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Abstract
Purpose: This study aimed to explore the antimicrobial properties of graphene coated
Ti-6Al-4V to oral pathogens.
Materials and methods: Graphene directly synthesized on Ti-6Al-4V alloy was
characterized by scanning electron microscopy (SEM) and Raman spectroscopy. 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, live/dead
fluorescent staining and SEM were used to analyze the antimicrobial properties
of graphene coated Ti-6Al-4V alloy to Porphyromonas gingivalis (P. gingivalis),
Fusobacterium nucleatum (F. nucleatum), and Candida albicans (C. albicans). Reac-
tive oxygen species (ROS) generation was monitored to reveal the antimicrobial
mechanism.
Results: Graphene coated Ti-6Al-4V alloy caused a significant reduction in the pres-
ence of both bacterial and fungal pathogens as compared to uncoated Ti-6Al-4V
alloy. P. gingivalis, F. nucleatum, and C. albicans on graphene coated Ti-6Al-4V alloy
were less active than on uncoated Ti-6Al-4V alloy, and tended to become shrunk and
deformed. Meanwhile, graphene coated Ti-6Al-4V alloy induced more generation of
ROS in the pathogens than uncoated Ti-6Al-4V alloy.
Conclusions: Graphene coated Ti-6Al-4V alloy exhibited antimicrobial properties
against oral pathogens, the induction of oxidative stress might be involved in its
antimicrobial mechanisms.
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Titanium alloys are universally used as dental implant
materials.1 It is generally accepted that titanium alloys have
superior attributes such as low toxicity, good biocompat-
ibility, excellent bone bonding capacity, and outstanding
mechanical properties.2 However, unsatisfactory antimicro-
bial ability is one of the disadvantages of titanium alloys.2

Peri-implantitis is a polymicrobial inflammatory disease,
which leads to supporting bone resorption and implant
loss.3,4 Microorganisms, especially gram-negative anaerobic
bacteria, such as Porphyromonas gingivalis (P. gingivalis)
and Fusobacterium nucleatum (F. nucleatum) surrounding
peri-implant tissue are accepted as major pathogens of peri-
implantitis.5–7 P. gingivalis can change the normal oral
microbiota composition to one with greater pathogenicity and
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is considered the keystone pathogen of peri-implant inflam-
mation, while F. nucleatum can connect initial and later
bacterial colonizers, thereby conducive to the formation of
dental plaques.5,7

In addition to pathogenic bacteria, Candida albicans
(C. albicans) is also present in the subgingival plaque
biofilm of peri-implantitis and participates in the develop-
ment of peri-implant diseases.8,9 C. albicans could induce
co-aggregation of other microorganisms such as F. nuclea-
tum and Streptococcus gordonii (S. gordonii), and contribute
to the formation of multispecies biofilms on the surfaces of
Ti-6Al-4V alloy, which can cause increased tissue damage of
titanium-mucosal interface.8–11

Various methods have been explored to modify the
antimicrobial performances of titanium alloys, but many
shortcomings still exist. Coatings loaded with chlorhexidine
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2 WANG ET AL

F I G U R E 1 Characterization of uncoated Ti-6Al-4V alloy (Control) and graphene coated Ti-6Al-4V alloy (G-Ti) (n = 3). (a) SEM image of Control
(magnification × 30,000). (b) SEM image of G-Ti (magnification × 20,000). (c) High magnification SEM image of G-Ti (magnification × 150,000). (d)
Raman spectra of G-Ti; the arrows indicate characteristic graphene peaks.

or antibiotics applied on the surface of titanium alloys
only showed short-term antimicrobial efficacy and still
remain controversial.12–14 Acid etching and sand-blasting
have been used to reduce the adhesion of pathogens, but
might bring the risk of microcracks on the surface and
decrease the fatigue properties.15–17 Therefore, it makes
sense to explore novel methods and techniques to mod-
ify the antimicrobial performances of titanium alloys,
which should not impair their structural integrity and
biocompatibility.

Graphene, a one-atom-thick layer of carbon atoms in
a dense honeycomb two-dimensional crystal, stands out
because of its lower cytotoxicity and strong antibacterial
effects.18,19 Graphene and its derivatives have been demon-
strated to be promising materials as antimicrobial agents
and coatings.19 Agarwalla et al showed that the biofilm for-
mation for Streptococcus mutans (S. mutans), Enterococcus
faecalis (E. faecalis), Pseudomonas aeruginosa (P. aerugi-
nosa), and C. albicans was less on graphene coated titanium
than on uncoated titanium.20 Gu et al also revealed that
graphene coated titanium enhanced the antibacterial activity
to Escherichia coli (E. coli) and Streptococcus aureus (S.
aureus) compared to titanium substrate.21 However, the

substrates may influence the antimicrobial properties of
graphene coating.22

Considering that few studies have explored the antimi-
crobial activities of graphene coating on Ti-6Al-4V alloy
substrate to oral bacteria and fungi, this study mainly aimed
to investigate the antimicrobial properties of graphene coated
Ti-6Al-4V alloy to P. gingivalis, F. nucleatum, and C.
albicans.

MATERIALS AND METHODS

Graphene was donated by Dr. Feng Yu, and was synthe-
sized on the surface of Ti-6Al-4V alloy by means of Radio
Frequency Plasma Enhanced Chemical Vapor Deposition
(RF-PECVD) method.23 Briefly, the cleaned and dried
Ti-6Al-4V alloy foil (thickness ≈ 100 µm) was placed at
the hot center of the furnace. RF-PECVD system (13.56
MHz) was evacuated to the base pressure and heated to 500
to 700◦C under a H2 flow of 20 standard cubic centime
per minute (sccm). Then, H2 was replaced with 5 to 20
sccm CH4. Growth of vertical graphene lasted for 0.5 to 2
hours. The surface morphologies of Ti-6Al-4V alloy (Con-
trol) and graphene coated Ti-6Al-4V alloy (G-Ti) were
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ANTIMICROBIAL PROPERTIES OF GRAPHENE COATING 3

F I G U R E 2 Anti-P. gingivalis ability of graphene coated Ti-6Al-4V alloy. (a) Cell metabolic activities of P. gingivalis incubated on G-Ti or Control for
2 hours, measured by MTT assay (n = 5). (b) Live/Dead staining of P. gingivalis incubated on G-Ti or Control for 24 hours (n = 3), Scale bar = 100µm. (c)
Representative SEM images of P. gingivalis incubated on G-Ti or Control for 24 hours (magnification × 10,000) (n = 3); the arrows indicate cell shrinkage and
deformation. (d) Fluorescence intensity of ROS concentration in P. gingivalis incubated on G-Ti or Control for 12 hours (n = 3). **p < 0.01, ***p < 0.001.

systematically characterized by scanning electron
microscopy (SEM). Further, the G-Ti samples were sub-
jected for Raman scattering spectroscopy in the air at
room temperature (Raman Microscope CRM 200, Witec,
Germany).

Then, uncoated Ti-6Al-4V alloy (Control) and graphene
coated Ti-6Al-4V alloy (G-Ti) were mechanically cut into
circular discs to fit the sizes of 24/96/-well plates (Corning,
USA). Before being used for the following experiments,
G-Ti were checked for the presence of graphene coating and
both Control and G-Ti were sterilized at high temperature
and pressure (121◦C and 0.12 MPa).

P. gingivalis (W83) and F. nucleatum (ATCC25586) were
grown in brain heart infusion broth (BHI broth) (Oxoid,
USA) supplied with 0.0005% hemin and 0.0001% menadione
at 37◦C in an anaerobic system (N2 80%; H2 10%; CO2
10%), respectively. C. albicans (ATCC90028) was cultured
in Yeast Extract Peptone Dextrose (YPD) medium (Solar-
bio, Beijing, China) at 37◦C. All of the microorganisms
were harvested at the exponential growth phase and cen-
trifuged at 8,000 rpm for 5 minutes. Then the microorganisms
were washed two times with phosphate buffered saline (PBS)
(Hyclone, USA), and individually adjusted to a concentration

of 108 CFU/mL by measuring the optical density (OD) value.
For P. gingivalis and F. nucleatum, OD600 of 1.0 is about 109

CFU/mL, while for C. albicans, OD490 of 1.0 is about 2 ×

108 CFU/mL.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium

Bromide (MTT) was used to estimate the cell metabolic
activities of P. gingivalis, F. nucleatum, and C. albicans.
Fifty (50) µL of diluted microbial suspension (105-106

CFU/mL) for each microorganism was individually added
into 96-well plates covered with Control or G-Ti, and incu-
bated for 2 hours. Then, 10 µL of MTT (Solarbio, Beijing,
China) was added and incubated in the dark for another 4
hours. The suspensions were collected and centrifuged at
10,000 rpm for 5 minutes, and the supernatants were dis-
carded. The precipitate containing formazan was dissolved in
200 µL of dimethyl sulfoxide (DMSO) and the absorbance at
490 nm wavelength was measured by microtiter plate reader
(BioTek, USA).

The Live/Dead BacLight Bacterial Viability Kit (Molecu-
lar Probes, USA) was used to determine the cell viabilities
of microorganisms as live cells were stained with fluores-
cent green, while dead cells were stained with fluorescent
red. Five-hundred (500) µL of diluted microbial suspension
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4 WANG ET AL

(105-106 CFU/mL) for P. gingivalis, F. nucleatum, and C.
albicans was individually incubated on the surface of Control
or G-Ti in 24-well plates for 24 hours. Then the microor-
ganisms adhering on materials were washed with PBS 3
times and immersed in 500 µL dye. After incubation in the
dark at room temperature for 30 minutes, the microorganisms
were observed using a confocal laser scanning microscopy
(ZEISS, Jena, Germany) system or a fluorescence microscope
(Olympus, Tokyo, Japan).

Scanning electron microscopy (SEM) was used to observe
the morphology features of these microorganisms adhering
on the surface of Control or G-Ti. Five-hundred (500) µL of
diluted microbial suspension (105-106 CFU/mL) for P. gingi-
valis, F. nucleatum, or C. albicans was individually incubated
on the surface of Control or G-Ti in 24-well plates for 24
hours. Then, the cells were fixed with 2.5% glutaraldehyde
at 4◦C for 2 hours. After that, the samples were washed 3
times with PBS and dehydrated in a gradient sequence of
ethanol (25%, 50%, 75%, 90%, and 100%). Finally, they were
observed by SEM (Hitachi, Tokyo, Japan).

The 2′,7′-Dichlorofluorescein diacetate assay (DCFDA)
(Sigma-Aldrich, USA) was used to evaluate the reactive
oxygen species (ROS) production in the microorganisms.
One-hundred (100) µL of diluted microbial suspension (105-
106 CFU/mL) for P. gingivalis, F. nucleatum, and C. albicans
was individually added on the surface of Control or G-Ti in
96-well plates and incubated for 12 hours. Then, DCFDA dye
(final concentration was 10 µM) was added into the 96-well
plates, and incubated in the dark for 30 minutes at 37◦C. The
suspensions were collected and centrifugated at 10,000 rpm
for 10 minutes. The precipitate was washed with PBS and
resuspended into 100 µL of PBS to measure the fluorescence
intensity by a Multimode Plate Reader (PerkinElmer, USA)
with excitation at 488 nm and emission at 525 nm.

Unless indicated otherwise, all groups were performed
in triplicates and all data were shown as mean ± standard
deviation. Data were statistically assessed for normality and
variance homogeneity using the Shapiro-Wilk test and F test,
respectively. Two-tailed student’s T-test was used to compare
the difference between the two groups (GraphPad PrismR
v 8.0.1.244, USA). P < 0.05 was regarded as statistically
significant.

RESULTS

Grains of titanium (diameter ∼5 µm) were seen from the
SEM image of Ti-6Al-4V alloy (Control), evidenced by tita-
nium grain boundaries (Fig 1a). As for graphene coated
Ti-6Al-4V alloy (G-Ti), horizontal graphene could be seen at
smooth areas, while vertical graphene was distributed at sharp
areas (Fig 1b). Graphene on Ti-6Al-4V alloy was in flakes
at few hundred nanometer sizes from higher magnification
SEM image of the G-Ti (Fig 1c). From typical Raman spec-
troscopy of graphene coating, characteristic graphene peaks
at 1350cm–1(D peak), 1600 cm–1(G peak), and 2700 cm–1

(2D peak) were clear (Fig 1d).

The G-Ti exhibited stronger antibacterial properties
against P. gingivalis and F. nucleatum than Control. The
bacterial activities of P. gingivalis (Fig 2a, p = 0.0004) and
F. nucleatum (Fig 3a, p = 0.0045) in the G-Ti group were
lower than in the Control group after being cultured for 2
hours. In addition, compared to the Control group, more dead
bacteria of P. gingivalis (Fig 2b) and F. nucleatum (Fig 3b)
could be found in the G-Ti group. As for the morphology, P.
gingivalis (Fig 2c) and F. nucleatum (Fig 3c) in the Control
group exhibited typically normal and plump shape, while in
the G-Ti group, membrane of both bacteria was incomplete,
crumpled and destroyed. Furthermore, the DCFDA assay
results showed that the ROS levels of P. gingivalis (Fig 2d, p
= 0.0017) and F. nucleatum (Fig 3d, p = 0.0164) were higher
in the G-Ti group than in the Control group.

The G-Ti also showed greater anti-C. albicans property
than the Control. MTT results showed that the activity of C.
albicans in the G-Ti group was weaker than in the Control
group (Fig 4a, p = 0.0057). A remarkable increase of dead
yeast cells could be found in the G-Ti group, as compared to
the Control group (Fig 4b). As shown in the SEM images,
yeast cells in the G-Ti group were round and plump, while
yeast cells in the Control group were shrunk and deformed
(Fig 4c). What’s more, the ROS level accumulated in C. albi-
cans in the G-Ti group was also higher than in the Control
group. (Fig 4d, p = 0.0027).

DISCUSSION

Graphene and its derivatives, graphene oxide and reduced
graphene oxide, are two-dimensional carbon-based materials,
which possess remarkable physical, chemical, and biologi-
cal properties and show great potential as dental and medical
materials.18 Herein, this study demonstrated the prominent
antibacterial and antifungal properties of graphene coated Ti-
6Al-4V alloy to P. gingivalis, F. nucleatum and C. albicans.

Previous studies have shown the antimicrobial abilities
of graphene family materials to S. mutans, S. aureus,
E. coli, and P. gingivalis, and explored the underlying
antibacterial mechanisms.18,19 Physically, graphene oxide
was demonstrated to disrupt the membrane of E. coli by
the sharp edges.24 In addition, the increased hydrophobic-
ity of graphene coating contributed to the decrease of biofilm
formation for S. mutans, E. faecalis, P. aeruginosa, and C.
albicans.20 Chemically, graphene nanosheets-TiO2 coating
could enhance the transfer of the electrons from bacterial
membrane and lead to bactericidal actions of E. coli and
S. aureus.25 In conclusion, graphene family materials pos-
sess excellent antimicrobial properties, and the antimicrobial
mechanisms may be involved in the sharp edges of the
nanosheets, excellent hydrophobicity, as well as the induction
of oxidative stress.

This study demonstrated the antimicrobial properties of
graphene coated Ti-6Al-4V alloy to P. gingivalis, F. nuclea-
tum and C. albicans. In addition, the ROS overproduction
in these pathogens during culturing on graphene coated
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ANTIMICROBIAL PROPERTIES OF GRAPHENE COATING 5

F I G U R E 3 Anti-F. nucleatum ability of
graphene coated Ti-6Al-4V alloy. (a) Cell
metabolic activities of F. nucleatum incubated on
G-Ti or Control for 2 hours, measured by MTT
assay (n = 5). (b) Live/Dead staining of F.
nucleatum incubated on G-Ti or Control for 24
hours (n = 3), Scale bar = 100 µm. (c)
Representative SEM images of F. nucleatum
incubated on G-Ti or Control for 24 hours
(magnification × 10,000) (n = 3); the arrows
indicate cell shrinkage and deformation. (d)
Fluorescence intensity of ROS concentration in F.
nucleatum incubated on G-Ti or Control for 12
hours (n = 3). *p < 0.05, **p < 0.01.

F I G U R E 4 Anti-C. albicans ability of
graphene coated Ti-6Al-4V alloy. (a) Cell
metabolic activities of C. albicans incubated on
G-Ti or Control for 2 hours, measured by MTT
assay (n = 4). (b) Live/Dead staining of C.
albicans incubated on G-Ti or Control for 24
hours (n = 3), Scale bar = 50 µm. (c)
Representative SEM images of C. albicans
incubated on G-Ti or Control for 24 hours
(magnification ×12,000) (n = 3); the arrows
indicate cell shrinkage and deformation. (d)
Fluorescence intensity of ROS concentration in
C. albicans incubated on G-Ti or Control for 12
hours (n = 3). **p < 0.01.
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6 WANG ET AL

Ti-6Al-4V alloy might be one of the antimicrobial mech-
anisms. The anticorrosion properties and biocompatibility
of graphene coated Ti-6Al-4V are shown in supporting
information (Figure S1 and Figure S2).

P. gingivalis and F. nucleatum are major pathogens
of peri-implantitis and can easily adhere to the titanium
surface.5–7 Previous research has revealed that graphene
oxide nanosheets could inhibit the growth of P. gingivalis and
F. nucleatum.26 In this study, the graphene synthesized on Ti-
6Al-4V alloy also showed obvious antibacterial abilities to
both bacteria. In addition, Dubey et al reported that graphene
could decrease the biofilm formation of S. mutans and E. fae-
calis on titanium.27 That’s to say, graphene could resist the
growth of both gram-positive and gram-negative bacteria on
titanium.

C. albicans is also present in the subgingival oral biofilm
of patients with peri-implantitis and may participate in the
development of peri-implant diseases.8,9 Agarwalla et al
revealed that graphene deposited on titanium via liquid-free
technique exhibited anti-biofilm formation performance to
C. albicans.20 This study demonstrated this performance of
graphene synthesized on Ti-6Al-4V alloy. Apart from the
increased hydrophobicity of graphene films,20 the induc-
tion of ROS observed in the present study might also be
involved in the antifungal mechanisms of graphene family
materials.

Various graphene family materials and/or their differ-
ent substrates may possess entirely different antimicrobial
properties, and the antimicrobial mechanisms may also be
different. It has been reported that graphene nanosheets-TiO2
coating could induce charge transfer from the bacterial mem-
branes and enhance oxidative stress.25 However, graphene
film covering on gold substrate showed no antibacterial activ-
ity, while graphene coating on copper substrates showed
bactericidal abilities because of the release of bactericidal
cupric ions.22 In this study, overproduction of ROS was
observed in all of the three microorganisms when culturing on
graphene coated Ti-6Al-4V alloy. ROS induction may have
been partially involved in the antimicrobial mechanisms of
graphene coated Ti-6Al-4V alloy, although the pathways by
which ROS was induced need to be further explored.

CONCLUSIONS

Graphene coated Ti-6Al-4V alloy exhibited greater antibacte-
rial and antifungal properties than uncoated Ti-6Al-4V alloy.
The oxidative stress may be involved in its antimicrobial
mechanisms.
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