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ABSTRACT

ARTICLE HISTORY

The time needed for the osseointegration of titanium implants is deemed too long. Moreover,
the bacterial colonization of their surfaces is a major cause of failure. Graphene can overcome
these issues but its wet transfer onto substrates employs hazardous chemicals limiting the clinical applications. Alternatively, dry transfer technique has been developed, but the biological
properties of this technique remain unexplored. Here, a dry transfer technique based on a hotpressing method allowed to coat titanium substrates with high-quality graphene and coverage
area >90% with a single transfer. The graphene-coated titanium is cytocompatible, did not
induce cell membrane damage, induced human osteoblast maturation (gene and protein level),
and increased the deposition of mineralized matrix compared to titanium alone. Moreover, graphene decreased the formation of biofilms from Streptococcus mutans, Enterococcus faecalis and
even from whole saliva on titanium without killing the bacteria. These findings confirm that
coating of titanium with graphene via a dry transfer technique is a promising strategy to
improve osseointegration and prevent biofilm formation on implants and devices.
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Introduction
Titanium is widely used for orthopedic and dental
implants due to its ability to integrate to native
bone. This direct structural and functional connection between bone and the implant requires cells to
proliferate onto the implant surface and then
become mature to produce extracellular matrix that
eventually calcify. The time for the process of
osteointegration of dental implants is deemed too
long taking approximately three months for
implants placed in the mandible and up to six in
the maxilla (Ersanli et al. 2005). This period is perceived as a negative factor by 21% of patients and
may decrease their adherence to rehabilitation
(Johannsen et al. 2012). In addition, conditions leading to low-density bone (e.g. osteoporosis, diabetes,
and radiotherapy) imply challenges for the integration of titanium implants (Bornstein, Cionca, and
Mombelli 2009; Hadi et al. 2011). To enhance
osteointegration, apatite-based coatings have been
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used in bone-contacting implants. Although, these
coatings can increase the initial rates of osteointegration in vivo (Sun et al. 2001; Tonetto et al. 2016),
they may delaminate after long period of function
due to their thickness and unfavorable mechanical
properties, with possible clinical failure of the
implant (Collier et al. 1993; Faeda et al. 2009). In
fact, hydroxyapatite coatings have been correlated
with higher degrees of marginal bone loss as compared to uncoated implants (Jeffcoat et al. 2003;
Schwartz-Arad et al. 2005).
One of the most relevant long-term failure
modes of titanium implants is the bacterial colonization of their surfaces by different pathogenic organisms. The infection of the surrounding bone can
cause peri-implantitis, which can affect up to 16%
of all dental implants (Daubert et al. 2015). It
impairs osteogenesis and induces bone loss leading
to weaker anchorage and decreased stability of the
implants (Robitaille et al. 2016). The management of
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peri-implantitis focuses on infection control, detoxification of implant surface, and antibiotic therapy.
Nonetheless, the low effectiveness of systemic and
local antibiotic prophylaxis, problems associated
with antibiotic-resistant bacteria, and risk of superinfection are causes of deep concern (Heitz-Mayfield
et al. 2012; Verdugo, Laksmana, and Uribarri 2016).
Moreover, biofilms on the surface of implants protect the organisms from the activity of antimicrobial
agents and host defense mechanisms (Mombelli
et al. 1987).
Notably, both the long-healing time and microorganism colonization of surfaces are areas for
improvement in implant therapies. In this context
emerges graphene, a single layer of carbon atoms
that can be produced in relatively pure form and
large scale by chemical vapor deposition (CVD). One
of the most prominent properties of CVD-grown
graphene is its ability to induce the spontaneous
osteogenic differentiation of mesenchymal stem
cells (MSCs) (Xie et al. 2017). The material induces
significant increase in the osteogenic-related genes
and proteins (e.g. RUNX2, OCN, and OPN) and
increases the mineralized nodule deposition even
without the use of chemical inductors (Nayak et al.
2011; Xie et al. 2015, 2016).
CVD-grown graphene coated on Cu and Ge or
transferred onto SiO2 was claimed to have antibacterial properties via electron transfer model (Li et al.
2015). However, others have shown large-area CVD
graphene films on conductive metals (e.g. Au and
Cu) are unable to impart an antibacterial effect
(Dellieu et al. 2015). These contradicting findings
warrant further studies on the antibacterial potential
of CVD-grown graphene.
Despite these promising findings, the use of graphene on implants is hindered by the methods
available for transfer. The wet transfer is the most
used method to deposit graphene onto arbitrary
substrates by scooping graphene film onto the target substrate. This step often traps water between
the target substrate and graphene film that, upon
evaporation, creates large folds, and cracked areas
(Li et al. 2009; Liang et al. 2011). To overcome these
problems, several dry transfer techniques have been
developed, such as the roll-to-roll, thermal release
tape, and direct dry transfer techniques (Fechine
et al. 2015; Chen, Gong, and Gai 2016; Morin et al.
2017). The latter is based on the application of

moderate mechanical pressure to promote the
intimate contact between the target substrate and a
graphene/polymer film that is eventually peeled off,
leaving graphene behind. Although this technique
yields the transfer of large areas of high-quality graphene onto polymer and stainless steel (Fechine
et al. 2015; Rodriguez et al. 2017), its applicability to
medical grade titanium and effects on osteoblast
maturation and bacterial colonization remain
unknown.
The objective of our study was to evaluate the
osteogenic and antibacterial potential of graphene
coating on commercially pure titanium (CpTi) via
wet (WGp) and direct dry transfer technique (DGp).
Samples were characterized and the interactions of
the materials with cells and bacteria were studied.
The hypotheses tested were: H1) both dry and wet
transfer techniques allow the successful deposition
of graphene film onto titanium and H2) graphene
coating increases osteogenic differentiation and prevents bacterial growth on titanium.

Material and methods
Graphene synthesis
The graphene used in this work was grown by onesingle operator using a 35 mm thick copper foils
(Graphene Platform, Tokyo, Japan) with a homebuilt atmospheric pressure chemical CVD set-up in a
state-of-the-art cleanroom facility of Class 1000 and
100 landscapes located at the Centre for Advanced
2D Materials and Graphene Research Centre,
National University of Singapore. Briefly, the copper
foil was placed in a quartz tube with inner pressure
calibrated to 30 mTorr. Thereafter, hydrogen gas
(8 sccm) was introduced into the chamber and the
temperature was increased to 1010  C (25  C/min) to
anneal the copper foil at 3 Torr for 35 min. The graphene film was grown by flowing methane
(16 sccm) into the tube for 30 min at 500 mTorr.
Finally, the tube was cooled to room temperature in
the presence of H2 gas.
Graphene transfer to CpTi via wet and dry
techniques
Titanium (CpTi, medical grade 4, Vulcanium,
Northbrook, IL) was cut in disks (12.7 mm diameter,
1 mm thickness,) and polished with silicon carbide
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abrasive paper (up to 2500, 150 rpm, 20 N, 2 min),
washed in ultrasonic bath with acetone, isopropanol
(IPA), and deionized water (30 min each).
For the wet transfer technique (WGp, Figure
1(A)), the graphene-coated copper foil was spincoated with polymethyl methacrylate (PMMA,
Sigma, St. Louis, MO) to an average thickness of
60 lm at then cured at 180  C for 10 min. The
uncoated surface of the copper foil was etched with
oxygen plasma (5 min, 50 W, 50 sccm, Vita-mini
reactive ion etching, FEMTO Science Inc., GyeonggiDo, Korea). The copper was etched with 1.5%
ammonium persulfate solution (APS, 8 h) and the
graphene/PMMA film was kept in deionized water
for 2 h. The floating membrane was gently scooped
and placed on the CpTi surface. The PMMA was dissolved in acetone for 12 h followed by 3 h in IPA.
Finally, the CpTi disk coated with graphene was
washed in deionized water for 30 min.
For the dry transfer technique (DGp, Figure 1(B)),
the graphene-coated copper foil was covered with
polydimethylsiloxane (PDMS 10:1, Sylgard 184, Dow
Corning Corporation, Midland, MI) and cured at
135  C for 20 min. The uncoated side was etched
with oxygen plasma and the copper foil was
removed with APS as previously described. The graphene/PDMS film was washed with deionized water
for 2 h and dried (10 min, 100  C). The graphene
layer on PDMS was placed in contact with CpTi and
hot pressed (150 N, 4 min at 150  C). Finally, the
PDMS was peeled off leaving the graphene on the
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CpTi surface. All these procedures were performed
in the clean room abovementioned to prevent contamination. The samples were stored in sterile container for no longer than 7 d and used for the
subsequent test.
Sample characterization
To confirm the presence of graphene onto titanium
after the transfer, we have characterized the samples with Raman spectroscopy for the identification
of signature peaks of graphene: G (1580 cm1) 2D
(2700 cm1) and D peaks. The measurements were
performed using a Raman Microscope CRM 200
(Witec, Ulm, Germany) at room temperature, with
an excitation laser source of 532 nm. A 100X objective lens with numerical aperture of 0.95 was used
and the laser power was kept below 0.1 mW to
avoid laser-induced heating of the sample.
The possible changes of the superficial characteristics of titanium promoted by graphene were investigated in terms of surface topography and
hydrophilic/phobic character. The first was evaluated using tapping mode atomic force microscope
(Bruker AXS, Karlsruhe, Germany) with a Dimension
Icon AFM equipped with a ScanAsyst (Bruker,
Billerica, MA). The surface wettability was investigated via contact angle measurements (VCA
Optima, AST Products, Inc., Billerica, MA). For this, a
15 lL droplet of distilled water was automatically
dispensed onto the substrate surface. The image of
the liquid droplet was obtained in real time

Figure 1. Transfer procedures for the wet (WGp in A) and dry (DGp in B) techniques.
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acquisition using a CCD camera. Further characterization was performed by the water-break test following the ASTM F22-13 (ASTM F22–13 2013)
guidelines. To confirm the stability of the hydrophobic character of the coating, the samples were
soaked in cell culture medium (up to 168 h) or BHI
medium (for 72 h) and the measures taken every
other day. Statistical analysis was performed with
two-way ANOVA and Tukey post-hoc tests (a ¼ 5%).
X-ray photoelectron microscopy (XPS) was carried
out to confirm the surface chemical composition of
the coatings and to detect the presence of copper
residues using K-alpha spectrometer XPS system
(Kratos Analytical Ltd., Manchester, UK) with an Alka
X-ray source (1486.6 eV photons). The C1s hydrocarbon peak at 284.84 eV was used as the reference for
all binding energies.
Cell culture
Human osteoblast-like MG63 cells (Promocell,
Heidelberg, Germany) of passage 3 were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA), supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and 1% penicillin/
streptomycin (Invitrogen, Carlsbad, CA).
Cell proliferation and morphology
To confirm the cytocompatible character of the graphene coatings, MG-63 cells were seeded on CpTi,
WGp, and DGp (5  103 cells per sample) and cell
proliferation was evaluated using MTS assay
(CellTiter 96 AQueous One Solution Assay, Promega,
Madison, WI). Cells were incubated for 2 h and
absorbance was measured in a microplate reader at
490 nm (Infinite M200, Tecan, Crailsheim, Germany).
To check possible cell membrane damage upon
contact with graphene films, the amount of lactate

dehydrogenase (LDH) was quantitatively evaluated
using CytoTox 96V Non-Radioactive Cytotoxicity
Assay (Promega, Madison, WI) following manufacturer’s guidelines. The controls were LDH
Positive Control solution and substrates devoid of
cells. Statistical analyses were performed with
Mann–Whitney test (a ¼ 5%, SigmaStat version 2.0,
SPSS, Chicago, IL).
Cell morphology was observed by scanning electron microscopy (SEM). Cells were fixed with 4%
paraformaldehyde for 30 min followed by osmication with 1% osmium tetroxide for 45 min and
rinsed with PBS twice for 5 min each. Samples were
dehydrated, sputter-coated with gold and imaged
using SEM (Quanta Scanning Electron Microscope,
FEI, Hillsboro, OR).
R

Osteogenic differentiation: gene and protein
expression, and mineralization potential
The capability of DGp to promote osteogenic differentiation was evaluated in both gene and protein
levels and benchmarked against the traditional
WGp and uncoated titanium (CpTi). For this, 2  105
cells were seeded on each disk and cultured with
basal medium and the relative expression of runtrelated transcription factor 2 (Runx2), alkaline phosphatase (Alp), collagen type I (Col I), and osteocalcin
(Ocn) were quantified by qPCR (gene sequences are
shown in Table 1). At each time point, cells were
detached (Trypsin, Invitrogen, Carlsbad, CA), total
RNA was isolated (Purelink RNA Mini Kit,
#12183018A, Invitrogen, Carlsbad, CA) and cDNA
synthesis performed (iScript RT Supermix, #1708841,
Bio-Rad, Hercules, CA). Quantitative PCR was performed with these cDNA templates (2.0 ng per mL)
using the ITaqManV system (#4444964, Bio-Rad,
Hercules, CA) and accumulation of PCR products
annealing:
55–57  C,
(denaturation:
95  C,
R

Table 1. Oligonucleotide primer sequences utilized in the qPCR
Gene
Collagen type I (Col I)
Runt-related transcription factor 2 (Runx2)
Osteocalcin (Ocn)
Alkaline phosphatase (Alp)
GAPDH

Primer

Sequence

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

50 -CTGACCTTCCTGCGCCTGATGTCC-30
50 -GTCTGGGGCACCAACGTCCAAGGG-30
50 -CACTGGCGCTGCAACAAGA-30
50 -CATTCCGGAGCTCAGCAGAATAA-30
50 -ATGAGAGCCCTCAGACTCCTC-30
50 -CGGGCCGTAGAAGCGCCGATA-30
50 -ACTGGTACTCAGACAACGAGAT-30
50 -ACGTCAATGTCCCTGATGTTATG-30
50 -ATGAGAAGTATGACAACAGCC-30
50 -AGTCCTTCCACGATACCAA-30
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elongation: 72  C) was detected using the CFX
Connect, Real-Time System (Bio-Rad, Hercules, CA).
Data were analyzed using the DDCT method and
normalized against the GAPDH. Three samples per
group were used and individual real-time PCR reactions were performed for each of the substrates.
Statistical
analyses
were
performed
with
Mann–Whitney test (a ¼ 5%, SigmaStat version 2.0,
SPSS, Chicago, IL).
The protein expression of OCN was evaluated by
Western blot. Cells were directly lysed into 2x
Laemmli sample buffer (#1610737, Bio-Rad,
Hercules, CA). Collected proteins were loaded on a
10% polyacrylamide gel, separated by gel electrophoresis, and transferred onto a PVDF membrane
(Millipore, Billerica, MA). The membranes were
blocked and incubated with primary antibodies
against OCN (#93876, Abcam, Cambridge, MA), followed by HRP-conjugated secondary antibody
(#ab205718, Abcam, Cambridge, MA). The membranes were then reacted with ECL Western blot
substrate kit (#32106, Thermo Fisher, Waltham, MA)
and imaged using ChemiDoc MP Imaging System
(Bio-Rad, Hercules, CA). GAPDH was used as an
internal control.
The mineralization potential was quantitatively
assessed using Alizarin Red S staining (ARS). Briefly,
cells were fixed in 4% formaldehyde at room temperature for 30 min and washed with phosphatebuffered saline (PBS, Invitrogen, Carlsbad, CA) for
20 min twice. After, cells were stained with 40 mM
ARS (pH 4.2, Sigma-Aldrich, St. Louis, MO) per well.
The plates were incubated at room temperature for
30 min, washed four times with distilled water.
Thereafter, 200 lL of 10% acetic acid (v/v) was
added to each well and incubated at room temperature for 30 min. Cells were scraped from the
sample, transferred to a microcentrifuge tube and
vortexed for 30 s. The solution was heated to 85  C
for 10 min and transferred to ice for 5 min. The
slurry was then centrifuged (20 000 g/15 min) and
500 lL of the supernatant transferred to a new
tube. Finally, 200 lL of 10% ammonium hydroxide
(v/v) was added to the solution. The absorbance of
aliquots (100 lL) of the supernatant was measured
using a microplate reader (Multiskan GO, Thermo
Scientific, Waltham, MA) at a wavelength of 405 nm.
The amount of calcium was normalized against the
DNA content obtained with DNAzol (#10503027,
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Invitrogen, Carlsbad, CA) and measured using $9#a
spectrophotometer
(NanoDrop
ND-1000
Spectrophotometer, Thermo Scientific, Waltham, MA).
Bacterial culture and biofilm formation
Streptococcus mutans UA159 and Enterococcus faecalis (ATCC 29212) bacterial strains were inoculated on
BHI medium and grown at 37  C until the culture
reached mid-exponential growth phase. The overnight culture was centrifuged at 5000 rpm for 5 min
and resulting pellet was resuspended in BHI
medium. The optical density (OD) of the cell suspensions were adjusted using a spectrophotometer
(1800 UV–VIS, Shimadzu, Kyoto, Japan) to obtain a
bacterial concentration of 107 CFU/mL. The OD
adjusted bacterial cultures (1 mL) were introduced
into the wells containing DGp and CpTi disks sterilized using 70% ethanol and aseptically placed
inside 24-well plates. The plates were incubated at
37  C for 24 h at 80 rpm. Additionally, whole saliva
was collected from a healthy adult donor without
active caries or periodontal pathology, and without
the use of antibiotics within the last 3 months. The
donor abstained from food/drink intake for 2 h prior
to donating saliva. Thereafter, unstimulated saliva
was collected by spitting method in polypropylene
tube and kept on ice for 10 min. The whole fresh
saliva was centrifuged at 2500 g for 10 min to
remove debris. Subsequently, 1 mL of the supernatant was used as inoculum for each substrate to
reproduce the typical microbial composition occurring in the oral cavity. All the assays described
below were performed in triplicates.
Biofilm quantification and visualization
To evaluate the ability of the graphene coating to
prevent bacterial proliferation, the bacterial solutions were prepared as described and cultured on
graphene-coated and control samples. For colony
forming unit (CFU) counting, the disks were briefly
washed with PBS to remove the non-adherent cells.
Then the disks were vigorously vortexed in 10 mL of
PBS to remove biofilm cells. A series of 10-fold cell
dilutions were prepared and 1 mL of each dilution
was pour plated using BHI agar and left to grow
overnight at 37  C and colonies were counted.
For the crystal violet assay (CVA), the biofilms were
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washed once with PBS and stained with 1% crystal
violet reagent for 5 min. Excess stain was washed
with PBS twice and 95% ethanol was added to each
well and incubated for 15 min. Subsequently, the
ethanol was transferred to a new 96-well plate and
the absorbance was measured at 570 nm
(MultiskanTM GO, Thermo Scientific, Waltham, MA).
The biofilms were imaged via confocal microscopy. Briefly, S. mutans and E. faecalis biofilms
formed on the substrates were observed under the
confocal microscope after 48 h of incubation,
stained with SYTO 9 (excitation/emission 485/
498 nm) and propidium iodide (excitation/emission
535/617 nm) stains (#L7012, Invitrogen, Carlsbad,
CA) as we have previously described (Wen et al.
2014). The biofilms were observed using an
Olympus-Fluoview FV1000 TIRF confocal microscope
(Olympus Co., Tokyo, Japan). SEM was performed
for whole saliva as previously described.
A disk diffusion assay was performed for the qualitative evaluation of the antibacterial activity of graphene. A bacterial cell concentration of 107 CFU/mL
of S. mutans and E. faecalis was spread plated on
BHI agar and blood agar, respectively. DGp disks
and the CpTi disks were placed on the agar plates.
The glass disk was used as a negative control and
titanium disk impregnated with chlorhexidine was
used as a positive control. The petri-dishes were

incubated for 24 h at 37  C. The ability of different
disks to inhibit the growth of the organisms was
evaluated by observing a zone of inhibition around
the disk.

Results
Characterization of the graphene transfer onto
titanium substrate
CVD-grown graphene was successfully transferred
onto CpTi by both wet and dry techniques. Both
WGp and DGp were characterized by Raman spectroscopy (Figure 2) showed the characteristic G
(1580 cm1) and 2D (2700 cm1) peaks. The full
width half maximum (FWHM) of 2D peak was estimated to be around 30 cm1 for WGp, characteristic
of mono-bilayer graphene whereas for DGp it was
higher than 30 cm1, characteristic for multilayer
graphene. The Raman mappings of WGp and DGp
transfer show coverage around 98.76 and 91.47%,
respectively, with black region showing I2D/IG
intensity ratio around 0 indicating absence of
graphene.
The contact angle of WGp and DGp were similar
and significantly higher than the one observed for
CpTi (Figure 3(A,B)). In the absence of the graphene
films, the draining eosin layer remained as a film
over CpTi whereas it resulted into discontinuous

Figure 2. Raman characterization of graphene films on titanium by wet (WGp) and dry (DGp) techniques. The Raman spectra confirm that the films were successfully transferred onto titanium via both techniques. The analyses of FWHM and I2D/IG ratio show
that the WGp coating was predominantly single layer while DGp presented areas characteristic of multilayer graphene. The intensity of the ID/IG ratio was lower for WGp compared to DGp, suggesting stacking of graphene film transferred via the dry
technique.
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films or no eosin drop on WGp and DGp surface
(Figure 3(B)). In fact, the average increases in weight
after the addition of the dye onto the samples were
19 mg for CpTi and 0.5 mg for WGp and DGp. We
have used XPS to detect possible metallic residues
from incomplete etching. Notably, the surge of C1s
peaks (285 eV) for both WGp and DGp did not result
in increased Cu2p3/2 peak (933 eV). Finally, the AFM
analysis showed that the graphene film deposited
by both techniques presented surface characteristics
comparable to those of CpTi (Figure 3(D,E)).
Cytocompatibility and osteogenic differentiation
The cytocompatibility of the graphene-based coatings was assessed by the MTS assay (Figure 4(A)).
Both WGp and DGp presented significantly higher
proliferation compared to CpTi after 120 h
(p < 0.05). However, all the graphene-coated and
control substrates were entirely covered by cells
(Figure 5). We also checked the cellular membrane
integrity for possible damage arising from the contact of cells with graphene’s ripples and wrinkles.
The percentage of LDH released by cells on all
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substrates was statistically similar denoting no cellular membrane damage provoked by the graphene
coatings (Figure 4(B)).
Thereafter, we checked the ability of graphene
films to promote the osteogenic differentiation of
MG-63 in both gene and protein levels. Except for
Runx2 at 24 h, both WGp and DGp increased the
expression of all osteogenic-related genes and time
points tested comparing to CpTi (Figure 5). Both
WGp and DGp also increased osteocalcin gene and
protein expression (Figure 6(D,F)). The calcium content per ng of DNA on graphene-coated substrates
was significantly higher than the amount obtained
with CpTi for all time points evaluated (Figure 6(E)).
Graphene prevents bacteria proliferation and
biofilm formation on titanium
The CVA (Figure 7(A,B)) showed a significant
decrease in the biofilm formation of S. mutans and
E. faecalis on the surface of the DGp compared to
the CpTi disk (p < 0.05). Notably, DGp also
decreased the number of bacteria from whole saliva
compared to the CpTi (Figure 7(C)).

Figure 3. (A and B) The contact angles of both DGp and WGp (100 ) were similar and higher than CpTi (60 , p > 0.05). There
were significant changes in the contact angle of all groups after soaking the specimens in culture medium for 168 h compared to
0 h. Similar trend was observed for BHI after 72 h (p < 0.05). (C) Wide-scanned XPS spectra revealed increase of the C1s peaks
(285 eV) for both WGp and DGp without the increase of Cu2p3/2 peak (933 eV) confirming the absence of copper contamination.
(D and E) AFM characterization (10  10 lm) of graphene on titanium by dry transfer (D), wet transfer technique (E), and CpTi (F).
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The reduction in biofilm formation was visually
observed after 48 h (Figure 8). The confocal imaging
revealed that the DGp coating resulted in the disruption of the biofilm formed by S. mutans and
E. faecalis. Moreover, the SEM revealed very little
biofilm formation on the surface of the graphenecoated titanium compared to CpTi even with the
use of whole saliva. DGp has failed to induce cell
death as shown by the CFU assays (Figure 9) and
the live and dead staining which shows that the
bacterial cells in the biofilm are live (Figure 8). We
could also infer that the effect of graphene on bacteria is mainly due to surface properties and not to
electron diffusion across the media as shown by the
absence of a clear zone around the DGp and CpTi
disks (Figure 9(B,C)).

Discussion
Characterization of the graphene transfer onto
titanium substrate
CVD-grown graphene was successfully transferred
onto CpTi by both wet and dry techniques. Both
WGp and DGp were characterized by Raman spectroscopy (Figure 2) and showed the characteristic G
peak (1580 cm1) that reflects the stretching of
the C=C bond in graphitic materials. The 2D
(2700 cm1) arises in the presence of sp2 carbon
atoms and D peaks (1360 cm1) indicates the
presence of a defect or edges in the graphene film
(Dubey et al. 2015). The Raman mappings of WGp
and DGp transfer show coverage around 98.76 and
91.47%, respectively, with black region showing

Figure 4. (A) Graphene-coatings are cytocompatible and do not induce cellular membrane damage. (A) There was no difference
for cell proliferation after 24 and 72 h. For 120 h, both DGp and WGp presented higher proliferation compared to CpTi. (B) Cell
membrane damage was quantitatively assessed by measuring the release of lactate dehydrogenase (LDH). After 24 h, the percentage of LDH release was similar for all groups (one-way ANOVA, denotes statistical difference, p < 0.05).

Figure 5. MG-63 presented normal proliferation on graphene-coated titanium substrates. SEM pictures show that MG-63 was
capable to attach and proliferate on all the substrates. After 120 h, the graphene-coated substrates (WGp or DGp) were entirely
covered with cells regardless of the transfer method used (scale bar ¼ 300 mm).
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I2D/IG intensity ratio around zero indicating
absence of graphene. We also measured the intensity ratio ID/IG for graphene transferred onto titanium which was higher for DGp comparing to WGp.
This suggests the presence of high-density graphene domains or intrinsic defects in the graphene
transferred via dry transfer (Sojoudi and Graham
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2013). The lower coverage, broader FWHM and high
ID/IG ratio of DGp can be linked to high contact
pressure during hot press transfer instigating crack
and stacking of graphene due to stretching and
relaxation of PDMS-graphene film in contact with
rough titanium surface (Jang et al. 2017; Rodriguez
et al. 2017).

Figure 6. Graphene-coated titanium increased osteogenic differentiation and mineralization potential of cells. (A–D) Gene expression of osteoblastic related genes was analyzed by quantitative PCR. After 24 h, DGp increased significantly expression of the
osteogenic-related genes (COL-1, ALP, and OCN) compared to CpTi. After 168 h, both WGp and DGp presented higher expression
of all the genes analyzed as compared CpTi. (E) The mineralization potential was quantitatively assessed by alizarin red S staining.
Both WGp and DGp presented higher amounts of Ca per ng of DNA compared to CpTi for all time points evaluated. (F) OCN protein expression was assessed by Western blots. After 24 h, DGp presented higher expression of OCN compared to CpTi (in panels
A–E denotes statistical difference, one-way ANOVA, p < 0.05).

Figure 7. Graphene-coated titanium disrupts bacterial proliferation. DGp presented less bacterial growth of measured compared to
the control (CpTi) as for E. Faecalis (A), S. Mutans (B) and whole saliva (C) after 24 and 48 h of exposure (one-way ANOVA,
denotes statistical difference, p < 0.05).
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The contact angle of WGp and DGp were similar
and significantly higher than the one observed for
CpTi (Figure 3(A,B). The high contact angles of WGp
and DGp were expected since graphene films have
been reported to be hydrophobic with contact
angles ranging from 110 to 127 regardless of the
supporting material (Wang et al. 2009; Lee et al.
2011). After soaking the specimens in the different
media used in this work, there were significant

changes in the contact angles of both graphenecoated and control groups. Although the reasons
could not be precisely detected, it may be due to
the ability of both graphene and titanium to absorb
several biomolecules and proteins from the environment (Gongadze et al. 2011; Lee et al. 2011;
Kulkarni et al. 2015). The increase in hydrophilicity
of CpTi may also be related to the aging of titanium. This is a time-dependent process that can be

Figure 8. Biofilm formation. Confocal imaging revealed that DGp decreased the proliferation of E. faecalis and S. mutans compared
with CpTi. The SEM analysis showed that the biofilm formation induced by saliva was nearly absent on DGp (scale bar ¼ 20 mm).

Figure 9. CFU counting was performed for E. faecalis and S. mutans cells forming biofilms on the Cp-Ti and DGp surfaces (A).
Biofilm accumulation on DGp surfaces was significantly lower compared to the Cp-Ti surfaces for both E. faecalis and S. mutans
(one-way ANOVA, denotes statistical difference, p < 0.05). Diffusion assays were performed using inverted Cp-Ti and DGp disks on
E. faecalis (B) and S. mutans (C) containing plates. Chlorhexidine coated Ti disks were used as the positive control (seen with the
clear zones) and a sterile glass disk was used as the negative control. No clear zones were observed around Cp-Ti and DGp disks
indicating that the inhibitory effect of DGp on E. faecalis and S. mutans was not due to the release of any diffusible compounds
from the surface, rather due to surface properties of DGp.
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accelerated by different methods of sterilization or
environmental conditions, such as low pH or presence of lipopolysaccharide in saliva (Barao et al.
2011; Kulkarni et al. 2015; Junkar et al. 2016).
Despite these previous findings, further studies are
necessary to further unveil the mechanism involved
in the changes of the hydrophilic character of both
titanium and graphene-coatings for biomedical
applications. Notably, the Ra did not change with
the deposition of the graphene film (Figure 3(D–F)).
This is of interest as the nanoroughness of titanium
has been correlated to higher adhesion and spreading of osteoblasts (Gongadze et al. 2011).
We have used XPS to detect possible metallic
residues from incomplete etching which can trigger
off undesired allergic reactions (Krecisz, KiecSwierczynska, and Bakowicz-Mitura 2006). Notably,
the surge of C1s peaks (285 eV) for both WGp and
DGp did not result in increased Cu2p3/2 peak
(933 eV) confirming the absence of copper contamination at the resolution limit of the instrument
(Figure 3(C)). Finally, the AFM analysis showed that
the graphene film deposited by both techniques
presented surface characteristics comparable to
those of CpTi (Figure 3(D,E)). These similarities can
be related to graphene surface charges that interact
with the support materials via electrostatic forces
compelling graphene to adapt to the topography of
the underlying substrates (Xue et al. 2011; Morin
et al. 2017).

Cytocompatibility and osteogenic differentiation
Biomaterials are used as frameworks that provide
microenvironments where cells can proliferate, differentiate, and generate the desired tissue (Rosa
et al. 2012). In this regard, the modifications performed on the titanium substrates should not compromise cell attachment, proliferation, and
mineralization potential. Hence, to isolate the effects
of graphene films on cellular and bacterial behavior,
the titanium disks were not sterilized before the
tests. It is known that steam autoclaving, for
instance, is not an appropriate sterilization technique for TiO2 nanotubes surfaces, as it results in
distraction of nanotubes features (Junkar et al.
2016). Hence, the disks were only washed in ultrasonic baths to prevent interferences of any
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sterilization treatment on the cellular and bacterial
behavior. In addition, the titanium was not annealed
prior to the transfer as this procedure can dramatically increase its hydrophilicity (Zheng et al. 2014).
First, we have assessed the cytocompatible character of the graphene-based coatings by the MTS
assay (Figure 4(A)). Both WGp and DGp presented
significantly higher proliferation compared to CpTi
after 120 h. This was slightly unexpected as graphene-based films are not prone to increase cell
proliferation (Xie et al. 2015; Rodriguez et al. 2017).
Nonetheless, all the substrates were entirely covered
by cells disregarding the presence of graphene and
transfer method used. Interestingly, the cells presented similar morphology on both WGp and DGp
compared to CpTi (Figure 5). Keeping this characteristic on graphene is important since the flatness of
cells has been correlated to strong cell adhesion to
the substrates (Imani et al. 2012). We also checked
the cellular membrane integrity for possible damage
arising from the contact of cells with graphene’s ripples and wrinkles. These superficial features are created during the production of graphene via CVD at
high temperatures (Dubey et al. 2015). The percentage of LDH released by cells on all substrates was
statistically similar denoting no cellular membrane
damage provoked by the surface features of the
graphene coatings (Figure 4(B)).
CVD-grown graphene has been previously shown
to promote osteogenic differentiation of stem cells
and increase mineralization (Ersanli et al. 2005; Xie
et al. 2016). Nonetheless, the differentiation is
mostly benchmarked against inert substrates (e.g.
glass, PDMS, and others) and the extent of the graphene-enhanced differentiation compared to metallic implant materials is often overlooked. Hence,
after confirming the cytocompatible character of
the graphene coatings, we have checked their ability to promote the osteogenic differentiation of MG63 in both gene and protein levels. Except for
Runx2 at 24 h, both WGp and DGp increased the
expression of all osteogenic-related genes and time
points tested comparing to CpTi (Figure 6). Runx2 is
essential for osteoblast differentiation and the level
of its expression is critical to accelerate and
enhance osseointegration and bone formation
(Viereck et al. 2002; Kim et al. 2006). Similar increase
has been observed for stem cells cultured on glass
slides coated with CVD-grown graphene for at least
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14 d (Xie et al. 2015, 2016). Notably, WGp and DGp
increased the gene expression of both Col-I and
Alp. The first is crucial for the developmental
sequence of osteoblast differentiation and play critical roles in the regulation of cell differentiation,
bone matrix formation and bone mineralization
(Kern et al. 2001; Kim et al. 2006). Alp is involved in
the degradation of inorganic pyrophosphate to provide a sufficient local concentration of phosphate
for mineralization (Golub and Boesze-Battaglia 2007;
Weng and Su 2013). Finally, the increases in the
osteocalcin gene and protein expression (Figure
6(D,F)) indicate that cells may have become mature
osteoblasts as this marker is expressed by highly differentiated osteoblasts during the mineralization
stage (Poser et al. 1980).
Remarkably, both WGp and DGp enhanced the
mineralization potential of the cells (Figure 6(E)) as
the calcium content per ng of DNA on graphenecoated substrates were significantly higher than the
amount obtained with CpTi for all time points evaluated. This is remarkable, since, the graphenecoated substrates are more hydrophobic than CpTi
(Figure 3). Although hydrophilic surfaces may be
more prone to stimulate differentiation in comparison with hydrophobic surfaces (Liao et al. 2003), the
enhanced differentiation on graphene can be
related to: (i) graphene high in-plane stiffness, (ii)
remarkable flexibility for out-of-plane deformation,
and (iii) presence of wrinkles and ripples on the
material’s surface (Lee et al. 2008; Nayak et al.
2011). These three factors act as strong anchor
points for the cytoskeleton that increase the intracellular tension resulting in the spontaneous osteoblastic differentiation (Nayak et al. 2011; Xie et al.
2015, 2016). These findings suggest that the osteogenic potential of graphene surpasses that observed
on CpTi that is universally known for its osteogenic
properties.
Graphene prevents bacteria proliferation and
biofilm formation on titanium
In the previous section, we showed that both wet
and dry techniques presented similar effects on
the proliferation and differentiation of cells.
Nonetheless, the dry transfer technique does not
require the dissolution of PMMA in acetone. This
shortens the processing time in 12 h. Also, the dry

transfer is more sustainable as it diminishes the
usage and wastage of consumables hence decreasing cost and increasing the potential scalability of
the process. Thus, the antibacterial potential of graphene-based coating was further evaluated exclusively for samples obtained via the dry technique
(DGp).
Titanium implants allow bacterial colonization
which can result in diseases, such as peri-implantitits. The bacterial colonization and biofilm formation
are major causes of dental implant loss (Mombelli,
€ller, and Cionca 2012). The CVA showed a signifiMu
cant decrease in the biofilm formation of S. mutans
and E. faecalis on the surface of the DGp comparing
to CpTi (Figure 7(A,B)). Although these bacteria
strains are widely used in microbiological research,
we have also evaluated the effects of the graphene
coating in whole saliva that contains more than 700
bacterial species or phylotypes of the oral cavity
(Aas et al. 2005). Notably, DGp also decreased the
number of bacteria from whole saliva compared to
the CpTi (Figure 7(C)).
The reduction in biofilm formation was further
observed by confocal imaging that revealed that
the DGp coating resulted in the disruption of the
biofilm formed by S. mutans and E. faecalis.
Moreover, the SEM revealed very little biofilm formation on the surface of the graphene-coated titanium compared to CpTi even with the use of whole
saliva (Figure 8).
The mechanisms of bacterial adhesion, aggregation and biofilm formation on biomaterials are complex and include electrostatic, van der Waals,
hydrophobic forces, and partially mediated by glycoproteins. Previous work has shown that it is possible to tailor the nanostructure of titanium surfaces
to reduce the prevalence of pathogens relevant for
orthopedic and other medical device-related infections (Kulkarni et al. 2015). Previously, Li et al. suggested that CVD-grown graphene on copper
possesses an antibacterial activity due to an electron transfer from the microbial membrane, via graphene, to the substrate which acts as an electron
pump (Li et al. 2015). This model has been recently
refuted by Dellieu et al. showing that CVD-grown
graphene on a conductive (metallic) substrate, such
as gold does not display any significant antibacterial
property against Staphylococcus aureus and
Escherichia coli. The models tested by the authors
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rely on the fact that the hypothetical transfer
charge of graphene on gold is p-doped and therefore electrons tend to be transferred from graphene
to gold. In this case, the theoretical current–voltage
characteristic of graphene meets Li et al.’s theory of
electron transfer direction but did not result in antibacterial activity (Dellieu et al. 2015). Our results
reinforce the findings of Dellieu et al. as DGp has
failed to induce cell death as shown by the CFU
assays (Figure 9) and the live and dead staining
which shows that the bacterial cells in the biofilm
were alive (Figure 8). We could also infer that the
effect of graphene on bacteria is mainly due to surface properties and not to electron diffusion across
the media as shown by the absence of a clear zone
around the DGp and CpTi disks (Figure 9(B,C)).
Notably, our results corroborate a previous study
that showed that nanostructured titanium surfaces
decrease the adhesion of oral bacterial species,
such as Streptococcus sanguinis and S. mutans
(Narendrakumar et al. 2015). The bacteria proliferation on titanium-based materials is compromised
by the combination of surface chemistry (e.g. fluorine content), surface roughness and wettability
(Peng et al. 2013). In fact, superhydrophobic materials may present a self-cleaning effect where the
adhesion forces between the solid surface and contaminating particles are deteriorated due to lack of
effective contact (Yuan et al. 2017). Although the
mechanisms underlying the lower bacterial proliferation on graphene-coated titanium remain unclear,
it may be feasible that the high hydrophobic character of the graphene film (Figure 3(A,B)) prevents
the onset of the microorganisms adhesion.
Despite of the exciting results, this work presents
its own limitations. For instance, the hot-press used
to transfer graphene may be suitable for titaniumbased devices that do not present complex threedimensional shapes, such as locking compression,
cranial, and angled blade plates for maxillofacial
and orthopedic surgery. Besides, further studies
shall deepen the understanding of the cellular
mechanisms activated during the grapheneenhanced osteogenic differentiation. Finally, it is
necessary to unveil the material characteristics and
mechanisms ruling the lower bacterial biofilm formation on CVD-grown graphene-coated CpTi.
Nevertheless, the ability of CVD-grown graphene to
be deposited onto titanium and its ability to
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increase osteoblastic differentiation and prevent
bacteria proliferation broad the avenue of graphene
as a coating to increase osteogenesis and prevent
the growth of biofilms on titanium prosthetic parts
and devices.

Conclusion
Due to its unique properties (e.g. large surface area,
easiness of functionalization, and others), CVDgrown graphene holds great potential for biomedical applications. Both hypotheses were accepted.
The dry-transfer technique yielded to coat more
than 90% of the CpTi sample with graphene without changing the morphological characteristics of
the substrate. The graphene coating accelerated the
osteogenic differentiation and increased the amount
of calcium deposition by pre-osteoblast cells.
Moreover, the atomically-thin coating deposited via
a dry transfer technique prevented the proliferation
and the formation of biofilms from S. mutans, E. faecalis and even from whole saliva on the surface of
CpTi.
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