most of the unique
properties of CNTs; however, they also possess unique characteristics that make
them more attractive than CNTs for the synthesis of functional nanocomposites.

From a practical point of view, the ease of mass production and low costs of GO
compared to CNTs make it a more viable material to be used for nanocomposite
synthesis. GO can be produced through a low-cost chemical oxidation of graphite to
graphite oxide, which can then be dispersed as a single-layer GO in aqueous
suspensions [42]. The stability of GO in water originates from the abundance of
oxygen-containing functional groups formed on GO sheets during the oxidation
process. These same functional groups are also used as anchoring or nucleation
sites for the synthesis of nanocomposites. Therefore, the harsh acid treatments
performed on CNTs to generate oxygen functional groups are not needed when GO
is used.

Beyond these practical and economic reasons, there is a potential for GO to be
more effective for the synthesis of nanocomposites, as GNMs have a higher surface
area and functional groups density than CNTs, which make them better candidates
to be used as a support for growing metal NPs [42, 68]. Graphene and GO can be
used as substrate, stabilizer, and reducing agent for the development of
nanocomposites [69]. They can be used to facilitate the functionalization of
materials or to enhance their biocidal properties.

1.2.2 Main Types of Graphene-Based Antimicrobial Nanocomposites

The unique features of GNMs, when combined with NMs, were found to improve
their antimicrobial effect. Multiple phenomena are involved in the synergistic
interactions of GNMs with other biocides. First, by using GO as a support,
aggregation of NPs is prevented; additionally, the nanocomposite exhibits a higher
active surface area and increased biocidal activity. Second, for NPs inactivating
bacteria by leaching ions, GO also can control the ion release from NPs. In thin film
composite (TFC) membranes modified by GO–AgNPs, the presence of GO as a
sublayer for AgNPs increases their release durability by increasing the initial silver
loading and by providing better interaction between the NPs and the substrate [70].
Third, GO was found to be able to enhance the contact between bacteria and the
nanocomposite due to its flexible structure [19]. This direct contact enhances sol-
ubilization of metal NPs, enhancing their biocidal potential [11]. In addition, GNMs
were hypothesized to damage bacterial membranes and allow a more rapid uptake
of biocides [71]. Finally, for NMs inactivating bacteria through photocatalytic or
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photothermal effects, the electron and thermal conductivity of graphene enhance the
activity of the nanocomposite [72]. These synergistic interactions arise as the main
appeal for using GNMs in antimicrobial nanocomposites.

Of the many antimicrobial compounds used in conjunction with GNMs, AgNPs
are the most common due to their excellent biocidal properties [73]. Silver pos-
sesses a broad-spectrum antimicrobial activity, which allows its use in biomedical
applications, water and air purification, clothing, and household products [74, 75].
Although the mechanisms of bacterial inactivation by AgNPs have been debated,
the most widely recognized is the release of Ag+ to generate oxidative stress and
alter cell membrane function. In this mechanism, a close contact between the cell
and AgNPs can enhance their antimicrobial activity by increasing the rate of Ag+

release from AgNPs [11]. Multiple reports have indicated that the antimicrobial
potential of AgNPs can be enhanced by combining them with GNMs [70, 76–78].

Copper is another popular biocide that can be used at a fraction of the cost of
silver. Copper NPs, copper oxide NPs, and Cu2+ have all demonstrated antimi-
crobial properties against various bacterial strains [79, 80]. Dissolution of
copper-based NPs, as for AgNPs, plays a role in their antimicrobial activity;
however, unlike AgNPs, particle-specific effects involving oxidation reactions have
also been shown to be an important component of the biological interactions of
copper-based NMs [14]. Recently, Ouyang et al. [81] showed that the antimicrobial
activity of copper NMs can also be increased by combining them with GNMs.

Photocatalytic antimicrobial NMs are also enhanced in combination with GNMs
[82–84]. TiO2 NPs generate oxidative radicals when illuminated by a light with
energy higher than its bandgap energy. When excited, electron–hole pairs diffuse
out to the surface of the NPs and the combination of those electrons with water
generate hydroxyl radicals. Combining these photocatalytic NMs with GNMs were
found to improve the overall photocatalytic performance of the nanocomposite by
reducing the rate of electron-hole pair recombination, a phenomenon attributed to
the high electron conductivity of the reduced forms of GNMs.

There are other types of metallic NPs that have been used for the decoration of
GNMs but that are not as prominent. This group includes, but is not limited to,
SnO2 [85], CdSe [86, 87], MnO2 [88], and ZnO [19, 72]; when combined with
GNMs, each of these compounds showed improved antimicrobial performance.
However, their use is mostly limited by the lower costs of the alternative materials.
Iron oxide was also used to impart some antimicrobial effects [89]. The main
interest in iron oxide is not its antimicrobial properties, which are weak, but rather
its magnetic properties, which allow the recycling of NMs after usage [89–92].

GNMs can also be functionalized with organic materials to improve their
antibacterial properties. Cai et al. [93] synthesized a brilliant blue/rGO/tetradecyl
triphenylphosphonium bromide composite that exhibits high antibacterial activity,
water solubility, and mild cytotoxicity. Carpio et al. [94] developed a GO material
functionalized with ethylenediamine triacetic acid for both metal removal and bac-
terial inactivation. Maktedar et al. [95] functionalized GO with 6-aminoindazole
through sonochemical nucleophilic substitution. Some et al. [96] synthesized a
graphene-poly (L-lysine) (PLL) composites using electrostatic interactions and
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covalent bonding between a graphene derivative and PLL. Yuan et al. studied the
preparation of an antibacterial GO-lysozyme composite. Self-assembly of the sheets
endows the film with a multilayered ordered structure with proteins intercalated
between the different layers [97]. The summary of different types of GNMs-based
antibacterial composites is provided in Table 2.

The different synthesis routes used to achieve functionalization of GNMs can be
categorized in two groups: in situ and ex situ formation. In in situ formation, NPs
are formed mostly through a nucleation-growth mechanism at the surface of
graphene-based materials. On the contrary, ex situ formation involves covalent
bonding of bare or functionalized as-prepared NPs and bare or functionalized
GNMs. Based on different types of interaction, procedures and formation condi-
tions, the final nanocomposites entail different properties. In the lines that follow,
each of in situ and ex situ formation routes will be discussed in detail.

1.3 In Situ Formation of Graphene-Based Nanocomposites

Although the synthesis pathway varies for different types of nanocomposites, the
most common approach is through the chemical in situ reduction of metal ions on
GNMs. Electrostatic interactions between metal ions and GNMs promote their
adhesion to the sheet. The in situ reduction can be done under wet conditions or use
thermal reduction pathways.

Wet chemical reduction of metal precursors on GNMs using reducing agents is a
common technique for synthesizing nanocomposites [81, 98–100]. GNMs are first
exfoliated in a solvent by ultrasonication to form a stable colloidal dispersion.
A solution of precursor and a reducing agents are added to initiate the chemical
reduction of the precursor salt on GNMs. The most common reducing agents are
sodium borohydride and hydrazine monohydrate. Since hydrazine is an extremely
strong reducing agent, it can reduce metal precursor to NPs and GO to rGO. The
material then becomes decorated with reduced metal NPs. In this process, hetero-
geneities in the nucleation sites can result in a heterogeneous nucleation of NPs on
GO. This was demonstrated by Faria et al. [99], who found that oxidation debris
have a crucial role in the nucleation and growth of AgNPs on GO [99]. The
schematic picture of the process of GO decoration by AgNPs through in situ wet
chemical reduction is presented in Fig. 4.

The main mechanism of NP formation is nucleation and growth [101–103]. On
GNMs, this is initiated by the electrostatic adsorption of positive metal ions to the
functional groups on GNMs [87]. The oxygenated moieties on GNMs also act as
the nucleation and stabilization sites for NPs [104]. Therefore, the oxygen moieties
on GNMs have an important role in the heterogeneous nucleation of NPs. GO,
which has a higher oxygen content compared to rGO, will form composites with
more abundant, smaller, and better distributed NPs [99].
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Morphology of in situ formed NPs also can be guided by controlling the tem-
perature of nucleation, the reaction time, or by using capping agents such as sodium
citrate and poly(N-vinyl-2-pyrrolidone) [81, 82, 104–107]. The ratio of precursor to
GNMs is also used to control the final NP size and density on the surface of GNM.
This ratio should be optimized because a low ratio will result in low NPs density,
while a high ratio can lead to NPs aggregation and the formation of large NPs,
which also decrease the antimicrobial activity [105].

While all these approaches were found to generate nanocomposites with good
performance, they also involve potentially hazardous chemicals. Therefore, several
attempts have been done to find environment-friendly synthesis route. The easiest
way to achieve green NP synthesis is to use GO as the substrate, the reducing agent,
and the stabilizer, thus reducing the amount of chemicals needed for synthesis.
Vijay et al. developed a one-step method to prepare GO/Ag nanocomposites using
GO sheets first modified by reaction with hydrophilic N-(trimethoxysilylpropyl)
ethylenediamine triacetic acid sodium salt (TETA). The functionalized GO benefits
from the TETA’s large number of carboxylic groups, along with its own unreacted
hydroxyl groups attached to the basal planes. The Ag+ ion reacts with these oxygen
moieties through electrostatic bonding. Then, the unreacted hydroxyl groups, which

Fig. 4 In situ reduction of AgNPs on GO and the role of oxidation debris in the nucleation
process. Adapted from Faria et al. [99] with permission of Elsevier Ltd., © 2014
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act as phenolic entity under alkaline condition, can undergo electrophilic aromatic
substitution to form semiquinone and reduce Ag+ to AgNPs [69].

Other green synthesis routes may use citrate [108], starch [68], or plant extracts
[109] as the reducing or stabilizing agents for metallic nanocomposites. Starch is of
particular interest due to its low cost and safety. During the reaction, a portion of the
starch molecules are converted to glucose, which reduces GO and Ag(NH3)2

+

simultaneously [68]. Polydopamine (PDA) is another promising compound for GO
functionalization due to its ability to coat virtually any surface [110]. PDA is used
to both functionalize GO and reduce silver nitrate to AgNPs [111, 112]. Employing
supercritical carbon dioxide (scCO2) as a solvent and H2 as a reducing agent is
another green route for silver decoration of rGO. The presence of
oxygen-containing functional groups on rGO is responsible for the initial electro-
statically attachment of Ag+ ions in scCO2; Ag

+ is then subsequently reduced to
metallic silver by H2 [113].

Thermal reduction is another popular approach to reduce both GNMs and
metallic precursors. He et al. employed a solvothermal approach to reduce GO to
rGO followed by TiO2 and AuNPs decoration. This reaction used a mixture of
trisodium citrate and anhydrous ethanol solution and a thermal treatment of GO,
TiO2, and Au precursor at 120 °C for 6.5 h [84]. Kavitha et al. [72] thermally
decomposed zinc benzoate dihydrazinate on the surface of graphene at 200 °C to
form antibacterial graphene/ZnO nanocomposites. Thermal treatment are especially
desirable in applications where the reduced form of GO is needed to enhance the
thermal and electronic conductivity of the materials, such as in photocatalysis or
photothermal materials.

1.3.1 Ex Situ Formation of Graphene-Based Nanocomposites

In situ synthesis often lacks good control over the reaction process, which results in
a lack of control over NPs size and distribution. It is also difficult to fabricate
metal-decorated GO by reductive deposition, since GO will be reduced as well
[114]. In ex situ synthesis, where as-prepared NPs are bonded to GNMs, these
limitations can be overcome. The size, shape, and morphology of NPs can be
precisely controlled in a first synthesis step, and then NPs are linked to GNMs.
Because of the abundance of functional groups available, GO is often more
amenable to functionalization than other GNMs.

GO can be functionalized by coupling reactions using its carboxylic acid groups.
These reactions require the activation of the acid group using compounds like
thionyl chloride (SOCl2) or 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC). Subsequent addition of nucleophilic species, such as amines or hydroxyls,
produce covalently attached functional groups to GO via the formation of amides or
esters. The combination of EDC and N-hydroxy succinimide (NHS) is used to form
amine-reactive esters, which makes GO ready to react with other types of functional
materials [115]. In addition to small molecules, polymers have also been attached to
the surface of GO. These attachments are typically made by either grafting-onto or
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grafting-from approaches. Lee et al. [116] modified the surface of GO and rGO
through the reaction of carboxylic groups of GO with cysteamine and EDC to form
thiol (–SH) groups on the edges of the sheet. As-prepared AuNPs then were added
to the functionalized GO suspension to form a covalent bond with its thiol groups,
thus resulting in a precise and controllable bonding of AuNPs on the edges of the
functionalized GO sheet [116].

Zhang et al. studied ex situ approach to prepare GO/Ag nanocomposite using
gelatin. Due to its oxygen- and nitrogen-rich structures in carboxyl amine groups,
the use of gelatin led to a strong electrostatic bond between metal clusters and NPs.
When GO is added to a colloid suspension of Ag nanoprisms, the carboxy—on the
edges of GO interact with amino—of gelatin to attach Ag nanoprisms [117]. Faria
et al. [118] also attached AgNPs, synthesized by the fungi Fusarium oxysporum, on
GO through electrostatic adsorption. Wu et al. synthesized antibacterial graphene
decorated stannous dioxide SnO2@G through hydrothermal ex situ approach. SnO2

was produced using a hydrothermal method in which SnCl2�5H2O was dissolved in
water followed by the addition of sulfuric acid. The final mixture was heated at
200 °C for 24 h. As-prepared SnO2NPs were then added to a GO suspension to be
electrostatically adsorbed on GO [85].

1.4 Antimicrobial Surface Design Using Graphene-Based
Materials

The antimicrobial potential of the aforementioned GNMs have multiple applica-
tions for the control of microbial growth. Due to their contact-mediated effect, the
most viable approach to use GNMs for antimicrobial applications is through their
application as a surface coating for textiles and polymers to be used for biomedical
or environmental applications.

1.5 Antimicrobial Textiles

Textile fibers, when in contact with human skin, provide very rich environments for
microbial growth. They accumulate nutrients and humidity, in the form of sweat
and dead skin cells, and microorganisms from the body and the environment [121].
In medical settings, this may represent sources of infection and pathogens that can
be avoided by imparting antimicrobial properties to textiles. In this regard, GNMs
are useful materials for antimicrobial textile design.

Fibrous textile materials can be modified with GNMs by a simple dip-coating
approach, where electrostatic interactions capture GNMs in the fibrous structure of
the fabric. However, dip-coating do not provide strong binding of GNMs to the
fabric and potential leaching of GNMs can be of concern. To alleviate this, GNMs

Antimicrobial Properties of Graphene Nanomaterials … 305



have been cross-linked to the cotton material by c-ray irradiation or chemical
reaction (Fig. 5). Cross-linking the material was found to reduce the risk of GNMs
leaching without reducing their antimicrobial potential [122].

Using graphene-based composite materials, the antimicrobial activity of the
textile materials can be further enhanced. Karimi et al. [82] produced a rGO–TiO2

cotton fabric by first coating the cotton with GO sheets by dip-coating, followed by
the addition of titanium trichloride and thermal treatment for the simultaneous
reduction of GO to rGO and TiO2 NPs formation. Loading TiO2 NPs on rGO
significantly increased the antimicrobial properties of the cotton fabric compared to
pristine and GO-loaded cotton.

In a biomedical setting, quick bacterial inactivation is needed and graphene-
based composite materials with strong antimicrobial potential can offer the most
promising results. Combining GNMs with TiO2, AgNPs, or even conventional
antibiotics can offer potential benefits due to the synergistic interactions between
the two components of the composite materials. The higher antimicrobial potential
of graphene-based composites compared to a single biocide may allow us to reduce
the amount of biocide used in a biomedical settings and, by doing so, reduce the
risk of bacterial resistance development [8].

Fig. 5 Pathways for the functionalization of cotton with GNMs. a Cotton is functionalized by
dip-coating (1), c-ray cross-linking (2) or chemical cross-linking (3); b electron micrograph of
bacteria deposited on GO-functionalized cotton. Dead cells are indicated by an arrow. Adapted
from Zhao et al. [122] with permissions, © 2013, John Wiley and Sons
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1.5.1 Antimicrobial and Antifouling Membranes

Membranes are used to purify water for industrial uses, the treatment of drinking
water and wastewater, and for desalination [123–126]. While membranes have
proven to be very performant separation processes, over time their efficacy drops
due to fouling by organic, inorganic, or microbial foulants. Membrane fouling
reduces permeate flux and membrane selectivity [127]. To compensate, operators
must increase the applied pressure, wash membranes more frequently, and replace
membranes more often. These practices add to the economic and environmental
costs of membrane processes and, as such, represent one of the main technical
challenges in membrane-based water treatment [6, 128].

Several factors are known to impact the ability of foulants to adsorb to mem-
branes. High surface roughness increases the propensity of the membrane to foul.
A rough surface provides a larger surface area for foulants to adhere to and forms
stagnant pockets protected from the shear forces of the flowing water [129].
Hydrophilicity is also important, as hydrophilic surfaces have a tight layer of bound
water that foulants must displace to adsorb to the surface [130]. Finally, electro-
static interactions also play an important role in adhesion. Membranes with a
negative charge are more likely to repel foulants, as many proteins, microbes, and
organic material have a negative surface charge in water [129].

The first step to membrane fouling is the adhesion of foulants to the surface.
However, in the specific case of biofouling, microorganism will also multiply on
the surface and secrete an adhesive matrix full of nutrients, termed extracellular
polymeric substances (EPS), to change the surface properties of the membrane and
strengthen cell adhesion to the surface. In mature biofilms, EPS, rather than the
cells, accounts for the majority of organic carbon (50–90 %) in biofilms [129, 130]
and, consequently, will be a major component of the reduced system performance.
Preventing microbial activity after cell adhesion can thus have an important role in
reducing the deleterious impacts of biofouling.

This interest in GO for fouling control in membranes is due to its
two-dimensional structure, hydrophilic nature, and intrinsic antimicrobial activity
[42, 131]. When applied to membranes, GO reduces surface roughness, increases
hydrophilicity, and lowers the surface zeta potential [132–134]. All of these traits
can reduce the rate of membrane fouling. In addition, the biocidal effects of GO can
inactivate bacteria depositing on the membrane and reduce the rate of biofilm
development (Fig. 6). Biofouling mitigation of up to 98 % was found by Chae et al.
[132] when GO sheets were embedded in the polyamide layer of reverse osmosis
(RO) membranes. Finally, GO provides membranes with a layer of protection from
chlorine, allowing membranes to be chemically cleaned without degrading the
membrane.

Several methods have been used to add GNMs to membranes. The mixed matrix
technique blends GNMs into the membrane by adding it as an additional ingredient
during membrane synthesis. GO can be mixed into polysulfone, polyester, and
polyamide, meaning it can be applied to microfiltration, ultrafiltration, nanofiltration,
and RO membranes. When considering the factors that measure a membrane’s
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performance (permeability, selectivity, fouling resistance), the optimal GO concen-
tration typically falls between 0.5 and 1.5 %wt% for mixed matrix membranes [136–
140], and between 0.01 and 0.1 % for active layer mixed matrix membranes [133,
141]. Beyond these concentrations, the polymer matrix is weakened and the per-
formance of the membranes is compromised. Antimicrobial properties can usually be
obtained before any significant decline in membrane performance [132, 133].

While part of the GO stays trapped within the membrane, some of the GO is
exposed at the surface. This exposed GO interacts with the fluid and its foulants by
increasing the membrane’s flux, hydrophilicity, and antifouling properties.
Conversely, GO can also be applied in a more targeted approach called
layer-by-layer (LbL) [142]. In this method, GO is added solely to the surface of the
membrane, resulting in a thin coating of GO. As with the mixed matrix approach,
the GO-LbL membranes exhibit enhanced transport properties, hydrophilicity, and
resistance to fouling [139]. However, by focusing the application of GO to the
membrane surface, LbL concentrates GNMs at the surface of the membrane and, as
such, uses less GNMs to obtain similar anti-biofouling properties [132].

One of the determining factors of foulant adhesion is the size of the stagnant
layer that separates the bulk water flow from the membrane surface [143]. When
foulants enter this domain, they are shielded from the sheer forces of the bulk flow
and can attach to the membrane surface. Due to polyamide’s roughness, this fouling
process is accelerated. Polyamide’s rough surface creates pockets of stagnant water
protected from the bulk fluid’s sheer forces and accelerate fouling. Roughness also
increases the membrane’s surface area, leading to more locations for foulants to
adhere to [129]. When applied to membranes, GO’s relatively flat and homogenous
form can cover the polyamide’s rough surface, leading to higher sheer forces along
the membrane and reduced fouling [132, 139].

Fig. 6 Viable bacterial count on a RO membrane functionalized with GO sheets using a MMM
approach. Control is the bacterial suspension, PA the pristine polyamide TFC membranes, 0.12 %
is a GO-functionalized TFC membranes with 0.12 % GO content, and Pure GO a pure GO surface.
a Pictures of the colony counts on agar media; b change in cell viability of different membranes
and surfaces exposed to an E. coli suspension. Adapted from He et al. [135] with permission of
Elsevier Ltd., © 2015
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Table 3 Overview of the different methodologies used to impact antimicrobial and antifouling
properties to membranes using GNMs

GNMs Application Membrane
modification

Main findings References

GO Microfiltration Mixed matrix
membrane

–Taguchi experimental
design identifies optimal
membrane as 12 wt% PVDF,
5 wt% PVP and 3 wt% GO in
DMAC
–GO reduces flux decline due
to microbial fouling

[149]

GO Ultrafiltration Mixed matrix
membrane

–GO blended in polysulfone
membrane
–Increased Young modulus,
pore size, water flux and
hydrophilicity
–Lower biofouling
propensity

[150]

GO Ultrafiltration Mixed matrix
membrane

–Improved water flux and
due removal
–Higher hydrophilicity and
reduced surface roughness
–Reduced protein fouling
–Optimal performance at 0.5
wt%

[151]

GO Ultrafiltration Mixed matrix
membrane

–GO blended in
polyethersulfone membranes
–Reduced protein adsorption
–Improved hydrophilicity
and water flux

[152]

GO Ultrafiltration Mixed matrix
membrane

–PVDF–GO blends
–Increased permeability until
a loading of 2 % GO
–Reduced protein adhesion
due to higher hydrophilicity
and smoother surface

[138]

GO
GO-APTS

Ultrafiltration Mixed matrix
membrane

–Blend of PVDF and GO or
GO-APTS
–PVDF/GO-APTS
membranes have superior
hydrophilicity, water flux,
and rejection rate
–APTS-GO reduces the
adhesion of proteins

[153]

GO–SiO2 Ultrafiltration Mixed matrix
membrane

–GO–SiO2 in polysulfone up
to 0.8 wt%
–Increased permeability up to
0.3 %
–Reduced protein adhesion
due to higher hydrophilicity
–Psf–GO–SiO2 performs
better than Psf–GO or Psf–
SiO2

[154]

(continued)
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Table 3 (continued)

GNMs Application Membrane
modification

Main findings References

GO-HPEI Ultrafiltration Mixed matrix
membrane

–GO-HPEI composite
blended with
polyethersulfone
–Improved mechanical
properties
–Improved hydrophilicity
and fouling propensity
–Reduced biofilm formation
–HPEI increases affinity
between GO and PES

[155]

GO–
CNTs

Ultrafiltration Mixed matrix
membranes

–Optimal performance at a
5:5 CNT–GO ratio in PVDF
–Improved hydrophilicity
and higher flux
–Reduced protein adhesion
–Blending GO and CNTs has
a synergistic impact

[156]

GO–
lysozyme
rGO–
lysozyme

Ultrafiltration Mixed matrix
membrane

–GO-Ly MMM is more
hydrophilic than pristine or
and rGO–Ly membranes
–Permeability increases from
Pristine < GO–Ly < rGO–
Ly
–GO-Ly and rGO-Ly impart
bacteriostasic properties

[144]

GO–
AgNPs

Ultrafiltration Mixed Matrix
Membrane

–GO–AgNPs improve
hydrophilicity, flux, and
rejection
–Optimal improvement at
0.5 % wt. GO–AgNPs
–No E. coli colony growths
on 0.5 % wt GO–AgNPs

[157]

GO Reverse
osmosis

Mixed matric
polyamide layer

–GO cross-linked into the
polyamide active layer
–GO decreases membrane
surface energy
–GO increases bacterial
inactivation by fourfolds

[135]

GO Reverse
osmosis

Mixed matrix
polyamide layer

–GO cross-linked into the
polyamide active layer
–Increasing GO level
improves hydrophilicity
–Increasing GO level
decreased biofouling
–Increased chlorine
resistance

[158]

(continued)
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Table 3 (continued)

GNMs Application Membrane
modification

Main findings References

Graphene
GO

Microfiltration Surface adsorption –Cellulose nitrate filters
modified with a composite of
poly(N-vinylcarbazole) and
GO or graphene
–Increased antimicrobial
activity and bacteria removal

[43]

Crumpled
GO
with Ag or
TiO2 NPs

Ultrafiltration Surface deposition
and cross-linking

–Crumpled GO resists
compression
–Crumpled GO–TiO2

provides photocatalytic
activity
–Crumpled GO–TiO2 have
three logs higher
antimicrobial effect than
crumpled GO alone

[147]

GO Reverse
osmosis

Surface
functionalization
by amide coupling

–EDC and NHS mediated
covalent binding of GO to the
polyamide layer
–Antimicrobial properties
and increased hydrophilicity
–No effect on membrane
transport properties

[44]

GO Forward
osmosis

Surface
functionalization
by amide coupling

–EDC and NHS mediated
covalent binding of GO to the
polyamide layer
–Antimicrobial and
anti-adhesive properties
–Reduced biofilm formation
by GO functionalization
–No effect on membrane
transport properties

[134]

GO–Ag Forward
osmosis

Surface
functionalization
by cysteamine
click chemistry

–AgNPs made in situ via wet
chemical reduction on GO
–GO–Ag covalently bonded
to TFC membranes
–GO–Ag improves
membrane hydrophilicity
–GO–Ag imparts high
antimicrobial activity

[76]

GO–Ag Forward
osmosis

Surface
functionalization
by amide coupling

–AgNPs made in situ via wet
chemical reduction on GO
–GO–Ag covalently bonded
to TFC membranes
–Improved membrane
hydrophilicity and roughness
–Higher antimicrobial effect
of GO–Ag compared to
AgNPs alone

[70]

(continued)
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Moreover, GO can be used to efficiently and effectively load membranes with
other antifouling materials, including biocidal metals and enzymes. Compared to
pristine membranes, GO surfaces encourage a higher and more dispersed loading of
metallic antimicrobial nanocomposites [70, 144], both of which contribute to more
sustained, comprehensive antifouling effect from the metals. GO better retains
AgNPs and CuNPs than polyamide does, thereby increasing their biocidal benefits
[70, 145]. Additionally, when membranes are functionalized with GO that has been
loaded with additional biocidal particles, the membrane benefits from both com-
pounds, leading to enhanced antimicrobial properties. Finally, it is worth noting that
the flux and solute rejection rates of GO membranes and NPs-loaded GO mem-
branes are quite similar, meaning the additional nanoparticle loading does not
significantly impact membrane performance [76, 137].

TiO2 is one particularly promising NPs that can be loading onto membranes with
GO. When combined with UV light, TiO2 is capable of destroying foulants by
oxidizing them, which converts organic foulants to harmless byproducts [146]. This
results in less fouling on the TiO2-loaded membrane. The interaction of TiO2 with
GNMs, by increasing the electrons’ excitability, increases the efficiency of photo-
catalytic efficiency of TiO2, leading to more oxidation reactions [146, 147]. GO–
TiO2 membranes are found to have higher flux and solute rejection rates than
pristine membranes [148], while decreasing fouling rates and the total number of
organic contaminants in the system [146, 147].

Due to the hydrophilicity and antimicrobial effects of GNMs, they have been
investigated extensively for membrane applications. Their capacity to decrease
fouling without compromising the transport properties makes them particularly
attractive for membrane development. Below is an overview of the different

Table 3 (continued)

GNMs Application Membrane
modification

Main findings References

GO Forward
osmosis

Surface
functionalization
by layer-by-layer
or amide coupling

–Surface functionalization of
polyamide TFC membranes
–GO–TFC by amide
coupling binding improved
antimicrobial activity and
antifouling properties

[159]

GO
aminated
GO

Reverse
osmosis

Layer-by-layer –Electrostatic assembly of
GO/aminated GO on
polyamide TFC membranes
–Go coating increased
protein fouling resistance
–Go coating increased
chlorine resistance.
–NO effect on the membrane
transport properties

[142]
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approaches used to integrate GNMs into membrane design and their impact on the
membrane performance and fouling resistance (Table 3).

1.6 Conclusion and Outlook

In the design of antimicrobial materials and surfaces, GNMs offer multiple
advantages that can result in improved performances as well as reduced costs and
environmental impacts. This is made possible by the unique properties of GNMs,
which include high degree of functionalization, excellent thermal and electron
conductivity, and hydrophilicity.

By serving as a platform for the design of advanced nanocomposites with
antimicrobial properties, GNMs can enhance the performance of conventional
biocides, which allows for reduced biocide loadings or improved inactivation rates.
These synergistic properties of GNMs make them very interesting for biomedical
applications, where drug-resistance and pathogen survival are major concerns.

The ease of functionalization of GNMs also enables their integration into a wide
variety of materials for the design of antimicrobial surfaces. In that regard, GNMs
most commonly serve as scaffolds to obtain a more homogeneous coverage, higher
surface loading, and overall better antimicrobial performances. In the field of
membrane-based water treatment, the hydrophilicity of GO-based materials also
enables their application on membranes without compromising the membrane
permeability. In addition to antimicrobial properties, this hydrophilic character was
also found to reduce the fouling propensity of membranes.

In the synthesis of these advanced nanocomposites with antimicrobial properties,
GNMs have also allowed for greener synthesis pathways, more complex materials
with multiple functionalities, and enhanced antimicrobial effect. This area of
research may represent promising field for antimicrobial GNMs, as they offer
antimicrobial performances higher than both pure GNMs and conventional bio-
cides. More complex and efficient materials are continuously being made. However,
detailed life-cycle analysis still remains to be done in order to evaluate if this
improvement in performances is worth the additional synthesis complexity.

However, for an efficient application of GNMs in antimicrobial applications, a
better understanding of the interactions of GNMs with bacterial systems is needed.
Despite the recent progress in this area, there are still multiple unanswered ques-
tions on what are the main mechanisms of bacterial inactivation, what properties
govern these interactions, and how the specific properties of the cellular system may
affect these interactions. Understanding these relationships is essential when
designing novel antimicrobial composites that will benefit for the synergy between
GNMs and other types of biocides. Through this fundamental understanding of the
mechanisms of bacterial interactions of GNMs, optimal antimicrobial performance
may then be achieved, facilitating their eventual transition to commercial
applications.
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Toxicity and Environmental Applications
of Graphene-Based Nanomaterials

Enrico Tapire Nadres, Jingjing Fan and Debora Frigi Rodrigues

Abstract Graphene can be found in pure form or as derivatives of graphene; both
forms are known as graphene-based nanoparticles (GNPs). These derivatives of
graphene include graphene oxide (GO), reduced GO, GNP–polymer nanocom-
posites, and GNP–metal hybrids. These modifications of graphene nanoparticles
can lead to nanomaterials or nanocomposites with different and novel properties,
such as antimicrobial, adsorbent, and catalytic properties. As antimicrobials, GNPs
can be used in environmental and medical applications. In environmental appli-
cation, as an antimicrobial, the particles of GNPs have shown to inactivate both
pure cultures and wastewater microbial communities. When using the GNPs as
coatings in medical devices or water treatment membranes, the surface inhibits
microbial survival and biofilm growth. Aside from antimicrobial applications,
GNPs have also been used as adsorbent; owing to their large surface area and
presence of functional groups. These GNPs have the ability to remove both heavy
metals and organic contaminants from water. In addition, GNPs can serve as
semiconductors to increase the efficiencies of photocatalytic and electrocatalytic
systems, which can be used to inactivate microorganisms and degrade organic
chemicals in water. The many uses and applications of GNPs will inevitably lead to
their way to the environment through manufacturing byproducts and wastes, as well
as weathering of commercial products containing GNP-based nanomaterials. GNPs
are bioactive and they can impact the environment. While GNPs might be extre-
mely useful, we should find a middle ground between toxicity and applications to
minimize risks to the ecosystem.
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1 Introduction to Graphene-Based Nanoparticles (GNPs)

Graphene is a carbon allotrope with two-dimensional structure [1]. The carbon
atoms in graphene are arranged in hexagonal lattice, one-atom thick, with all car-
bons sp2 hybridized [2]. Lauded as the material of the future, graphene has
superlative properties. For instance, pristine graphene has strong mechanical
properties [3], excellent electrical and thermal conductivities [4, 5] and an
astounding surface area of 2630 m2/g [6]. These exceptional electronic properties
are the reasons for graphene being initially tapped as a material with great potential
for electronic applications [2].

Besides pure graphene, there are graphene-derived nanoparticles that are not
all-carbon, and have defects on their honeycomb structure. These graphene-derived
nanoparticles might contain other atoms such as oxygen, nitrogen, halogens, metals,
and other elements. The electronic properties of graphene with imperfections are,
however, inferior to pristine graphene, but they can lead to nanomaterials with
different and novel properties. Furthermore, many types of graphene-derived
nanoparticles are cheaper to obtain than pristine graphene, making them more
available for future scale up operations. Applications of graphene and its derivatives
are distributed in many fields, including semiconductor [7], medical [8], environ-
mental [9], antimicrobial [10], and catalysis [11]. In this chapter, we will use the
term graphene-based nanoparticles (GNPs) for both graphene and its derivatives.

This chapter will focus on toxicity and antimicrobial properties of GNPs, as well
as their environmental applications and implications. The mechanisms of toxicity of
these GNPs will be also discussed in detail in this chapter to provide fundamental
understanding of the behavior of GNP’s interactions with biological systems.
Finally, we will present the current knowledge of the risks associated to the release
of GNPs in different environments, such as aquatic and terrestrial systems. Based
on the unique and valuable properties of GNPs, it is expected their application in
diverse industries and consumer products. The expected extensive use of GNPS
would lead to their release to the environment. For instance, production facilities
could discharge GNP byproduct in the sewage system; or devices containing GNPs
could potentially be disposed in landfills. The life cycle of GNPs will be important
for future applications as it will determine where the GNPs could potentially exert
the most environmental impact [12].

2 Antimicrobial Properties of GNPs

GNPs have been described extensively in the literature to have antimicrobial
properties. Their antimicrobial properties depend largely on the type of graphene
and its modifications. GNPs typically originate from bulk carbon materials, such as
carbon black. These bulk materials are biologically inert and nontoxic; but when
unraveled to nanosizes, they become extremely active and are capable to inactivate
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many types of cells, including microbial cells [13]. In this section, we will focus on
the antimicrobial properties of graphene, graphene oxide and graphene-based
composites.

2.1 Graphene

The property of graphene as an antibacterial agent against bacterial proliferation has
recently received significant attention. For instance, pure graphene in water at
1000 lg/mL is toxic to both Escherichia coli and Bacillus subtilis [14]. Graphene
also inhibits Salmonella enterica and Listeria monocytogenes growth at 250 lg/mL
[15]. Several studies have shown that some microorganisms are more resistant than
others [16]. Typically microorganisms with outer membranes (Gram-negative),
such as E. coli, tend to be more resistant than microorganisms lacking the outer
membrane (Gram-positive), such as Staphylococcus aureus [17]. However, under
aqueous conditions, such as growth cultures, graphene tend to aggregate overtime,
exerting less toxicity [18]. On the other hand, smaller graphene, termed as graphene
quantum dots (GQD), whose lateral size is 20–67 nm and less than 3 nm thickness,
can be dispersed really well and exhibit good antibacterial capacity [19]. When
photoexcited at 470 nm (1 W), this GNP generates reactive oxygen species (ROS),
including singlet oxygen, hence becomes lethal to different types of cells [19]. The
antimicrobial activities of graphene for different microorganisms are summarized in
Table 1.

Besides planktonic (free-swimming) bacteria, biofilm toxicity of graphene has
also been evaluated. Studies of toxicity of graphene on biofilms have been very
conflicting. For instance, comparison of the biofilm thickness, on graphene-coated
surfaces and control surfaces without graphene, showed significant biofilm inhi-
bition on the coated surfaces [14]. The inhibition is attributed to the direct contact of
the cells with the sharp edges of graphene, which would inactivate them by acting
like a blade [14]. It is also possible that the bacteria could sense the presence of
graphene on the coated surface and by chemotaxis would avoid attaching to it [14].

On the other hand, other studies showed increasing biofilm thickness on
increasing concentrations of graphene coated on anodes of microbial fuel cells [20].
The enhanced biofilm thickness could be attributed to the excellent electrochemical
activity of graphene, which allows sufficient electron transfer via c-type cyto-
chromes associated with the bacteria outer membranes. These electron transfers
could have promoted bacterial metabolism and biofilm growth [21]. Another
explanation for biofilm resistance to graphene is that mature biofilms can be formed
on top of an initial layer of dead cells on graphene-coated surfaces and the large
amounts of extracellular polymeric substance (EPS) produced by the biofilms could
protect the cells from the antibacterial activity of graphene. These conflicting
findings on the graphene toxicity toward biofilms suggest that more investigations
with different types of microorganisms are necessary to allow a comprehensive
understanding of graphene toxicity on biofilms.
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2.2 Graphene Oxide

Among all GNPs, graphene oxide (GO) has been one of the most widely investi-
gated antimicrobial agents. GO is easily dispersed in water and has been reported to
inactive 50 % of E. coli with 40 lg/mL GO within 1 h [10]. The plate counting
method revealed that GO is able to inactivate 91 % of E. coli with a concentration
of 80 lg/mL [10]. Other microorganisms such as S. enterica and L. monocytogenes
are inhibited by 100 % at a concentration of 25 lg/mL [15]. Additionally,
Pseudomonas aeruginosa showed 92 % growth inhibition after incubation for 4 h
with GO [22]. These results showed the GNPs are potent antimicrobials on pure
cultures.

Table 1 Toxicity of GNPs toward different bacteria

Type Bacteria strains Toxicity References

Graphene Shewanella
oneidensis

1000 lg/mL 86.1 %
biofilm inactivation

[20]

Graphene Listeria
monocytogenes

250 lg/mL 100 %
inactivation

[15]

Graphene Salmonella
enterica

250 lg/mL 100 %
inactivation

[15]

Graphene quantum dots Staphylococcus
aureus

MIC 200 lg/mL [17]

GO nanosheets Escherichia coli 97.3 % inactivation
at 10 lg/mL

[51]

GO nanosheets Streptococcus
mutans

83.7 % inactivation
at 80 lg/mL

[152]

GO nanosheets Fusobacterium
nucleatum

78.5 % inactivation
at 80 lg/mL

[152]

GO nanosheets Porphyromonas
gingivalis

85.3 % inactivation
at 80 lg/mL

[152]

GO nanosheets Pseudomonas
aeruginosa

No growth higher
than 175 lg/mL

[22]

GO Langmuir–Blogdett film Escherichia coli 89 % inactivation [68]

rGO (reduced graphene oxide via
the hydrothermal flow method)

Escherichia coli MIC 500 lg/mL [153]

rGO Pseudomonas
aeruginosa

MIC 175 lg/mL [22]

rGO deposited on stainless steel Escherichia coli 1 mg/mL 16 %
survival

[30]

Reduced graphene oxide Escherichia coli MIC 1 lg/mL [139]

Reduced graphene oxide Salmonella
typhimurium

MIC 1 lg/mL [139]

Reduced graphene oxide Enterococcus
faecalis

MIC 8 lg/mL [139]

Reduced graphene oxide Bacillus subtilis MIC 4 lg/mL [139]
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Besides pure cultures, GO has also a detrimental effect in wastewater borne
microbial communities. In wastewater, where there are different types of microbial
communities present, the toxicity is attenuated, but is still present. Significant
reduction (*20–70 %) of metabolic activity in wastewater is observed in the
presence of 10 mg/L GO [23]. The presence of organic matter and ions are
responsible for reducing the toxicity of GNPs in wastewater. Hence, higher con-
centrations are necessary to significantly affect microbial communities in wastew-
ater. For instance, concentrations at 100–300 mg/L GO results in *35 % bacterial
growth inhibition, which affects degradation of organic carbon and nutrient removal
in the wastewater treatment [23].

Similar to graphene, the toxicity of graphene oxide towards biofilms was also
evaluated in several studies. A GO concentration of 1000 lg/mL was shown to
inhibit 67 % biofilm growth of E. coli. For B. subtilis and Rhodococcus opacus, GO
showed biofilm inhibition of up to 60.9 and 42.8 %, respectively [24]. Furthermore,
GO modified membrane filters also showed high antibacterial and antifouling
properties. Through confocal laser scanning microscopy, it was observed that the
amount of P. aeruginosa attached on the membrane was reduced by more than
80 %, as the GO content increased from 1 to 3.5 % [25]. The anti-biofouling
property of GO could be attributed to the permanent inactivation effects on
planktonic microorganisms, and therefore bacterial growth and subsequent biofilm
formation on the surface.

In conclusion, most studies based on the antimicrobial properties of GO were
done using model microorganisms, like E. coli and B. subtilis, in pure cultures
under controlled laboratory conditions. However, natural and engineered aquatic
systems are more complex than simplified systems in terms of microbial commu-
nity. Therefore, more thorough studies on possible mechanisms behind different
kinds of bacteria on complex environments are needed to fully understand the
toxicity of GO.

2.3 Reduced Graphene Oxide

In the case of rGO, traces of functional groups are still present after reduction of
GO. This property is sufficient to allow rGO to stay suspended long enough in
solution to exert antimicrobial action [26]. Through the classic plate counting
method, a study showed that rGO almost completely suppressed the growth of
E. coli, leading to a viability loss of up to 95 % [27]. Furthermore, it was also
demonstrated that rGO could serve as a good antibacterial material. In another
study, rGO showed a minimum inhibitory concentration (MIC) against E. coli, S.
typhimurium, P. aeruginosa and A. calcoaceticus of 0.4, 0.35, 0.05 and
0.15 mg/mL, respectively [28].

Since rGO is prepared from GO, most of the studies to date compare the
antibacterial capacity of rGO with GO. In some of these studies, rGO exhibits
superior antibacterial activity than GO toward E. coli and S. aureus [29]. The
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authors attributed the stronger bacterial toxicity of the rGO to its shaper edges,
which provide a damaging interaction with the cell membrane [30]. Another study,
demonstrated that rGO is found to have a lower antibacterial activity than GO at
low concentrations, whereas at high concentrations, the growth inhibition of S.
enterica and L. monocytogenes is similar in the presence of either GO or rGO [14].
Similarly, results of lower antibacterial activity of rGO compared to GO against
P. aeruginosa was observed [31]. Interestingly, some studies also revealed that GO
dispersion have much higher antibacterial activities than rGO dispersion toward
E. coli [31]. One study even compared the antibacterial capacity among pure
graphene, GO, and rGO. According to their report, GO is the most efficient
antibacterial material, followed by rGO and pure graphene [14]. These findings
suggest that the toxicity of GO and rGO towards microorganisms is different. In
some cases, certain microorganisms are more sensitive to GO than rGO and vice
versa. These findings suggest that toxicity of GNPs may be species dependent.

The biofilm inhibition capacity of rGO and GO have also been compared in few
studies. Significantly fewer cells adhere to rGO-coated surfaces as observed
through SEM images; whereas a dense and uniform bacterial biofilm can be
observed on control surfaces [28]. Compared to GO, rGO appear to play a less
effective role on biofilm inhibition since rGO has the tendency to aggregate during
the long incubation period required for biofilm formation. This tendency of
aggregation is due to the hydrophobic nature of rGO.

In summary, rGO presents toxicity toward planktonic cells and biofilms.
However, the toxicity comparison studies among different GNPs show controver-
sial results, especially between GO and rGO on planktonic cells. These different
observations of antimicrobial properties of rGO compared with GO may be
explained by the lack of a standard procedure to synthesize rGO. Different studies
employ distinct chemical reducing agents, which may have caused the observed
contradictory results [32]. In addition, differences in the methodologies employed to
assess antibacterial activity may have also influenced the results obtained by the
different studies. Another potential reason for the discrepancy in the results is that
different graphene-based nanomaterial may have different toxicity mechanisms
towards different species of bacteria.

2.4 Graphene-Based Composites

Nanocomposites are advanced functional materials composed of nanomaterials
dispersed inside polymer matrices. Due to excellent mechanical, thermal and optical
properties, graphene, and its derivatives (e.g., GO and rGO) are excellent candi-
dates as filler materials [21]. Graphene can be modified in several ways with
different molecules and atoms to form nanocomposites or nanohybrid materials. In
this chapter, we will focus on polymer and transition metals and metal oxides
modified graphene nanomaterials, since they have been used extensively for
environmental applications and as antimicrobials. Polymer composites can be
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produced by noncovalent and covalent modifications of graphene, GO or rGO;
while carbon–metal hybrid nanoparticles are typically synthesized by covalent
reactions with transition metals or metal oxides. The main reason for modifying
graphene and its derivatives is because most of these GNPs tend to aggregate in
physiological solutions due to electrostatic charges and nonspecific binding to other
macromolecules [33]. GNP-based nanocomposites can improve their solubility and
biocompatibility, as well as increase toxicity toward microorganisms.

2.4.1 Noncovalent and Covalent Polymer Modifications

Noncovalent methods of functionalization employ hydrophobic interactions, p–p
interactions, van der Waals forces and electrostatic binding [21]. Reports of
antibacterial capacity for noncovalent modification of GNPs include (N-
vinyl-carbazole) PVK, chitosan, sulphonated polyaniline, poly(ethylene oxide)
(PEO) poly(propylene oxide) (PPO), and others. Taking PVK as an example, this
polymer has exceptional electronic and mechanical properties, as well as anticor-
rosion capability. Dispersing graphene nanoplatelets into the PVK matrix can create
a PVK–graphene solution for fabrication of PVK–graphene thin films though
electrodeposition [14]. Studies with this polymer showed that the presence of PVK
enhances more than 10 % of the bactericidal capacity of graphene toward E. coli
and B. subtilis than pristine graphene [14]. The authors demonstrated that better
dispersion of graphene in the presence of PVK could be the reason for the higher
toxicity of the PVK–graphene nanocomposite. In addition, synergistic effect caused
by electronic interactions or morphological interactions between PVK and graphene
could have also contributed to the antibacterial effect. Comparing with pure gra-
phene, PVK–graphene shows similar biofilm inhibition capacity, but lower cyto-
toxicity to human cells. This property makes PVK–graphene a better candidate for
biomedical and environmental applications involving human contact.

Another toxicity study with PVK and GO demonstrated that PVK–GO with only
3 % GO in the nanocomposite presented 30 and 57 % higher antimicrobial effects
toward planktonic cells and biofilms, respectively, than GO alone. This property of
PVK–GO, suggests that this nanocomposite can be cost effective against biofoul-
ing, due to the low cost and high manufacturing yield of this nanocomposite [14].
The toxicity of rGO nanocomposite has not been extensively investigated like GO
and graphene nanocomposites. Therefore, rGO will not be discussed in this section.

In addition to the noncovalent modifications of GNPs, it is possible to modify
GNPs through covalent modifications. Covalent modification of GNPs can include
many types of aliphatic and aromatic amines, amino acids, amine terminated bio-
molecules, and enzymes. In this chapter, we will focus on the polymers, since many
antimicrobial investigations and environmental applications employ polymer
nanocomposites. Examples of graphene-based nanomaterial modified by covalent
reactions include polyethylenimine (PEI) [34], polyvinyl alcohol (PVA), plasticized
poly(lactic acid) (PLA), and others. In the study of Cao and collaborators, graphene
was embedded in a PVA matrix with a polymer biocide (quaternary ammonium
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modified polyvinyl benzyl chloride (qPvB/Cl–)) to improve the mechanical strength
of the polymer and enhance the antibacterial property of graphene. As a result,
PVA–graphene with 10 % loading of polymer biocide was able to inactive 97.1 %
of E. coli and 99.7 % of S. aureus without exhibiting human cell toxicity [27]. They
also demonstrated that PVA–graphene–biocide nanocomposite is able to improve
the antibacterial toxicity by 92 %, when comparing with pure graphene. The
enhanced toxicity was explained by the increasing number of functional groups in
the nanocomposite [27]. The efficient antibacterial capacity and mechanical rein-
forcement of PVA–graphene–biocide nanocomposite produced an advanced func-
tional material suitable for hygiene and food packaging.

Biocompatible and biodegradable polymers, such as polylactic acid (PLA) and
polyurethane (PU), are commonly used to prepare PLA/PU–GO nanocomposites
through electrospinning [35]. The addition of 5 % GO to the polymer composite
PLA/PU showed remarkable improvement (more than 90 % enhancement) of
antibacterial capacity without inhibiting normal human cell proliferation and dif-
ferentiation. Another study also showed that introduction of PLA increases the
microbial inactivation by more than 1 log toward four different types of bacteria
[36]. Therefore, the good antibacterial activity and biocompatibility of PLA–GO
nanocomposite make it attractive for environmental and clinical applications, as
well as for tissue engineering. Similarly, rGO-based polyester (PE) nanocomposites
present strong antibacterial activity toward five different kinds of bacterial strains
[32]. Hence, PE/rGO nanocomposite with high mechanical strength, thermal sta-
bility, electrical property, and antibacterial capacity could offer new opportunities
for environmentally friendly applications.

Alternatively, incorporation of the GNPs into polymers could also assist in the
development of membrane systems with less biofouling due to higher antimicrobial
properties. For example, the ability to embed GO in polysulfone (PSF) membranes
to mitigate biofouling was evaluated with P. aeruginosa biofilms. The results
indicated that 1 % of GO added to the Psf membrane showed 47 % biofilm
reduction compared to pure Psf membranes. These results were explained by the
increasing hydrophilicity and electrostatic repulsion characteristics of the mem-
branes containing GO [25]. The anti-biofouling property of the membranes suggests
that they can potentially be used in wastewater treatment and water filtration
systems.

Overall, different types of GNP nanocomposites have been investigated to
achieve high antibacterial toxicity and low human cell cytotoxicity. These prop-
erties make them very attractive for water treatment applications, especially in the
development of anti-biofouling coatings or membrane systems for water filtration.
So far, most of the studies exposing GNPs to microorganisms were done for a short
period and in controlled environments. However, the effectiveness of these
nanocomposites after long exposure time to bacteria needs to be investigated with
various environmental conditions and water chemistries. More importantly, the
chronic exposure effects of these nanocomposites need to be further investigated
before such material can be widely used for water treatment or other applications.
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2.4.2 Metal Modification

In environmental applications, transition metals and metal oxides coupled to
graphene-based nanomaterials have also been explored as antimicrobial agents,
mostly for water disinfection. In these studies, GNPs were shown to serve as
scaffold for other nanoparticles. The most common transition metals and metal
oxides used with GNPs are silver, magnetite, zinc oxide and titanium dioxide,
copper and others. In this section, we will focus on the most popular ones for
different GNPs.

Among metal oxides used to modify graphene, zinc oxide has been widely
investigated. The graphene–ZnO nanohybrid can be fabricated by depositing ZnO
nanoparticles or Zn(II) ions on graphene nanosheet surfaces [37]. Studies with
graphene/ZnO nanoparticles presented excellent activity against E. coli. The
authors explained that the controlled dissolution of ZnO into Zn(II) ions in solution
and synergistic antimicrobial effects of GO and ZnO are responsible for its superior
antimicrobial properties [38]. Another study, suggested that the antimicrobial
property of graphene/ZnO is due to its photocatalytic activity [39].

TiO2 nanoparticle used in combination with GO also showed excellent antimi-
crobial properties. A study with GO/TiO2 nanocomposite annealed at 400 °C
showed that 0.2 lg/mL of GO/TiO2 is able to inactivate E. coli 25 % more than
bare TiO2 [40]. The better antibacterial activity of GO/TiO2 is attributed to higher
production rate of hydroxyl radicals through photocatalytic reaction. The latter
reaction happened since GO could be used as an electron acceptor and transporter,
which promoted the efficient separation of photogenerated electron hole pairs, and
led to production of more hydroxyl radicals involved in the antibacterial activity
[41]. The low cost of GO/TiO2 manufacturing procedure and its effective
antibacterial properties indicate that GO/TiO2 is a promising candidate for water
disinfection.

In the case of silver nanoparticles, they can be deposited onto rGO surfaces to
form nanohybrid materials with superior antibacterial activity against E. coli (MIC
0.16 lg/mL) due to the synergistic effect of GO and silver ions [42]. Ag/rGO
nanocomposites can also be synthesized by a facile synthesis approach, where
silver nitrate is reduced by rGO without additional reductants [43]. This study
demonstrated that the MIC of E. coli for Ag/rGO is 25 times higher than rGO. This
excellent antibacterial property is attributed to the synergistic effects of rGO
nanosheets adsorption properties, and silver nanoparticles’ bactericidal property.
Hence, this nanohybrid material is attractive to fields requiring materials with
antimicrobial and anti-biofouling properties.

In addition to studies with planktonic cells, other studies also investigated metal
GNPs nanocomposites as an anti-biofouling agent. For instance, GO/Ag at
2.5 lg/mL was shown to inhibit P. aeruginosa biofilm formation by 100 % after
1 h of contact. Similarly, it was observed that 2 lg/mL of GO/Ag nanoparticles can
inhibit more than 95 % of P. aeruginosa biofilm formation [44]. Other toxicity
studies among different graphene-based nanocomposites are listed in Table 2.
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In summary, various types of metal and metal oxide GNP modification have
been investigated and are still under investigation to enhance the antibacterial
activities of GNPs for different environmental applications, like wastewater treat-
ment and drinking water disinfection. As of right now, most of these materials have
been investigated with pure cultures, it is, however, unclear how water chemistry
and complexity of real water samples would affect the antimicrobial activity of

Table 2 Toxicity of different graphene based nanocomposites against bacteria

Type Bacteria strains Toxicity References

TiO2/graphene sheets nanocomposites Escherichia coli TiO2/4.2 wt.% GSs
showed 9.5 %
viability

[154]

Magnetic graphene oxide–TiO2

composites
Escherichia coli 2.83 % viability [41]

Graphene and layered titanate nanosheet Escherichia coli Almost 100 % [155]

Ag–rGO–Fe3O4–PEI composite Escherichia coli 0.1 lg mL 99.9 %
inactivation

[156]

Silver nanoparticles decorate graphene
composites

Escherichia coli MIC 0.16 lg/mL [157]

Silver nanoparticles decorate graphene
composites

Listonella
anguillarum

MIC 0.08 lg/mL [157]

Silver nanoparticles decorate graphene
composites

Bacillus cereus MIC 0.04 lg/mL [157]

Silver nanoparticles decorate graphene
composites

Staphylococcus
aureus

MIC 0.16 lg/mL [157]

PDDA-protected Ag–RGO Escherichia coli 100 % disinfection [158]

Graphene oxide–chitosan layers Staphylococcus
aureus

77 % bacterial
reduction

[72]

Poly(vinyl alcohol) (PVA) and
graphene nanosheets composite

Escherichia coli 99.7 % inactivation [159]

Co3O4/RGO nanocomposites Escherichia coli inhibition with a
diameter 12 mm

[160]

Graphene–Fe3O4 composite Escherichia coli 99.56 % inhibition [161]

GO immobilized lysozyme (GO-Ly) Escherichia coli MIC 512 lg/mL [162]

Reduced graphene oxide (CRGO)
immobilized lysozyme (CRGO-Ly)

Escherichia coli MIC 256 lg/mL [162]

Polyethylene glycol (PEG) and
polyhexamethylene guanidine
hydrochloride (PHGC)
dual-polymer-functionalized graphene
oxide (GO) (GO–PEG–PHGC)

Escherichia coli 100 % inactivation [163]

(GO–PEG–PHGC) Staphylococcus
aureus

100 % inactivation [163]
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these new composites. Future studies with more complex water chemistries should
be investigated to determine the effectiveness of these composites and GNPs for
real environmental applications.

3 Mechanisms of Antimicrobial Activity

The previous section described the ability of GNPs to inactivate microorganisms. In
this section, we will discuss the mechanisms of microbial inactivation by GNPs. In
general, the mechanisms are divided into two major categories. The first category is
physical interaction, which involves membrane damage or cell growth inhibition
caused by interactions of the cell or cell membrane with the GNPs. The second
category involves chemical reactions leading to the production of reactive oxygen
species (ROS).

3.1 Physical Mechanisms of Antimicrobial Activity

According to recent studies, the physical interaction of GNPs with microorganisms
is the primary antimicrobial activity of these nanostructures [30]. Researchers
describe that bacterial cell membrane damage caused by direct contact of the
bacteria with extremely sharp edges of the nanomaterials is the most effective
mechanism in bacterial inactivation [24]. By taking graphene as an example,
researchers demonstrated that the corners of graphene sheets are very sharp and able
to penetrate the membrane lipid bilayer. The membrane damage leads to leakage of
intracellular materials (e.g. cytoplasm, ribosomes, and nucleic acids), which will
eventually lead to cellular death [45]. Computer model has suggested that graphene
buries itself in the cell membrane in three stages: (a) initial penetration; (b) rotation
of graphene sheet and partial membrane encapsulation; followed by (c) reverse
rotation to get the graphene sheet fully inserted in the membrane [46]. From this
model, graphene can interact with the cellular contents and become trapped in the
lipid bilayer causing cell leakage and inactivation [47]. Independent of the method
for synthesis, rGO has similar surface chemistry to graphene [48]. Therefore, the
physical interaction of rGO is suggested to be similar to graphene for cell
inactivation.

In the case of GO, which contains carboxyl, hydroxyl, and epoxy groups, it can
form more stable dispersions in aqueous solutions than graphene [30]. Hence, the
stable dispersion of GO offers more opportunities for cellular interactions. Studies
have suggested that GO disturbs primarily the cell membrane and enhance cell
permeability [49]. Through TEM analyses, three stages of cell damage caused by
GO were observed for E. coli (Fig. 1). In stage I, the cells tolerated GO; after a
certain contact time, the cell membranes partially lose integrity (Stage II); and in
stage III, the cell membranes are severely damaged and some lose completely the
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intracellular material [50]. However, the direct contact between the sharp edges of
GO and microorganisms is not the only mechanism responsible for cell death.
Through SEM observation, it was determined that large GO sheets can wrap bac-
terial cells, isolating them from the growth medium, where the nutrients are found
(Fig. 2) [48]. Hence, cells can neither consume the nutrients nor proliferate because
GO forms a physical barrier [51].

Overall, it is evident that physical membrane damage is one of the main
mechanisms behind toxicity of all the graphene-based nanomaterials. This mech-
anism will be affected greatly by the specific properties of the nanomaterial, such as
size, contact time, concentration, functionalization, and others.

Fig. 1 Morphology of E. coli exposed to graphene oxide nanosheets. TEM images showing
E. coli undergoing changes in morphology after incubation with 100 lg/mL graphene oxide
nanosheets at 37 °C for 2.5 h. Three stages of destruction can be seen. a Initial morphology of
E. coli (control or Stage 1). b, c Partial damage of cell membranes, with some bacteria showing a
lower density of surface phospholipids (Stage II). Arrows indicate a Type B mechanism, where
graphene nanosheets extract phospholipids from the cell membrane. d–f Three representative
images showing the complete loss of membrane integrity, with some showing ‘empty nests’ and
missing cytoplasm (Stage III). d and f are representative images showing a Type A mechanism,
where graphene nanosheets cut off large areas of membrane surfaces. In e, both Type A and
Type B mechanisms are shown [50]. (Image reproduced with the publisher’s permission)

334 E.T. Nadres et al.



3.2 Chemical Mechanisms of Antimicrobial Toxicity

The majority of the studies to date has suggested that ROS generation and subse-
quent oxidative stress are frequently associated to GNPs toxicity. This section will
focus on reactive oxygen species production by GNPs and oxidative stress as
mechanisms for GNP-induced toxicity.

3.2.1 Reactive Oxygen Species

GNPs have been frequently described to produce reactive oxygen species (ROS),
which can ultimately lead to cell death. By definition, superoxide anion (�O2

−),
hydrogen peroxide (H2O2), and hydroxyl radical (�OH) collectively are called ROS
[52]. These ROS are natural byproducts of the metabolism of respiring organisms.
The generation, interconversion, and elimination of ROS are presented in Fig. 3
[52]. Briefly, �O2

− is generated by losing one electron from oxygen. After �O2
− is

generated, it can accept two protons to yield hydrogen peroxide. Hydrogen per-
oxide is not a free radical, but is more active chemically than molecular oxygen;
hence it is included in the ROS group. Hydrogen peroxide molecule can be split up
to produce hydroxyl radical and hydroxyl anion by accepting an electron. Finally,

Fig. 2 Illustration of
graphene oxide wrapping a
bacterial cell [24]

Fig. 3 Reactive oxygen
species (ROS) generation,
interconversion and
elimination
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hydroxyl radical can interact with an electron and proton resulting in formation of a
water molecule.

ROS are generated intrinsically or extrinsically within the cell. Inside the cells,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase will reduce the
molecular oxygen into �O2

−. Further reduction of oxygen may either lead to H2O2

and �OH via dismutation and metal-catalyzed Fenton reaction, respectively [53, 54].
Some of the endogenous sources of ROS include mitochondrial respiration,
inflammatory response, and peroxisome, while engineered nanomaterials and
environmental pollutants act as exogenous ROS inducers. The sources of ROS are
shown in Fig. 4 [55].

In biological systems, during cellular homeostasis, the cells maintain the balance
between the levels of ROS generated and eliminated. Excess ROS will damage the
cellular components and alter cellular functions. Among the biological damages, the
most vulnerable targets are proteins, lipid membranes, and nucleic acids [54].

To overcome the excess of ROS, cells have developed defense mechanisms.
These mechanisms are illustrated in Fig. 5 and include both indirect and direct
mechanisms. Physical defense of biological systems could enhance the stability of
cellular membranes, and is an indirect method to prevent ROS to approach target
macromolecules [55]. Another indirect defense mechanism includes the cell repair
system, which consists of enzymes and molecules that can efficiently repair the
oxidative damage on macromolecules [55]. Aerobic cells also possess direct
antioxidant defense systems that include the enzymatic scavenger superoxide dis-
mutase (SOD), catalase, and glutathione peroxidase. SOD speeds up the conversion

Fig. 4 Sources of reactive oxygen species (ROS)
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of superoxide to hydrogen peroxide, whereas catalase and glutathione peroxidase
convert hydrogen peroxide to water. At the same time, low-molecular-weight
antioxidants (LMSA) work as another group of direct defense mechanism, which
include ascorbate, pyruvate, flavonoids and the most important one, glutathione (c-
L-glutamyl-L-cysteinyl-glycine, GSH) [56]. Overall, through these defense mecha-
nisms, cells are able to prevent oxidative damage when interacting with ROS.

3.2.2 ROS Generated by GNPs

GNPs generate ROS through different pathways. Graphene acts as a semimetal or a
zero-band gap semiconductor with remarkably high electron mobility at room
temperature. This property provides good electron transfer capacity. Therefore,
conductive graphene nanosheets can act as a conductive bridge over the insulating
lipid bilayer to mediate electron transfer from bacterial intracellular components to
the external environmental to generate ROS [30]. Similar reactions also occur for
rGO, which has high conductivity. In the case of rGO, ROS is produced during
light excitation that makes rGO to become excited (rGO* form). After that, the
excited rGO* reduces O2 to O2

−. The specific reaction is shown below:

rGO�!hv rGO�

O2 þ rGO� ! � O�
2 þ rGOþ

In case of GO, it is believed that GO can generate ROS from aerial oxygen. The
plausible mechanism is that the unpaired electrons of GO reduce molecular oxygen
to form �O2

−. The �O2
− can interact with a hydrogen atom to produce H2O2 [57].

Since hydroxyl groups are abundant in GO, hydroxyl groups can be directly
detached from GO to form �OH. Furthermore, GO can catalyze the formation of

Fig. 5 Defense mechanisms against oxidative stress
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�OH from H2O2 [58]. The large numbers of oxygen-containing functional groups
(e.g., carboxyl) in the surface of GO can facilitate the production of ROS and
increase its antibacterial properties [59].

3.2.3 Oxidative Stress and ROS Measurement

Changing the balance towards an increase in pro-oxidant over the capacity of the
antioxidant is defined as oxidative stress [55]. In order to determine conditions of
oxidative stress to biological systems, few methods are used to quantify the ROS
generation. The measurement of ROS can be done with instrumental analysis,
biological, and chemical analyses.

In the case of instrumental analysis, the unpaired electron of free radicals can be
directly observed using electron spin resonance (ESR) spectroscopy. For free
radicals, whose lifetime is very short, a technique called spin trapping is employed.
In spin trapping, the reactive free radical is reacted with a diamagnetic molecule to
form a more stable free radical, which can now be detected by ESR [60].

The high reactivity and relative instability of ROS make them extremely difficult
to be detected and measured in biological systems. Thus, the assessment of ROS
and free radical generation has been extensively investigated by indirect mea-
surements of biological cellular components, such as lipids, protein, and DNA.
Damage of lipid will alter and modify cellular membranes. Therefore, lipid per-
oxidation could be a signature of ROS damage. To determine ROS production, it is
possible to quantify malondiadehyde (MDA) production, an oxidized product of
polyunsaturated fatty acids. In such ROS assay, MDA forms an adduct with thio-
barbituric acid (TBA) resulting in a pink product with increasing absorbance at
535 nm [61].

Additionally, oxidative stress can be also evaluated by measuring cellular SOD
levels. SODs are the first biological mechanism of defense against oxidative stress.
SOD catalyzes the disproportionation reaction of superoxide radicals to form
oxygen and hydrogen peroxide. The reaction is shown below. More than 50 %
reduction in the cellular SOD level induced by GO can be observed with 1 mg/L
GO-exposed cells compared to control samples [62].

�O�
2 þ SOD�M2þ ! O2 þMþ ðReaction1Þ

�O�
2 þ 2Hþ þ SOD�Mþ ! H2O2 þM2þ ðReaction2Þ

Sum:

2 �O�
2 þ 2Hþ ! H2O2 þO2

ðReaction3Þ

Chemical analysis methods to identify specific ROS are based on reactions with
various molecules that are modified to elicit luminescent or fluorescent signals.
GSH is a key endogenous antioxidant, whose depletion is proportional to the
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generation of ROS, such as hydrogen peroxide. Therefore, the consumption of GSH
is widely used as a measure of oxidative stress in biological systems [22]. Briefly,
glutathione peroxidase will reduced H2O2 into H2O, while the GSH will be oxi-
dized into glutathione (GSSG) at the same time. Total loss of glutathione can be
determined colorimetrically by reaction of GSH with 5,5′-dithiobis-(2-nitrobenzoic
acid) DTNB (Ellman’s reagent). This reaction will yield a yellow colored
5-thion-2-nitrobenzoic acid (TNB), which can be absorbed at 412 nm [63].

Besides hydrogen peroxide, superoxide can also be quantified based on the
interaction of superoxide with tetrazolium dye (2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT). XTT can be reduced by �O2

−

to a soluble formazan, which is detected at 470 nm [64]. The GO and rGO in a
concentration of 100 lg/mL induce two and onefold production of superoxide
radical anions, respectively, when compared to the control. This remarkable
amounts of ROS generated in the presence of GNPs are one of the reasons for cell
death [31].

In conclusion, both physical and chemical mechanisms contribute greatly to the
toxicity of GNPs. Understanding the mechanisms of GNP toxicity is important for
the design and fabrication of nanomaterials and their related applications.

4 Environmental Applications of GNPs

The versatility of GNPs has triggered researchers to investigate their potential
biomedical and environmental engineering applications, such as water treatment
and anti-biofouling properties. Applications that require exposure to environmental
conditions usually call for a more robust material that could withstand extreme
temperatures, wind and water current. GNPs, as free nanoparticles, would easily
scatter in the environment. For this reason, most of the environmental applications
of GNPs require them to be used as coatings or immobilized as polymer
nanocomposites or nanometal–GNP hybrids.

GNPs have been shown to effectively inactivate microorganisms through dif-
ferent mechanisms. GNPs as coatings can use their inherent antimicrobial properties
to protect surfaces from microbial colonization. In addition to the antimicrobial
properties of GNPs, these nanomaterials have also been shown to have promising
properties to remove chemicals contaminants from water. The unique antimicrobial
and chemical removal properties of GNPs make them valuable materials for
removal of water contaminants. Hence, in this section, we will discuss the current
trend of applications of GNPs for removal of biological and chemical contaminants.

4.1 Removal of Microorganisms by GNPs

GNPs can be utilized in different ways as antimicrobial agents in environmental
applications. Pure GNPs, as well as polymer nanocomposites, can be used directly
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as coatings on different types of surfaces, such as metals and plastics. GNPs can
also serve as scaffolds for nanometals for more efficient antimicrobial action. In
addition, GNPs are also utilized as part of photocatalytic and electrocatalytic sys-
tems for water treatment to inactivate microorganisms.

On surfaces, the antimicrobial properties of GNPs make them very attractive to
prevent microbial colonization. For instance, biofilm formation studies showed that
graphene can prevent microbial growth and subsequent biocorrosion [65]. Similar
antimicrobial action against S. aureus and E. coli is seen for copper and germanium
surfaces when a graphene monolayer is deposited on their surfaces [66]. Studies
have also shown that rGO can be deposited on surfaces of poly-L-lysine and hya-
luronic acid composites using the layer-by-layer method to render the polymer
resistant to bacterial colonization [67]. Pure GO deposited on poly(ethylene
terephthalate) also showed antimicrobial activities, even on single layered GO
Langmuir–Blodgett films [68]. These properties make GNPs very attractive to
prevent corrosion and for coating of medical devices in biomedical applications.

Alternatively, GNPs can also be used to change the surface to favorably enhance
bacterial adhesion, as investigated in microbial fuel cells applications [69]. The rGO
formed from electrodeposition of GO on the surface of graphite blocks are shown to
enhance the formation of Shewanella oneidensis biofilms on the anode of microbial
fuel cells [20]. The thick biofilm on the anode could be attributed to the excellent
electrochemical activity of GNP, which allows sufficient electron transfer from cells
to the electrode to promote bacterial metabolism and biofilm growth [70]. E. coli
was also shown to proliferate on GO deposited on filters [69]. For these microor-
ganisms, the matured biofilm contained a large amount of extracellular polymeric
substance (EPS), which may have protected the cells from the antibacterial activity
of GNPs by preventing direct contact [70].

Another important application of GNPs is in water treatment. For instance,
graphene can effectively coat filters without affecting the porosity and resulting in a
product with superior antimicrobial activity [59]. Alternatively, GNPs can produce
composites, containing lower concentrations of these nanoparticles, which can be
very effective in preventing biofilm formation. For instance, nanocomposite coat-
ings made by blending GO with poly-N-vinylcarbazole (PVK) showed higher
antimicrobial activity than pure GO films, owing to a better dispersion of GO in the
polymer matrix because of p–p interaction with the side chains of PVK [71]. This
nanocomposite also showed strong antimicrobial activity against E. coli, B. subtilis,
R. opacus, and Cupriavidus metallidurans but low toxicity toward mammalian
fibroblast cells [24]. The PVK–GO nanocomposite was also successfully applied as
coating on membrane filters and was able to remove E. coli and B. subtilis by 4 and
3 logs, respectively [59]. Other blends, such as chitosan–GO composite, also
produce surfaces with antibacterial activity [72].

Even though the GNPs have their own antimicrobial properties; addition of
metallic nanoparticles, such as Au and Ag, provides a more potent antimicrobial
material. The composite Au–GO can be prepared by deposition of Au(III) ions on
the surface of GO, followed by reduction with sodium citrate to form a covalently
linked Au nanoparticle to rGO [73]. Later, the GNP–metal hybrid Au–rGO was
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shown to exhibit 100 % inactivation of Gram-positive (e.g., S. aureus and B.
subtilis) and Gram-negative (e.g., E. coli and P. aeruginosa) bacteria [74]. Another
example of application of GNPs for water treatment is a porous hydrogel made
from Ag–GO. This hydrogel was able to inactivate 99 % of coliforms from natural
water samples from a lake and a creek [75]. The inactivation of the microorganisms
is thought to be due to the slow release of Au or Ag ions, which complexes with the
thiol group in the active site of bacterial enzymes, while GNPs accelerates the ions’
action by disrupting the cell membranes [42, 76].

Another strategy by which GNPs can participate in antimicrobial applications is
when GNPs are part of a redox system, as an electron conductor. The interface of
GNPs with photocatalysts creates a region of increased charge separation, which
leads to a more efficient ROS generation and microbial inactivation [77].
Photocatalyst made from Au–TiO2–graphene composite has been shown to inac-
tivate E. coli, Rhodopseudomonas palustris and Candida sp. after exposure to
visible light. The light assists in the production of ROS [78]. A 100 % inactivation
is observed for the Au–TiO2–graphene composite and fourfold more activity is
observed for this nanohybrid material when compared to TiO2-only photocatalyst
[78]. Not only microorganisms, but also the bacteriophage MS2 can be inactivated
using graphene–tungsten oxide composites under visible light [79]. Aside from the
use of GNPs as semiconductor in photocatalytic systems, GNPs is also useful in
electrochemical redox systems. The boron-doped diamond and rGO electrochem-
ical oxidation system was found to be a superior tandem for generating hydroxyl
radicals that inactivates 4.5 log of E. coli after only 5 min exposure [80]. These two
examples show the potential use of GNPs in water disinfection.

In summary, the antimicrobial properties of GNPs can be utilized in three ways
—the first is by directly using GNPs as antimicrobial agents, the second is by using
GNPs as a nanometal scaffold, and the third is by using GNPs as electron con-
ductors in photo- and electrocatalytic systems. The variety of these applications
show the versatility of GNPs in environmental antimicrobial applications.

4.2 Removal of Organic Contaminants by Adsorption
and Photodegradation

In addition to the unique antimicrobial properties of GNPs, these nanomaterials can
also be used for the removal of organic contaminants. GNPs have been described to
remove organic contaminants by adsorption and by photocatalytic activity. In the
case of adsorption, the large surface areas of GNPs make them effective adsorbents
for aromatic organic contaminants [81]. Aromatic hydrophobic compounds have
extensive sp2 structure, which allow p–p interactions with the hydrophobic gra-
phene. For instance, aromatic organic contaminants, such as trichlorophenol,
trichlorobenzene, and naphthalene can be captured by graphene from water [82].
Other hydrophobic polyaromatic hydrocarbon compounds, such as phenanthrene
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and biphenyl, have also been described to adsorb more efficiently to graphene than
to multiwall carbon nanotubes [83]. Graphene exhibits three times higher adsorp-
tion capacity for these organic contaminants from water compared to multiwall
carbon nanotubes [83]. Even when present as a coating, graphene is still effective in
extracting hydrophobic organics from water. For instance, a silica gel coated with
graphene is very effective in adsorbing organic pollutants, such as phenanthrene
[84]. In a more extreme case of environmental chemical contamination, such as oil
spill, a foam made of nickel coated with graphene has also been described to
effectively separate oil from water [85].

Dyes are another class of aromatic organics that usually contain several fused
aromatic rings and polar groups in their structure, which increase their water sol-
ubility. Given GO hydrophilicity, GO has been demonstrated to adsorb cationic
dyes (methylene blue, methyl violet, and Rhodamine B) and anionic dye (Orange
G) from water through electrostatic and hydrogen bonds, in addition to p–p
interactions [86]. Acrydine orange, a powerful DNA intercalating agent [87], can be
adsorbed by GO at a maximum adsorption capacity of 3300 mg/g [88]. Another
highly hydrophilic environmental contaminant, the tetracycline antibiotic, is
adsorbed effectively from water (adsorption capacity 313 mg/g) using GO [89]. GO
functionalized with magnetic particles are also effective in the removal of other
organic pollutants, such as phthalate esters, estriol, and the aromatic compound
fluorene [90].

In the case of rGO, incomplete reduction of GO will provide residual hydroxyl
groups that are important in the adsorption of the carcinogen Bisphenol A [91, 92],
and hydrophobic pesticides, such as chlorpyrifos, endosulfan, and malathion. These
pesticides are more effectively removed using the less functionalized rGO (ad-
sorption capacities of 1200, 1100, and 800 mg/g, respectively) than GO. This best
removal by rGO is due to a better balance between electrostatic and hydrophobic
interactions, which can cause the rGO and the aromatic contaminants to precipitate
out together in water [93].

In general, the effective removal of organic materials by GNPs is directly related
to the surface properties of the particular GNP. The more hydrophobic GNPs, such
as graphene, are more suitable for removing more hydrophobic organic compounds,
i.e., polyaromatic hydrocarbons. The GO, with the presence of carbons in different
oxidation states, is more effective in removing charged and hydrophilic organic
compounds, which includes different antibiotics and dyes. GO offers H-bonding
sites to these groups of organic compounds in addition to p–p interactions. The
rGO, with its sparse functionality and being mostly hydrophobic, is effective in
adsorption of pesticides with similar hydrophobicity to rGO. However, for all of
these examples, most of the mechanisms of chemical removal are due to approx-
imate interactions based on hydrophobicity/hydrophilicity of GNP and solutes. In
the future, we hope to see development of methods to tailor GNP derivatives with
precise functional group arrangements on the surface. These groups could tune the
adsorption sites to remove specific contaminants. The summary of adsorption of
organic contaminants from water is presented in Table 3.
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In addition to adsorption, some GNP composites can also be used for pho-
todegradation of organic pollutants. Recent studies have shown that the use of
GNPs together with a semiconductor improve their photocatalytic activity [94]. For
example, the photocatalytic activity of titanium dioxide (TiO2) is enhanced when
GNPs are added to the catalyst system. The activity of the photocatalyst is enhanced
due to several factors [9]. The first one is the adsorption of the organic contaminant
to the GNP, making the organic contaminant readily accessible for catalytic action
[95]. The light absorption wavelength is also shifted by 30–40 nm, making the

Table 3 Removal of organic contaminants from water using GNPs

Organic compound GNPs Capacity (mg/g) References

Aromatic compounds

m-Dinitrobenzene Reduced GO 265.7 [164]

Nitrobenzene Reduced GO 260.9 [164]

p-Nitrotoluene Reduced GO 238.8 [164]

Aniline GO 115.1 [165]

Chlorobenzene GO 67.2 [165]

Polyaromatic hydrocarbons

Biphenyl Graphene 54.6–61.4 [83]

Biphenyl GO 44.8 [83]

Naphthalene Graphene 127.7 [166]

Phenanthrene Graphene 143.7–156.6 [83]

Phenanthrene GO 163.9 [83]

Phenanthrene Graphene-coated silica 0.775 [84]

Pyrene Graphene 170.2 [166]

Pesticide residues

Chlorpyrifos Reduced GO *1200 [93]

Diethylphthalate GO–magnetic 8.71 [90]

Endosulfan Reduced GO 1100 [93]

Malathion Reduced GO 800 [93]

Endocrine disrupting chemicals

Bisphenol A Reduced GO 36.6 [91]

Diethylphthalate GO–magnetic 8.71 [90]

Dyes

Acridine orange GO 3300 [87]

Methyl violet GO 2.47 [86]

Methylene blue GO 17.3 [86]

Orange G Reduced GO 5.98 [86]

Rhodamine B GO 1.24 [86]

Antibiotics

Doxytetracycline GO 398.4 [89]

Oxyteracycline GO 212.3 [89]

Tetracycline GO 313.5 [89]
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absorption of light more efficient [96, 97]. In addition, the presence of GNP in the
system provides an additional electron acceptor that allows the excited electron to
move easier through the conductive sp2-hybridized carbon network [95]. The
effectiveness of this photocatalytic activity is, however, directly related to the
method of preparation of GNPs. For instance, graphene prepared using the
catalyst-assisted CVD exhibits higher activity than graphene from direct exfoliation
of graphite and solution processing of GO or rGO [98]. This could be due to higher
electrical conductivity and larger interfacial area (higher surface roughness) of CVD
graphene [98].

Across most of the systems studied, the photodegradation of organic compounds
by addition of GNPs has been shown to present an enhanced performance. For
instance, a graphene–TiO2 system is four times more active than TiO2 alone for the
degradation of Rhodamine B [99]. Ag–TiO2 photocatalyst wrapped in rGO
degrades Bisphenol A with an efficiency of 62 %; a much higher value compared to
25 % efficiency of Ag–TiO2 alone [100]. Other photocatalysts that have shown
increased photocatalytic activity when composited with GNPs are tin oxide [96],
cadmium sulfide [101], bismuth vanadate [102], vanadium oxide [103], silver
halides [104], and silver phosphate [105]. These photocatalytic systems have also
been shown to be effective in the degradation of organic chemicals present in water.

In summary, there are two main categories by which GNPs are employed in
organic chemical removal in water. The first category is composed of methods
based on the adsorptive efficiency of GNPs. The high surface area combined with
presence of various functional groups on the surface of GNPs allows them to adsorb
various classes of organic chemicals. The second category is based on actual
degradation of organic contaminants due to photocatalytic action. The use of GNPs
in photocatalytic systems increases their efficiency.

4.3 Removal of Cationic Heavy Metal Contaminants

Besides the removal of organic compounds, GNPs are extremely effective in the
removal of cationic heavy metal contaminants. The removal of heavy metals can be
achieved by GO and rGO nanoparticles, since the presence of functional groups on
GO and rGO surfaces, such as carboxyl and hydroxyl groups, enhances their
affinity for many types of metal ions [106]. On the other hand, the absence of
functional groups in graphene nanoparticles makes graphene less attractive for
heavy metal removal. Among all GNPs, GO is typically the most effective. For
instance, divalent ions of copper, zinc, cadmium, and lead can be removed by GO
with adsorption capacities as high as 300, 350, 530, and 1100 mg/g, respectively
[107]. In the case of rGO, synthesized using acetyl acetone, the adsorption
capacities of cadmium and cobalt are 50 and 28 mg, respectively. These results
show the superior performance of GO compared to rGO.

The excellent adsorbent property of GO can be further enhanced by surface
modifications. For instance, composites of b-cyclodextrin and GO can remove
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chromium(VI) from water, and at the same time, convert chromium(VI) into less
toxic chromium(III) [108]. A chitosan–GO composite can recover gold(II) from
aqueous solutions with adsorption capacity exceeding 1000 mg/g [109]. The
attachment of ethylenediaminetetraacetic acid (EDTA) chelator on GO provides
another mechanism for heavy metal removal, which now includes superior lead(II)
and mercury(II) removal in its capabilities [110]. To recover these nanoparticles
from water, it is possible to attach magnetite to GO and obtain a reusable EDTA–
GO adsorbent [111]. Recoverable magnetite–GO composites can also be applied for
the removal of cadmium(II) [112], cobalt(II) [112] and arsenic(III) and (V) [113].
Addition of thiol groups on the surface of GO increases the adsorption capacity of
mercury(II) from 30 to 200 mg/g [114].

Besides using the nanoparticles for contaminant removal, other studies have
conjugated GNPs to membranes or filters for water filtration and simultaneous
removal of heavy metal contaminants, such as arsenic(III), arsenic(V) and lead(II),
and pathogenic E. coli [115]. For instance, PVK–GO nanocomposites membrane
filters (10 % GO content) can remove lead (II) from aqueous solution [116] and
show antimicrobial activities against E. coli and B. subtilis with 3 and 4 log
removals, respectively [59]. Another filter that was successfully modified with GO
is a polysulfone (PSF) membrane geared for arsenic removal. Addition of 1 % GO
to PSF while casting resulted into a PSF–GO membrane that is capable of rejecting
twice the amount of arsenic compared to PSF-only membrane during filtration. In
both cases, only a relatively small amount of GO was required in order to see
enhancement of metal removal.

For some metals, the conversion of GO to rGO could also provide better
adsorbents as their new derivative can now provide a new mechanism for removal,
such as cation–p interaction and metal reduction. For example, polyvinylpyrroli-
done–rGO (PVP–rGO) has an adsorption capacity for copper(II) of 1690 mg/g,
which is more than ten times the adsorption capacity of copper by GO alone [117].
The polymer, in this case, serves as both reductant and dispersant. The better
dispersion of rGO in the polymer matrix enhances the surface area of rGO, which
improves cation–p interaction of the metal with the aromatic rings of rGO [117]. In
another example, the GO was reduced by S. oneidensis to form rGO hydrogel. The
rGO hydrogel reduced gold(III) and served as nucleation points to the recovered
gold (0) nanoparticles [118]. The rGO hydrogel recovered gold with 99.98 %
efficiency [118]. These examples show that not only electrostatic interaction and
chelation are the mechanism by which GNPs remove heavy metals from water;
specific interactions such as cation–p and redox between the metal contaminant and
the GNPs are present as well.

Hence, these studies have shown that both GO and rGO by themselves or
associated with polymers can effectively remove cationic heavy metals. The
effective removal of heavy metals is linked to the presence of functional groups in
GNPs, which serves as sites for metal adsorption. In addition, the same functional
groups allow GNPs to be easily modifiable to enhance chemical removal and, in
some cases, produce a more selective metal adsorbent. Representative studies on
the removal of different metals by GNPs and composites are listed in Table 4.
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4.4 Graphene-Based Nanomaterials as Antioxidant
and Coatings

In addition to the unique antimicrobial and chemical removal properties of GNPs,
this group of nanomaterials also has antioxidant activity. This activity can be
harnessed for environmental applications by encapsulation and coating surfaces
with GNPs, or incorporating GNPs into polymer mixtures.

For instance, GO was found to be particularly effective against hydroxyl radicals
when used as an encapsulating agent [119]. The GO acts as a physical barrier that
traps the hydroxyl radicals produced by TiO2 and prevents hydroxyl from diffusing
to nearby organic targets [119]. In addition of acting as a barrier, the phenolic
groups of GO can also react with hydroxyl radicals [120], however this pathway is
limited due to relatively small amounts of phenolic groups on GO [119]. The rGO,
on the other hand, is efficient in quenching superoxide radicals [121]. The excellent
antioxidant activity of rGO is retained even when dispersed in a polypropylene
(PP) composite matrix, thereby helping in the improvement of the composite
properties with regard to thermo-oxidative stability [122]. The stabilization of the
PP is due to free radical scavenging property of rGO during thermal oxidation.
More importantly, rGO sheets act as a localized barrier that delays oxygen per-
meation [123]. Another composite of rGO, phosphomolybic acid–rGO composite,
improves the flame retardant property of PP by enhancing radical trapping [124].

Table 4 Removal of heavy contaminants from water using GNPs

Metals GNP Adsorption capacity (mg/g) References

Ag(I) Graphene–carbon nanotube 64 [167]

As(III) rGO–magnetite 13.10 [168]

As(V) rGO–magnetite 5.83 [168]

Au(II) GO–chitosan 1000 [109]

Cd(II) GO 530 [107]

Co(II) GO 68.2 [112]

Co(II) GO–magnetite 12.98 [169]

Cr(VI) GO–cyclodextrin 120 [108]

Cu(II) GO 300 [107]

Cu(II) PVP–rGO 1690 [117]

Eu(II) GO 175 [170]

Fe(III) GO foam 587.6 [171]

Hg(II) GO–thiol 200 [114]

Ni(II) Reduced GO–MnO2 42.9 [172]

Pb(II) GO 1100 [107]

Pb(II) GO–EDTA 479 [110]

Sb(II) Reduced GO 10.92 [173]

U(VI) GO 300 [170]

Zn(II) GO 350 [107]
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Besides encapsulation, coated metal surfaces with GNPs have been shown to
serve as a barrier material and to enhance corrosion resistance. For example, oxi-
dation was not observed on graphene-coated nickel after being subjected to a
pressurized water reactor, suggesting that graphene can be an effective antioxidant
coating [125]. Similarly, a copper surface coated with graphene (via CVD) pre-
vented corrosion upon exposure to salt solution [126]. Electrochemical corrosion of
copper and nickel surfaces were also prevented when graphene was deposited on
their surfaces via CVD [127]. Another study, also showed that few layers of gra-
phene deposited on a nickel surface, by mechanical transfer, reduced the rate of
corrosion by 20 times [128]; while a carbon steel coated with graphene using laser
presented 89 % less corrosion than its non-coated counterpart exposed to 3.5 %
NaCl [129]. Other GNP-coated metal surfaces that inhibited corrosion include
magnesium alloys [130] and copper/nickel alloy [131]. Besides pure GNPs, com-
posites of GNPs were also found to be effective coating materials. Well-dispersed
graphene in polyaniline was shown to effectively coat steel and protect against
water and oxygen gas [132]. In addition to metal surfaces, GNPs can also be used to
coat plastic substrates. For instance, spray coating rGO on polyethylene tereph-
thalate (PET) films protected the polymer from degradation under exposure to
corrosive acid, such as hydrofluoric acid [133].

The present section presented some of the most current environmental appli-
cations of GNPs. One of the major applications of GNP and GNP-based materials is
environmental remediation, such as removal of heavy metals, organic compounds,
and microorganisms. Another application of GNPs is protection against corrosion
and degradation caused by chemicals or microorganisms. Even though the mech-
anism of action for some of these applications is not yet fully elucidated; we cannot
ignore the contribution of GNPs in the formulation of the newly developed mate-
rials. In the future, we hope to better understand the properties of GNPs to be able
to maximize their benefits.

5 Potential Environmental Impacts of GNPs

GNPs are promising materials for many industrial applications, ranging from
medical, optics, electronics, and environmental applications. Like for many new
materials and chemicals, caution on their utilization is necessary, since over the
years, we have developed very important chemicals and materials that turned out to
be extremely hazardous. For instance, the discovery of radioactive elements has led
many creative and enterprising individuals to sell them to the general public as
wonder substances capable of healing most maladies. As a result, elements like
radium-226 were added from toothpaste to chocolates [134]. Soon enough, we
learned that the use of radioactive materials could have lethal consequences. This
was not an isolated incident in history. Another example is the pesticide DDT. This
pesticide was the wonder chemical in the 1940s, until researchers figured out that
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this pesticide was responsible for making birds to lay soft egg shells, eventually
thinning their population [135].

The burgeoning applications of GNPs and the unknown environmental and
health effects of GNPs could lead to serious environmental impacts [136]. In the last
few years, industries across the globe have revved up their engines in producing
GNPs in massive scales [137]. Eventually, GNPs will be leashed into the envi-
ronment as by-products and wastes from the manufacture of devices and materials
containing them. The slow release from polymeric matrices or weathering of
materials containing GNPs will also be a valid concern. Ultimately, the final dis-
posal and resting place of GNPs will be landfills, wastewater treatment plants, and
the environment. Contamination of the environment will be easily spread through
water systems and runoff, as for example, GO has been shown to be very mobile in
water when in the presence of naturally occurring ions and organic matter [138].

Once in the environment, GNPs might wreak havoc natural microbial popula-
tions. The GNPs have a broad-spectrum antimicrobial activity that is sometimes
even broader than traditional antibiotics [139]. Experiments on the effects of GNPs
on environmental microbial population are slowly beginning to appear and indicate
that the natural microbial populations are affected. Studies have also shown that
microorganisms are eventually able to cope with environmental stressors, however,
it is unknown their tolerance and long term exposure effects of GNPs.
Nanomaterials in general have negative impact on microbial communities on
activated sludge [140]. Carbon-based nanoparticles is no exception. For instance,
structurally similar carbon nanotubes and GO were proven to be toxic to microbes
in activated sludge [23, 141].

Cytotoxicity of GNPs against animal and plants cells is evident and should be
investigated carefully [24, 142, 143]. There are many other variables that are
affecting the toxicity of GNPs in the environment. For instance, humic acids and
potential biodegradation of GNPs have been shown to play major roles on the toxic
effects of GNPs. The presence of humic acid could neutralize the effect of oxidative
stress. This toxicity neutralization was observed with zebrafish [144].
Biodegradation is also potentially another mechanism to reduce the toxicity of
GNPs. Although biodegradation studies of GNPs is still in its infancy, preliminary
studies showed that biodegradation of more soluble and highly oxidized GNPs
seems to occur [145]. More hydrophobic, less oxidized graphene, on the other hand,
would probably persist in the environment, and settle at the bottom of bodies of
water. In this case, benthic organisms could consume and lead to accumulation of
GNPs in the food chain [146].

In soil, the effects of GNP are controversial. When graphene was mixed with
soil-containing coriander and garlic, it enhanced their growth [147]. Different
results were observed for cabbage, tomato, spinach and lettuce. In the latter plants,
soil contaminated with GO decreased plant growth and damaged plant tissues due
to oxidative stress [148].

Some studies, however, showed that GNPs could have positive effects to certain
microbial populations in wastewater. The presence of GNPs has shown to help
enhance the biodegradation capability of pollutants by microbial populations. For
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example, when rGO was incorporated into anaerobic sludge, the digestion of
nitrobenzene was accelerated due rGO’s electron conducting properties [149]. This
and other evidences point to GNPs as useful and benign to the environment.
However, little is known on the long-term fate of GNPs.

We are on the dawn of GNP devices era. It will not take longer until GNPs show
up in water and soil ecosystems. Therefore, further research needs to be done to
guide and help lawmakers and governmental agencies developing fair laws and
guidelines in GNP utilization, transport, treatment, and disposal.

6 Conclusions

GNPs can be prepared in various ways depending on the desired characteristic of
the final material required. They can be modified to suit a particular application.
Because of the diversity of GNPs, some are more toxic than others. The toxicity
typically depends on the synthesis and types of nanomaterials or nanocomposites,
environmental chemistry, as well as the type of interactions GNPs have with bio-
logical systems [150]. The source of toxicity is usually a combination of at least two
mechanisms, mechanical and chemical. The first can cause physical damage to
cells, leading to cytoplasmic content leakage. The other involves the formation of
ROS by GNPs, which reacts with cell components rendering them inactive [151].
The toxicity of GNPs is the major reason leading us to believe that certain GNPs
can potentially impact the environment. It is not, however, our place to discredit
GNPs due to their potential environmental impact. The main challenge is to find a
middle ground between toxicity and application, where GNPs are useful but have
minimum risk to the ecosystem.
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