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Abstract

Purpose of Review Graphene is introduced in dentistry as a material to be used in the fabrication or coating of dental implants
due to its biocompatibility, ability to physically interact with biomolecules and very high surface area. This review high-
lights the current knowledge on the general properties of graphene, potential benefits especially when used in zirconia-based
implants, as composite materials and coatings.

Recent Findings The literature reviewed showed a growing body of evidence supporting the use of graphene-based mate-
rial, associated with titanium or zirconia as a coating or composite material that helps in cell viability, differentiation and
proliferation, improving the bioactivity, osseointegration, physical, chemical and mechanical properties particularly zirconia.
Graphene-based materials present great potential for biomedical applications especially when used in the form of nanostruc-
tured biological coatings that can be obtained through reproducible and economical processes.

Summary The use of graphene as a composite implant material or coating may have great potential for osseointegration and
bone regeneration, providing that, features including hydrophilicity, protein adsorption capacity, oxygen content and effect
of external parameters such as temperature, pH and ionic strength need further elucidations before they can be implemented
as a coating or composite material for dental implants.
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Introduction

Zirconia-based materials are being increasingly used in the
production of dental implants due to their biocompatibility
and high chemical stability, preventing the release of toxic
products to the surrounding tissues [1, 2]. In addition, as
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a result of its favourable mechanical and optical proper-
ties, zirconia is also commonly indicated for the fabrication
of monolithic crowns, prosthetic frameworks and implant
abutments, further expanding their clinical applications [3].
The use of zirconia as an implant material reduces bacterial
adhesion and local biofilm accumulation, leading to a low
risk of inflammatory reactions in peri-implant tissues [4,
5]. Previous studies reported similar osseointegration rates
when zirconia implants were compared to those of titanium-
based ones after 12 weeks of implantation [5, 6].

Due to the large alterations in pH and constant tempera-
ture fluctuations in the oral cavity, titanium-based implants
are, however, subjected to corrosion which becomes critical,
especially at the implant/bone interface [7]. Thus, different
physicochemical surface coating methods have been sug-
gested in order to inhibit the corrosion process, consequently
improving the interaction between the implant surface and
bone tissues. Among such coating methods, those composed
of silica, magnesium and graphene stand out [8—11] with or
without bioactive molecules, where the latter is used to assist
the local biological processes [12].
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Graphene and graphene-based materials have received
more attention during the last two decades especially in
the biomedical fields due to favourable properties such as
biocompatibility, electrical conductivity, excellent aqueous
processability and surface functionality [13]. Furthermore,
their excellent mechanical, tribological properties and resist-
ance to corrosion corroborate their use as implant surface
coatings [13].

The aim of this review is to highlight the current knowl-
edge on the general properties of graphene, potential ben-
efits and limitations especially when used in zirconia-based
implants, as coatings or composite materials.

History of Graphene

Carbon is a chemical element known since prehistoric civi-
lizations. Records show that coal, diamond and graphite
were employed by several European cultures, and graphite,
in particular, was used to paint vases and ceramic pieces
over 6000 years BC [14e]. The term “graphite” is derived
from the Greek word “graphein”, which means “to write”
as it was widely used to mark sheep in the 1700s [15]. Since
then, graphite became the most commonly used material in
the production of pencils. During writing, when the graphite
in a pencil is in contact with the paper surface, as a result
of mechanical friction between both objects and its layered
structure, graphite flakes are delaminated and fixed onto the
paper surface [14e].

The analysis of the graphite layers indicated that one sin-
gle layer of carbon with a graphite structure was the final
component of these multiple layers. The term graphene was
then used to name this specific carbon layer [16]. In order to
isolate this layer, in 1999, graphite was micromechanically
exfoliated into thin lamellae using a method that employed
lithographic standardization combined with oxygen plasma
corrosion [15]. However, only in 2004, with a similar
micromechanical approach, followed by repeated peeling
of graphite flakes with adhesive tapes, the fundamental
structure of graphene was completely separated from the
two-dimensional graphene to the multilayered graphite and
characterized by optical microscopy and electronics [17ee],
proving that the graphene sheets in the graphite crystal were
independent and highly stable. Further observations indi-
cated that the existing connections between the graphene
structure were difficult to be broken which in fact contrib-
uted greatly to its durability and ability to stretch (20-25%
of its initial length) [18, 19]. This discovery of Andre Geim
and Kostya Novoselov, from the University of Manchester
resulted in their Nobel Prize in 2010 [14e].

Currently, it is possible to state that graphene is the name
given to planar carbon compounds that are present in the
form of monolayers arranged in a hexagonal structure,
that is, a thin two-dimensional layer formed by hexagonal

carbon structures [19, 20]. Due to its excellent electronic,
mechanical and thermal properties, graphene has been used
in paints, water desalinates, transistors, batteries, sensors
and displays, among many others. It also offers a large sur-
face area that can be chemically functionalized, which is
very favourable for biological applications [19, 21, 22]. The
excellent surface activity resulting from the presence of
many functional groups on its surface may reveal adsorp-
tion capacity for drugs [23], growth factors [24] and other
biomolecules, while the high specific surface area may also
enable them as platforms for several biological interactions,
bringing important benefits related to therapies using tissue
engineering [25].

Graphene-based Materials

Pure graphene can be obtained through different process-
ing routes, such as micromechanical graphite exfoliation,
chemical vapour deposition (CVD) and epitaxial growth
on silicon carbide (SiC) [26]. However, obtaining pure
graphene requires a defect-free hexagonal carbon arrange-
ment in a monolayer, which requires expensive procedures
for its large-scale production [19]. Furthermore, the excess
free surface energy in this material results in instability,
generating agglomeration and folding of the layers [27].
Thus, graphene derivatives, such as graphene oxide (GO)
and reduced graphene oxide (rGO), have been obtained as
alternatives to pure graphene utilizing less costly chemical
methods [28, 29].

GO is a graphene-based monolayer material with high
oxygen content. Being chemically similar to oxidized graph-
ite, GO has graphite structures consisting of a layer of gra-
phene functionalized with epoxy, hydroxyl, carboxylic and
carbonyl groups [30, 31], which can be used to combine
GO with several biomolecules and biomaterials [32]. While
the presence of these polar and reactive groups reduces the
thermal stability of the material, it also promotes interaction
and compatibility with polar solvents or polymeric matrices
[14e, 33]. The various oxidation groups in the composition
help in the physiological solubility and stability, allowing
the GO to be biocompatible and not inducing oxidative
stress, as catalyst agents are not involved in the synthesis
process [22]. Furthermore, due to the presence of oxidative
groups, a wide range of organic and inorganic molecules
may interact with GO, through covalent, non-covalent (n-x
or hydrophobic) and/or ionic interactions [22, 34]. Thus, GO
has been shown to be an interesting alternative to improve
the mechanical properties and bioactivity of biomaterials,
biomolecule carriers and different drugs for biological appli-
cations [22, 30].

Reduced graphene oxide (rGO) on the other hand, can
be obtained by removing the oxygenated groups present in
graphene oxide (GO), using processes that can be chemical,
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photochemical, thermal or photothermal [32]. Although this
removal results in a material that resembles pure graphene,
oxygen-containing groups and defects in different propor-
tions are found on the surface of rGO [29].

Carbon Nanotubes

Carbon nanotubes were developed using an arc-discharge
evaporation method, making the graphitic sheets (layers)
arranged as coaxial tubes with an internal diameter in the
nanometer scale. The number of sheets in a nanotube may
vary from 2 to 50 [35]. Soon after their creation, studies on
carbon nanotubes (CNT) were found to demonstrate a wide
variety of interesting properties such as high capillarity in
open tubes, excellent electronic properties and high mechan-
ical strength [36, 37]. In 1993, with the evolution and better
understanding of the processing methods for manufacturing
CNTs, such nanotubes could even be produced in one layer
only [38]. Currently, the nomenclature used refers to the
number of layers present in a CNT. Therefore, nanotubes
may be called either single-wall carbon nanotubes or multi-
wall carbon nanotubes [39].

Due to their inert nature, CNTs often need to go through
some kind of surface functionalization in order to perform
well in different applications such as in materials engineer-
ing, interaction with living tissues or applications in nano-
biotechnology. Surface properties play an important role in
the performance of CNT [40] since CNTs do not disperse
well in their pure state, tending to form agglomerates [41].
The functionalization of CNTs consists of a process of modi-
fying their surface through polymer chains that involve the
nanotubes or through coating with different types of sur-
factant molecules that are adsorbed onto their surface [42].

The nanoscale dimensions ensure a large surface area for
CNTs, and as a result, the aggregates have high attraction
forces. In this way, it is possible to achieve the entanglement
of CNTs which results in low dispersion of the nanotubes
in a suspension or matrix [43, 44]. The presence of func-
tional groups on the surface of the CNTs such as COOH, OH
and NH,, among others, helps in the dispersion and allows
interaction of the CNTs with the precursors of the surround-
ing matrix, producing materials with improved properties
[45-47]. The functionalization of CNTs can be attained in
different ways but the most common ones are the covalent
functionalization, polymeric functionalization and function-
alization by surfactants [48] where the last two are character-
ized as non-covalent functionalization [49]. Covalent func-
tionalization occurs through aggressive oxidative processes,
generating defects on the side walls and tips of the tubes.
These defects, however, will serve as anchor groups that will
be sites for chemical bonds [48]. Non-covalent functionali-
zation on the other hand, has the advantage of not destroying
or damaging the side walls of the CNTs so that structural
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properties of the final material are not compromised. In this
type of functionalization, aromatic compounds, surfactants
or polymers are used through hydrophobic interactions
where the groups present in the surface-active compounds
are adsorbed by the surfaces of the CNTs [49].

Toxicity of Graphene

With the increase in the applications of graphene in the den-
tal field, there is also a growing concern regarding the risk
of unintentional exposure to this material due to its poten-
tial toxicity potential [50]. Graphene commonly enters the
human body through inhalation, intratracheal instillation,
oral swallowing or subcutaneous injection [51, 52]. Since
graphene has nanometric dimensions, they are able to cross
physiological barriers (blood organ) and thus deposit in
substantial quantities, resulting in the formation of fibrosis
and granulomas [53, 54].

Although graphene is currently being used for drug deliv-
ery applications, in which there is a direct introduction of
this material into the human body, the safety profile and
toxicity mechanism of this material have not yet been clari-
fied. To date, studies have shown that graphene presents an
inflammatory response when present in the organism, which
can lead to local necrosis, damage to the cellular DNA, trig-
gering mechanisms of cellular apoptosis or autophagy [55,
56]. Although in dentistry there is no direct insertion of iso-
lated graphene into the body, one can accidentally release
weakly bound graphene from the surface of implants [57]
or even swallow or inhale graphene disconnected from the
surfaces of dental materials [58—60]. However, all the inju-
ries described are directly related to the accumulated expo-
sure of graphene concentration, dimension, surface structure
(whether it has sharp edges or not) and functionalization
state [61].

The graphene applied in implant dentistry, in general, is
strongly linked to the structure of the metallic alloy of the
implant or prosthetic abutment [57]. Therefore, its absorp-
tion by the body will be practically null by the most com-
mon route reported in the literature, which is inhalation. Yet,
there is a possibility that the graphene released from implant
structures may reach the bloodstream and be retained in dif-
ferent organs. Due to its nanometric size and the ability to
pass through physiological barriers, there is a possibility that
the material will accumulate in the liver or spleen serous
regions [62]. Nonetheless, such deposition will only be dan-
gerous to the organism if it occurs in large amounts.

Zirconia-based Implants
Zirconia is a biocompatible ceramic material, and due to

its excellent resistance to corrosion and wear, high flexural
strength (700-1500 MPa), modulus of elasticity (220-240
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GPa), fracture toughness (4.4 to 9.4 MPa-m"?), hardness
(~ 12 GPa), Weibull modulus (10-16), radiopacity, low ther-
mal conductivity and colour similar to dental tissues, it has
been increasingly used as a dental implant material [63-66].
The biocompatibility of zirconia is recognized by favourable
indices of osseointegration, being similar to those observed
for titanium implants [5, 6], or for surface treatments [67,
68]. Local or systemic cytotoxic effects, as well as adverse
reactions, have not been observed with zirconia implants
[69]. In addition, poor bacterial adhesion is reported on zir-
conia surfaces compared to titanium surfaces in vitro [70]
and in vivo [71], contributing to the health and maintenance
of peri-implant tissues.

Clinical studies reported 100% survival and success rates
for zirconia implants 6 months after surgery, with marginal
bone losses of around 2.1 mm after 1 year of follow-up [72].
Success rates of 95.8% were reported after 2 years in 52
patients with single-tooth gaps in the posterior mandible
or maxilla who received a two-piece zirconia implant sys-
tem [46] but the survival decreased to 77.3% after 7 years
of follow-up [73]. In that study, the authors found a mean
bone loss of 0.97 mm (+0.07) in 161 implants placed in
61 patients [74]. In a more recent study in 60 patients with
71 implants, after 5 years of function, the overall survival
rate was reported as 98.4% with an overall mean marginal
bone loss of 0.7 mm (£ 0.6) [75]. Payer et al. also found
significant similarity between zirconia and titanium implants
as regard to marginal bone loss which was about 1.43 mm
(% 0.67) for titanium implants and 1.48 mm (= 1.05) for zir-
conia implants after 24 months of follow-up [76].

Most of today’s zirconia implants are sold in one piece,
which eliminates the need for screw-on abutments. How-
ever, the impossibility of making corrections for surgical
misalignments, as well as the fact that the prosthetic solution
will always involve cementation, is inherent limitations to
these systems [77]. Following critical planning, using this
type of ceramic implant requires careful placement of the
implant, use of precise surgical guides and radiographic
evaluation of the ideal positioning of the implant.

Using Graphene for Zirconia-based Implants

Composite materials and coatings for both titanium and zir-
conia implants have been developed and suggested in the
literature in order to increase the antibacterial potential and
bioactivity that are fundamental for osseointegration [78].
Among them, materials based on silica, magnesium and
graphene stand out [8—11]. The use of graphene in implants
is mainly because of its ability to physically interact with
biomolecules, such as enzymes, proteins or peptides [79],
high biocompatibility, good stimulation and differentia-
tion of stem cells [80] and long-term durability [81]. One
other important feature of graphene is the presence of a

highly specific surface area, which is important for further
bio-functionalization [34]. Furthermore, by the addition
of graphene-based nanomaterials in zirconia coating, an
enhancement in the wear resistance [8] has been reported.
An additional improvement in the toughness has been also
noted when graphene-based nanomaterials are incorporated
into zirconia [82].

Indeed, the use of graphene, carbon nanotubes and fuller-
enes in conjunction with titanium implants has been con-
troversially discussed in the literature [57]. In vitro studies
reported different applications of graphene sheets associated
with titanium [83], such as titanium substrates coated with
GO and loaded with bone morphogenetic protein-2 (BMP-2)
[24], commercially pure Ti (CP Ti) modified with reduced
graphene oxide (RGO) [84], multipass caliber-rolled Ti alloy
of Ti;;Nb,;Zr (MPCR-TNZ) modified with reduced gra-
phene oxide (RGO) and loaded with osteogenic dexametha-
sone [85], ternary graphene oxide-chitosan-hydroxyapatite
(GO-CS-HA) composite coating on Ti substrate [86], and
GO coated on pure titanium using dopamine [87], among
others. These studies report favourable results on cell for-
mation and inhibition of biofilm formation when graphene-
based coatings are used on titanium substrates via different
techniques for graphene deposition, such as spin coating,
electrophoretic deposition and layer by layer assembly [57].
However, studies on the association of these materials with
zirconia-based substrates are still scarce.

In 2013, Kou et al. produced functionalized multiwalled
carbon nanotubes (fMWCNTSs) and used them as a coat-
ing material for zirconia surfaces [88]. Cell proliferation,
viability, morphology and attachment of an osteoblast-like
cell were evaluated in this study, where the results showed
that fMWCNT-coated zirconia discs did not cause any
acute toxicity and presented good proliferation of Saos-2
cells with a better attachment of osteoblast-like cells.
Subsequently, in 2014, Li et al. fabricated the zirconia/
graphene nanosheets (ZrO,/GNs) as composite coatings
using a plasma spraying technique [8]. The authors investi-
gated the microstructure and tribological properties of this
composite applied to Ti-6Al-4 V substrates where micro-
scopic observations showed that the GN additives were
homogeneously distributed in the ZrO, matrix. In addition,
a GN-rich transfer layer was observed on the wear track
of ZrO,/GN coating, contributing to the improvement
in wear resistance and reduction in friction coefficient,
which led to a superior tribological performance. Then
in 2022, Rodriguez et al. [89] have produced composites
made of yttria stabilized zirconia (YSZ) with a few layers
of graphene (sample named as ‘FLG’) and commercial-
ized YSZ with exfoliated graphene nanoplatelets (sample
named as ‘e-GNP'). The results show that following the
grain refinement effect on YSZ, the composite including
exfoliated graphene performs (‘e-GNP') higher resistance
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to low-temperature degradation than that of the mono-
lithic zirconia. Moreover, the benefits of using surface-
functionalized carbon nanotubes with zirconia have been
also reported. The bridging and the pull-out effects of
nanotubes on the fractured surface are believed to increase
the fracture toughness, and the surface functionalization is
expected to enhance the surface roughness as well as the
efficacy against bacteria which may retard the aging effect,
eventually [90-92].

On the production side, to manufacture zirconia-based
graphene-containing composites, a homogeneous precursor
powder should be formed beforehand, then the powder is
compacted and baked [93-96]. Different approaches includ-
ing mixing graphite and zirconia via ball milling, planetary
mixing or mechanical agitator in a dry or wet (solvent) envi-
ronment have been utilized to obtain a homogeneous pre-
cursor. The ultrasonic mixing could be also combined with
mechanical mixing for obtaining more efficient homogenous
dispersion of graphene and/or exfoliation of graphene oxide
[97] with zirconia. Alternatively, a colloidal system could
be used where zirconia-containing suspension with negative
surface charge is treated with grapheme-containing suspen-
sion (i.e. GrO-water suspension) that has positive surface
charge. The electrostatic interaction between these oppo-
sitely polarized particles leads to stable agglomeration of
constituents. It is also possible to use sol-gel method where
graphene-containing suspension (i.e. GrO-water suspen-
sion) is mixed with soluble zirconia-rich compound. Finally,
alkoxide pyrolysis could be also utilized in the production
of composites. For compacting and baking, spark plasma
sintering (SPS) is widely used but hot (isostatic) pressing,
pressureless sintering in vacuum or in air have been also
studied [98-100].

The positive effect of SPS on the microstructure of the
fully dense yttria-stabilized zirconia (YSZ) ceramics rein-
forced with reduced graphene oxide (rGO) [97] leads to
higher electrical, thermal and mechanical properties. Also,
thermal diffusivity increased by 12% and fracture tough-
ness increased from 4.4 to 5.9 MPa'’? after the addition of
rGO, while hardness slightly decreased. Another study that
used the same technique, investigated the microstructure,
mechanical properties and toughening mechanisms of the
3Y-ZrO,-based composites with addition of 0-0.3 wt%
GO [101] which easily dispersed homogeneously within
the zirconia. The addition of only 0.09 wt% GO in zirconia
resulted in an increase of 75% in fracture toughness when
GO-doped Y-TZP powder was pressed to obtain green sam-
ples which were further sintered at a temperature range of
1200 °C to 1500 °C [102]. Furthermore, the addition of GO
to the Y-TZP powder improved the density, densification and
mechanical properties of the composite. However, the pres-
ence of GO was not effective in suppressing aging-induced
monoclinic phase formation in specimens sintered above
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1300 °C and exposed to hydrothermal aging in superheated
steam at 180 °C/10 bar for up to 200 h.

In 2019, a ZrO,/rGO powder was produced by a hydro-
thermal synthesis technique that used the hydrolysis pro-
cess of the ZrOCl, solution to positively charge zirconia
ions that were collected on a surface of negatively charged
GO sheets due to electrostatic attraction [103]. Scanning
electron microscopy (SEM), transmission electron micros-
copy (TEM), X-ray diffraction (XRD), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and Fourier-trans-
form infrared spectroscopy (FTIR) were performed to char-
acterize the structure of the obtained materials, confirming
that the zirconia nanoparticles were successfully bonded
to grapheme-oxide sheets. The synthesis route used in this
study allowed the efficient production of uniform zirconia/
graphene nanopowders, in an economical and practical way.

In 2020, Zhang et al. fabricated a hot-pressed yttria-zirco-
nia/multilayer graphene-oxide composite (3YZrO,/GO) and
investigated its mechanical and wetting properties [104]. The
authors observed increases in flexural strength and fracture
toughness values in the range of 41 to 200% and a slight
increase in Vickers relative density and hardness. The frac-
ture toughness gradually increased when the GO content
increased to 0.1 wt%, but the fracture toughness tended to
decrease with the increase in the number of GO sheets. The
addition of GO sheets increased the hydrophilicity, present-
ing smaller contact angle which was attributed to a large
amount of hydroxyl groups (OH-), which could be uni-
formly deposited as a thin film on the porous surface of ZrO,
ceramic. In another similar study, the effect of graphene-
oxide (GO) concentrations on the tribological behaviour of
3Y-ZrO, based composites were evaluated using the same
technique with favourable the results on the friction coef-
ficient, wear rate and surface roughness [105]. Accordingly,
it was concluded that the addition of GO changes the wear
behaviour of composites from a severe to mild state owing to
the self-lubricating properties. Continued research results in
2021, employing the dip-coating technique to obtain a thin,
homogeneous and stable graphene-oxide film applied on zir-
conia substrates confirmed the presence, transparency, integ-
rity and homogeneity of the GO film using SEM, AFM, XPS
and contact angle measurements [106ee]. In the same study,
the zirconia substrates were modified with silane in order to
enable the immobilization of GO. After a period of 24 days
in double distilled water (ddH20) and phosphate-buffered
saline solution, the GO film remained intact, proving to be
hydrolytically stable. The immobilized GO film was also
shown to be biocompatible for L.929 mouse fibroblasts and
for osteogenic differentiation in human mesenchymal stem
cells. According to the authors, as GO contains hydroxyl and
carboxyl groups, biological agents, such as growth factors,
can be immobilized on the zirconia coated with GO, further
enhancing osseointegration.
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One other interesting effect of graphene oxide (GO) depo-
sition on the zirconia surface is on bacterial adhesion and
osteoblast activation using an atmospheric pressure plasma
generator [107]. When plasma was rotated and switched
simultaneously from one side to the other from a distance
of 25 mm between the specimens, a uniform GO layer could
be deposited on the zirconia surface. The adhesion of Strep-
tococcus mutans to the surfaces of the zirconia specimens
and the evaluation of adhesion, proliferation and differentia-
tion of MC3T3-E1 osteoblasts were subsequently performed
with the results showing significant reduction in biofilm for-
mation on the GO-coated surfaces compared to that of the
uncoated control group. According to the authors, this was
due to the increased antibacterial activity of GO, which was
also observed on titanium surfaces when coated with GO
[108, 109]. Graphene has also been proven to inhibit the
growth of other dental pathogens, such as Porphyromonas
gingivalis and Fusobacterium nucleatum [110, 111] and that
GO reduces the thickness of the biofilm formed, separating
it from the material surface [112]. Regarding cell adhesion,
proliferation and differentiation, the authors did not find
statistically significant difference between the groups with
and without GO coating, although proliferation and differ-
entiation increased in the Zr-GO group [107]. This can be
explained by the good hydrophobic and electrostatic interac-
tion with the GO.

The studies mentioned above indicate that the presence
of graphene-based nanomaterials along with zirconia is
important as they may improve the mechanical, tribologi-
cal, electrical and thermal properties of zirconia based
composites (i.e. Y-TZP). Reduction in biofilm thickness
[112], antimicrobial effects [97] and bone activation [109]
are significant findings reported so far. To date, the most
commonly accepted antibacterial mechanism of GO is based
on physical destruction of the cell membrane and oxidative
stress damage, which would harm bacterial cells, resulting
in antibacterial action [113]. Likewise, due to the hydro-
phobic properties of GO, the adhesion of bacterial cells is
prevented, and the hydrophobic interaction can destroy the
bacterial membrane, resulting in better antibacterial action
[107, 114]. However, further studies are essential to under-
stand the mechanisms of cell adhesion and interaction with
graphene-coated surfaces along with their antibacterial
activity and long-term stability and performance.

Concluding Remarks

Composite materials and coatings have been proposed in
the literature to improve the interaction between the den-
tal implant materials such as zirconia and titanium and the
bone tissues, improving their bioactivity and osseointegra-
tion. Graphene-based materials have a great potential for
biomedical applications especially when used in the form

of nanostructured biological coatings due to their excel-
lent physical, chemical and mechanical properties, which
also can be obtained through reproducible and economical
processes. These techniques allow for controlled chemical
composition and film thickness, as well as the deposition of
homogeneous films that adhere to the substrate, particularly
to complex substrates such as dental implants. However, it
is imperative to highlight that despite the favourable physi-
cal, chemical and mechanical results as previously reported,
further investigations are needed on the promotion of cell
behaviour, including fixation, growth, proliferation and dif-
ferentiation, when graphene-based materials are used as
coatings on implant materials. When graphene is used in
combination with zirconia, aspects including hydrophilic-
ity, protein adsorption capacity, oxygen content and effect
of external parameters such as temperature, pH and ionic
strength needs further elucidations before they can be imple-
mented as a coating or composite material.
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