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a b s t r a c t 

Implant-associated infections (IAI) cause significant health issues and healthcare costs. In this research, we 

deposited graphene (Gr) on a medical-grade cobalt-chromium (CoCr) alloy surface by radiofrequency plasma- 

enhanced chemical vapor deposition (RF-PECVD) using Origanum vulgare as a precursor material. The deposition 

of Gr on the CoCr was confirmed using Raman spectroscopy and X-Ray photoelectron spectroscopy (XPS) and 

scanning electron microscopy (SEM). The biocompatibility and antibacterial properties of CoCr-Gr were investi- 

gated. CoCr-Gr was biocompatible and promoted cell adhesion and spreading of RAW 267.4 macrophage cells. 

CoCr-Gr were antibacterial against Staphylococcus aureus and Pseudomonas aeruginosa and inhibited P. aeruginosa 

attachment. The results indicate that CoCr-Gr could be used as a potential antibacterial coating material for 

implantable devices. 
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. Introduction 

Implant-associated infection (IAI) is a major global burden associ-
ted with morbidity, mortality and high healthcare cost [ 1 , 2 ]. The in-
idence of IAI with some devices can be as high as 30% [3] . The total
ost of treating IAI varies depending on the primary treatment option
hosen, with debridement, antibiotics and implant retention (DAIR) re-
ulting in the lowest cost at A$19,688, followed by excision arthroplasty
t A$23,805, one-stage revision at A$26,722, and two-stage revision at
$44,744, according to a study of 114 patients who underwent a total
f 178 surgical procedures for IAI treatments in Australia [4] . IAI oc-
urs when bacteria enter the body through the implant site, attach to
he device and start to form a biofilm [5] . The antibiotic resistance of
 biofilm is significantly stronger than in planktonic cells and the in-
ection becomes difficult to eradicate [ 6 , 7 ]. The number of infections
aused by antibiotic-resistant is constantly increasing, and this trend is
rojected to continue [8] . Therefore, the demand for developing novel
oatings with enhanced properties to reduce the risk of IAI is very high
9] . 

Graphene-based coatings have been used in wound healing applica-
ions [ 10 , 11 ]. Studies have shown that graphene coatings can inhibit
he growth of a wide range of bacteria [ 12 , 13 ]. Typically, graphene ox-
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de (GO) sheets were deposited by electrophoretic deposition on plasma
lectrolytic oxidation (PEO) pre-treated titanium (Ti) substrates. The GO
nhanced the antibacterial activity of the PEO-Ti samples by reducing
80% and ∼100% of Escherichia coli and S. aureus viability, respec-

ively [14] . In other studies, spark plasma sintering (SPS) was used to
ncorporate graphene into a magnesium alloy implant, which reduced S.

ureus and E. coli viability up to 5-fold. The cytocompatibility with hu-
an mesenchymal stromal cells (hMSCs and osteogenic properties were

lso enhanced by graphene-modified surfaces [15] . 
Cobalt-chromium (CoCr) alloys are commonly used for orthopedic,

ental, and cardiovascular implants [ 16 , 17 ]. Despite its excellent me-
hanical properties, wear resistance and biocompatibility, like other
etal alloys, CoCr alloys have their drawbacks [ 18 , 19 ]. CoCr alloys are

usceptible to bacterial infection due to contamination introduced by
oor sterilization and on-sterile/handling, causing inflammation, aller-
ic reaction and aseptic loosening [20] . Graphene has been incorpo-
ated into CoCr alloys in an attempt to enhance their properties [21] .
or example, GO was electrodeposited onto medical cobalt-chromium-
olybdenum (CoCrMo) alloys and coated with 𝜀 -poly- l -Lysine ( 𝜀 -PLL)

o endow it with antibacterial properties. The integration of GO, as well
s 𝜀 -PLL and GO/ 𝜀 -PLL on CoCrMo alloys, increased antibacterial activ-
ty against S. aureus and E. coli [22] . 
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Fig. 1. Representation scheme of the RF-PECVD system utilized to fabricate Gr 

on CoCr substrate. 
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Radiofrequency plasma-enhanced chemical vapor deposition (RF-
ECVD) has been used to fabricate graphene from renewable precur-
ors, such as plant secondary metabolites for their use in electronics
pplications such as sensors and organic photovoltaic cells [23] . RF-
ECVD graphene derived from Pelargonium graveolens was directly de-
osited on silicon oxide and quartz substrates by Al-Jumaili et al. The
lasma-induced fabrication of vertically oriented graphene nanowalls
hich were functioning as graphene knives damaged E. coli and S. au-

eus membranes [24] . 
This study aims to fabricate a graphene coating on the CoCr alloy

urface by RF-PECVD using Origanum vulgare as a precursor material. To
he best of our knowledge, the incorporation of graphene coatings into
oCr alloy surfaces by RF-PECVD using Origanum vulgare as a graphene
recursor has not been studied yet. Origanum vulgare essential oil is pri-
arily composed of volatile organic compounds such as monoterpenes

nd sesquiterpenes, containing a high amount of carbon that can poten-
ially serve as a graphene precursor. Therefore, this plant was selected
s a suitable source for the fabrication of graphene. 

The surface was characterized by Raman, Wettability, X-ray photo-
lectron spectroscopy (XPS) and scanning electron microscopy (SEM).
he biocompatibility of the graphene coating with mammalian cells
as investigated. We also evaluated the antibacterial properties of the
raphene coating against Gram-positive and Gram-negative bacteria. 

. Experimental 

.1. Materials 

Medical grade CoCr alloy (L605, ASTM F90, Øext = 2.5 mm,

int = 2.28 mm) was received as a sample from Minitubes® (Greno-
le, France). Origanum vulgare was purchased from Sydney Essential Oils
ompany (Sydney, Australia). 

.2. Synthesis of Gr on CoCr substrates 

Graphene was directly deposited by RF-PECVD on CoCr substrates.
efore the fabrication, the CoCr tube was flattened and cut using a di-
mond disk in rectangle substrates (3 × 7 mm). CoCr substrates were
onicated and cleaned with isopropyl alcohol for 5 min and air-dried
efore placing them in the middle of the plasma reactor. 

The custom RF-PECVD reactor is represented in Fig. 1 ; it is com-
osed of a quartz tube covered with a ceramic furnace coupled with an
xternal heater [ 24 , 25 ]. On one end of the plasma reactor, an H 2 deliv-
ry system, a flask, a stopcock, and a flow meter are connected. On the
ther end, the quartz tube is connected to a vacuum pump. Before the
r fabrication, the CoCr substrate were pre-treated with H 2 and plasma
ower of 500 W at 10 sccm, and 700 °C for 1 min. A rotary pump was
tilized to maintain the plasma reactor at 0.02 mbar. Origanum vulgare

apours were then introduced into the plasma reactor using the manual
2 
topcock flow controller meanwhile the plasma discharge was kept for
 min. 

.3. Raman and X-ray photoelectron spectroscopy 

Raman spectroscopy was used to characterize the CoCr-Gr at room
emperature with a WITec’s Raman Spectrometer (WITec, Ulm, Ger-
any). The laser wavelength utilized was, 𝜆 = 532 nm. X-ray photo-

lectron spectroscopy (XPS) was carried out using a Kratos AXIS Ultra
LD spectrometer (Kratos Analytical Ltd., Manchester, UK), which uses
 monochromatic AlK 𝛼 radiation (h 𝜈 = 1486.7 eV). Data were analyzed
ith CasaXPS software (Casa Software Ltd., Teignmouth, UK). 

.4. Contact angle 

The water contact angle (WCA) of CoCr and CoCr-Gr was determined
sing a sessile drop method with a KSV CAM 101 optical apparatus (KSV
nstruments Ltd., Helsinki, Finland). The contact angle of an 8 𝜇l drop
f MiliQ water was measured using the CoCr and CoCr-Gr surfaces of
he samples as a baseline reference. 

.5. Scanning electron microscopy 

CoCr and CoCr-Gr surfaces were imaged using a Zeiss Merlin FEG-
EM, (Microscopy Australia, University of South Australia: Zeiss, Jena,
ermany). The images were taken using an accelerating voltage of 2 kV,
nd magnifications of 10 K and 20 K. 

.6. Raw 264.7 macrophage-like cells culture 

Macrophages are one of the first immune cells to interact with
n implant surface and play an essential role in innate immunity,
one remodeling and wound healing [26] . RAW 264.7 macrophage-
ike cells (Abelson leukemia virus-transformed cell line derived from
ALB/c mice, ATCC TIB-71) were cultured in Dulbecco’s modified Ea-
le’s medium (DMEM; ThermoFisher, CA, USA) media was supple-
ented with 10% Fetal Bovine Serum (FBS, Life Technologies, CA, USA)
lus 1% Pen/Strep (100 U/mL Penicillin and 100 𝜇g/mL Streptomycin,
ife Technologies, CA, USA) and incubated at 37 °C in 5% CO 2 . 

.7. Cell viability (MTT assay) 

Before the MTT (3-(4,5-Dimethylthiazol-2-yl) − 2,5-
iphenyltetrazolium bromide, Sigma-Aldrich, MI, USA) the assay
as performed in a 24-well plate, CoCr and CoCr-Gr samples were
laced into 24 well-plate and UV sterilized for 20 min. Macrophages
ere seeded on sample surfaces at a density of 2 × 10 5 cells/mL in
 mL of RPMI supplemented with 10% Fetal Calf Serum (FCS) and
% Pen/Strep v/v and incubated for 48 h. A working stock of MTT in
BS was prepared at 5 mg/ml, and 100 𝜇l of MTT/PBS concentration
as added into each well and then incubated for 4 h at 37 °C in 5%
O 2 . Next, the solution was removed and 200 𝜇l DMSO was added to
ach sample to lyse the cells. The well plate was stored in the dark for
5 min before reading its absorbance at 570 nm. 

.8. Cell adhesion and spreading 

The cells were PBS-washed twice and permeabilized using 0.1% Tri-
on X-100 diluted in 1x PBS for 5 min, then 1% BSA diluted in 1x PBS was
dded for 30 min. The two washing steps were repeated before TRITC-
onjugated Phalloidin (FAK100 kit, Sigma-Aldrich) and PBS were added
1:1000 dilution) to the samples and incubated for 1 h. Phalloidin is a
uorescent dye used to stain actin filaments of cells, which are indica-
ors of cell adhesion and spreading. Cell nuclei were stained incubating
ells with DAPI for 5 min. Cells were washed thrice with PBS for 10 min.
hen, CoCr and CoCr-Gr were mounted on microscope slides by using
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device associated infections. After inoculation on the surface for 18 h 
n antifade mounting solution. Olympus FV3000 confocal microscope
CLSM; Olympus, Tokyo, Japan) was used to take fluorescence images
f each sample. 

.9. Bacterial studies 

Bacteria were recovered from glycerol stocks, S. aureus (ATCC
5923) and P. aeruginosa (clinical isolate, PAO1 type; SA Pathology) and
lated on tryptone soy agar plate (TSA; Oxoid, Thermofisher, MA, USA)
nd incubated at 37 °C for 18 h. Next, single colonies of each pathogen
ere inoculated into tryptone soy broth (TSB, Oxoid, ThermoFisher,
A, USA) and 5% FCS (TSBFCS; Gibco, ThermoFisher, MA, USA) and in-

ubated at 37 °C for 18 h. Cell density was adjusted to 1 × 10 9 CFU/mL
y measuring the absorbance at 600 nm using a NanoDrop TM 2000c
ThermoFisher, MA, USA) and incubated at 37 °C for 18 h. Finally, bac-
erium cultures were diluted down to 1 × 10 6 CFU/mL and 1 mL of each
ilution was added to CoCr and CoCr-Gr. 

.10. Scanning electron microscopy of bacterial morphology 

To observe S. aureus and P. aeruginosa morphology, both pathogens
ere cultured on the CoCr and CoCr-Gr surfaces and images using a

canning electron microscope (SEM). After inoculating the samples with
. aureus or P. aeruginosa for 24 h, the culture media was removed from
ach sample and washed twice with PBS to remove loosely attached
acteria. The samples were then dehydrated using increasing concentra-
ions of ethanol (50, 75 and 100% v/v), followed by a 1:1 mix of 100%
thanol and hexamethyldisilazane (HMDS, Sigma-Aldrich, MA, USA) for
0 min, and 100% HMDS for 20 min. The samples were left to dry for
 h and mounted on aluminum stubs (using double side carbon tape)
nd sputter coated with 5 nm platinum. The same SEM voltage, magni-
cation and working distance used in the surface morphology SEM were
sed in these experiments. 

.11. Live/dead bacteria assay 

After the bacteria were incubated on CoCr and CoCr surfaces, a
ive/Dead® BacLight TM kit (Invitrogen, ThermoFisher MA, USA) was
tilized to observe and quantify the viability of the bacteria. The assay
as performed according to the manufacturer’s protocol. This assay uses
yto9, a green fluorescence dye that binds to live cell nucleic acids, and
ropidium iodide, a red fluorescence dye that stains damaged bacteria
nd dead cells. The samples were submerged in 1.5 𝜇l of Syto9 (Ex/Em
80/500 nm) and 1.5 𝜇l of Propidium Iodide (PI; Ex/Em 490/635 nm)
er mL of PBS, for 15 min at RT in the dark. Thereafter, a confocal laser
canning microscope (Olympus FV3000) was used to take three random
mages of each sample (magnification x40). Cell viability and cell num-
er were quantified using ImageJ software (V1.53t: NIH, MD, USA). 

.12. Statistical analyses 

In the bacterial and cell viability experiments, a total of three bio-
ogical replicates were conducted for each experiment. The mean and
tandard deviation of the replicates were plotted in GraphPad Prism
v8.3.0). To determine statistical significance, a two-way analysis of
ariance (ANOVA) with Sidak’s multiple-comparisons test was per-
ormed using the aforementioned software. 

. Results and discussion 

.1. Surface characterization 

Raman spectroscopy was used to analyze the plasma-fabricated
oCr-Gr. The Raman spectra in Fig. 2 A highlight the presence of in-
ense D, G, and 2D peaks of sp2 carbon structure at 1341, 1569, and
680 cm 

− 1 , respectively. These peaks are typical of graphene with high
3 
ontent of defects [27] . The d -peak occurs at 1341 cm 

− 1 due to the scat-
ering of phonons produced by the defects on the disordered edge of the
rillouin zone. The G-peak, located at 1569 cm 

− 1 , is associated with
he vibrational modes of sp2-bonded carbon and the crystallinity of the
raphene. The 2D peak at 2680 cm 

− 1 occurs from two phonon vibration
odes and is related to the number of graphene layers [28] . 

The ID/IG ratio is an indicator of the structural quality of graphene.
 lower ID/IG ratio indicates a higher degree of crystallinity and a more
rdered structure, while a higher ID/IG ratio suggests a higher concen-
ration of defects and disorders in the graphene material. In this study,
he ID/IG ratio for the CoCr-Gr samples is 0.72, which can be associated
ith a few layers of graphene [29] . 

The WCA results of CoCr and CoCr-Gr are presented in Fig. 2 B. CoCr
nd CoCr-Gr WCA were 58 ± 8.9 and 57 ± 3.8, respectively (n = 3). WCA
easurements indicate that both surfaces were relatively hydrophilic

 30 , 31 ]. Hydrophilic surfaces are considered to capacity to decrease im-
une reactions and accelerate implant integration [ 32 , 33 ]. 

Fig. 2 C and 2 D show the XPS survey and high-resolution C1s spec-
ra of CoCr-Gr deposited with RF-PECVD. Survey spectra in C show a
trong C1s-peak located at 284.4 eV, which can be associated with the
p 2 carbon hybridization (C = C) of graphitic carbon [34] . The sp 3 hy-
ridization of carbon at 284.9 eV corresponds to aliphatic hydrocarbon
roups (C —H and C —H 

–C), [34] . 
These groups can be related to edges and defects in the graphite

anostructures exposed to high temperatures, it is established that Gr
ends to absorb atmospheric moisture [ 35 , 36 ]. A low-intensity peak re-
ated to the 𝜋- 𝜋∗ energy loss is located at 286.7 eV [35] . The O1s peak is
bserved at the binding energy of 533 eV. A shoulder peak at 531.9 eV
an be attributed to C = O interactions [37] . CoCr-associated peaks, Co2p
nd Co 2p1/2 are located at 779.35 and 793 eV, respectively. As well
s for Cr21/2 is located at 586.5 eV and Cr2p at 576.8 eV. 

The SEM micrographs in Fig. 2 E and 2 F show the CoCr and CoCr-Gr,
espectively. The CoCr control surface shows the alloy microstructure
ontaining grain boundaries, defects and agglomerations [38] . The SEM
icrographs of CoCr-Gr corroborated the presence of Gr nanosheets on

he CoCr-Gr surface [39] . The CoCr-Gr micrographs show Gr in the form
f nanostructures with random shapes and sizes < 100 nm. There are few
r nanosheets > 100 nm. These Gr formations can be associated with the
igh content of defects found in the chemical characterization. 

.2. Biocompatibility and focal adhesion of raw macrophages on CoCr-Gr 

An MTT assay was used to determine cell viability based on the
onversion of the yellow tetrazolium salt MTT to purple formazan by
iving cells at 48 h by measuring cellular metabolic activity on RAW
acrophages incubated onto CoCr and CoCr-Gr surfaces. Both samples
ave shown similar cell viabilities without significant difference, as it’s
een in the MTT plot shown in Fig. 3 A. Fig. 3 B shows the corrected
otal fluorescence calculated using ImageJ. The fluorescence images in
ig. 3 C show the morphology and the actin cytoskeleton of 264.7 RAW
acrophages incubated with CoCr and CoCr-Gr after 48 h. F-actin (red

taining) appeared well-defined and showed normal cell spreading. F-
ctin filaments provide mechanical stability to the cell cytoskeleton and
he cell cortex in mammalian cells and play a role in cell migration and
ell adhesion [40] . DAPI (blue staining) shows the nuclei of cells with
ealthy morphology. Overall, there were no differences between the cy-
otoxicity and adhesion of RAW macrophages incubated onto CoCr and
oCr-Gr for 48 h. 

.3. Bactericidal and antifouling effects of CoCr-Gr 

The bactericidal and antifouling properties of the CoCr and CoCr-Gr
ere studied in cultures of P. aeruginosa and S. aureus as representative
f Gram-negative and Gram-positive pathogens often causing medical
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Fig. 2. A shows Raman spectra of CoCr-Gr, showing D, G and 2D peaks of graphene. The water contact angle of CoCr and CoCr-Gr is shown in 2 B. XPS of CoCr-Gr 

2C shows normalized survey and 2 D displays high-resolution C1s spectra and hybridizations of carbon. 2 E and 2 F show SEM of CoCr and CoCr-Gr, respectively. 

Scale bar 1 𝜇m. 

4 
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Fig. 3. A shows the MTT assay plot representing the cell viability of RAW macrophages CoCr and CoCr-Gr. Mean ± SD, n = 6 and B display cell fluorescence intensity. 

C shows morphology and focal adhesion of RAW macrophages after 48 h incubation. The scale bars represent 10 μm. 
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dherent bacteria were stained with the well-established live/dead as-
ay. After staining live and dead cells are represented by green and red
uorescence, respectively ( Fig. 4 A). The bactericidal effect of CoCr-
r was statistically significant (p < 0.0001) against P. aeruginosa and S.

ureus (p < 0.01) when compared to CoCr control surfaces. The antifoul-
ng effect was evaluated by quantifying the attachment of bacteria onto
oth samples. The attachment of P. aeruginosa on CoCr-Gr was statisti-
ally significantly lower (p < 0.0001) than on CoCr control surfaces but
here were no significant differences in S. aureus attachment ( Fig. 4 B). 

The morphology of S. aureus and P. aeruginosa incubated in CoCr and
oCr-Gr imaged by SEM is presented in Fig. 5 . The CoCr control samples
howed healthy bacterial morphology, S. aureus appeared unaffected
A-C), whereas P. aeruginosa showed evidence of extracellular polymeric
5 
ubstances (EPS) formation, suggesting the early stage of biofilm for-
ation [41] . In contrast, S. aureus and P. aeruginosa inoculated on the
oCr-Gr had disrupted and wrinkled cell walls, heavily affected by the
r coating ( Fig. 5 B and 5 D). 

S. aureus incubated with CoCr-Gr showed a well-defined EPS con-
ecting bacteria. One of the multiple roles of the EPS matrix is to pro-
ect bacteria against mechanical challenges. According to Tu et al. [42] ,
harp graphene nanosheets can extract phospholipids from bacterial
ram-negative cell membrane by hydrophobic interactions between Gr
nd the lipid tail of the phospholipid. Another theory from Luan et al.
43] describes that the curvature of the graphene had a significant in-
uence on the lipid extraction process, while Wu et al. [44] identified

ipid extraction could be associated with the GO and hydrophilic head
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Fig. 4. Fluorescence microscopy images after using LIVE/DEAD staining of S. aureus and P. aeruginosa and on CoCr and CoCr-Gr are shown in 4 A. Bacterial cell 

viability percentage and cells per image quantification are represented in 4 B The scale bar represents 10 𝜇m. Bar graphs are presented as mean ± SD, n = 3 ∗ ∗ 
p < 0.01 and ∗ ∗ ∗ ∗ p < 0.0001. 
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Fig. 5. SEM images of the bactericidal and an- 

tifouling effect of CoCr and CoCr-Gr surfaces 

against P. aeruginosa and S. aureus . The scale 

bars indicate 200 nm. 
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roups of lipids. However, the disruption of the Gram-negative bacte-
ial cell wall by CoCr-Gr could be associated with the shape of the Gr, as
ell as potential local hydrophobic nano interactions between Gr and
hospholipids. 

. Conclusions 

Gr was deposited on CoCr substrates using RF-PECVD and Origanum

ulgare as a Gr precursor. Raman spectroscopy and X-ray photoelectron
pectroscopy confirmed the presence of Gr in the CoCr-Gr sample which
as multilayered and had a high content of defects. The plasma depo-

ition of Gr on CoCr surfaces did not affect the hydrophilicity of the
amples. The SEM microscopies showed Gr in the form of nanostruc-
ures with various nanometric shapes and sizes. The biocompatibility
esults demonstrated that both CoCr and CoCr-Gr had similar viability,
dhesion, and morphology of RAW macrophages after 48 h of incuba-
ion. The bactericidal and antifouling effect of CoCr-Gr was significantly
igher against P. aeruginosa compared to the control. CoCr-Gr was also
actericidal against S. aureus . 

The rapid fabrication of Gr using RF-PECVD on a variety of substrates
nd a sustainable volatile source of carbon such as Origanum vulgare

ffers versatility and potential for customization in implant design and
roduction. 

Overall, the unique combination of properties exhibited by Gr coat-
ngs, including high biocompatibility, and antibacterial and antifoul-
ng properties make them a promising material for coating medical
mplants. However, further research is necessary to fully understand
he potential of Gr coatings in the context of implant design, pro-
uction, and use, and to ensure their safety and efficacy in clinical
ettings. 
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