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ARTICLE INFO ABSTRACT

Keywords: Candida albicans and methicillin-resistant Staphylococcus aureus (MRSA) synergize in cross-kingdom biofilms to
Implant increase the risk of mortality and morbidity due to high resistance to immune and antimicrobial defenses. Biomed-
Nanomaterial ical devices and implants made with titanium are vulnerable to infections that may demand their surgical removal
Titanium

from the infected sites. Graphene nanocoating (GN) has promising anti-adhesive properties against C. albicans.
Thus, we hypothesized that GN could prevent fungal yeast-to-hyphal switching and the development of cross-
kingdom biofilms. Herein, titanium (Control) was coated with high-quality GN (coverage > 99%). Thereafter,

Mixed-microbial infection
Peri-implantitis

Integration
Anti-adhesive surface modification mixed-species biofilms (C. albicans combined with S. aureus or MRSA) were allowed to develop on GN and Con-
Biofouling trol. There were significant reductions in the number of viable cells, metabolic activity, and biofilm biomass on

GN compared with the Control (CFU counting, XTT reduction, and crystal violet assays). Also, biofilms on GN
were sparse and fragmented, whereas the Control presented several bacterial cells co-aggregating with inter-
twined hyphal elements (confocal and scanning electronic microscopy). Finally, GN did not induce hemolysis,
an essential characteristic for blood-contacting biomaterials and devices. Thus, GN significantly inhibited the
formation and maturation of deadly cross-kingdom biofilms, which can be advantageous to avoid infection and
surgical removal of infected devices.

1. Introduction from health compromised patients, might be challenging, costly or even

life-threatening [4].

Titanium and its alloys have excellent biocompatibility and promis-
ing physical, mechanical, and good corrosion resistance, hence being
widely used in the fabrication of catheters, pacemakers, dental and or-
thopaedic implants [1,2]. Nonetheless, titanium alloys are vulnerable
to microbial infection triggering inflammation and tissue destruction.
These can lead to clinical failure and demand surgical removal of the im-
plant or device from the infected site [3,4]. Removing infected devices
from less accessible sites (like pacemakers and orthopaedic implants) or

Some of the most concerning biofilms are formed by polymicrobial
conglomerates where the pathogenssynergize, and present amplified vir-
ulence [5]. Polymicrobial infections have been associated with higher
mortality rates (70%) when equated to a single-species microorgan-
ism infection (23%) [6]. Candida albicans and Staphylococcus aureus are
co-infector microorganisms on biomedical implants [7]. C. albicans is
the most frequently occurring opportunistic pathogenic fungus, able to
form biofilms that are directly associated with therapeutic failure and
mortality [8,9]. Candida-related infections in vascular catheters have
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high mortality rate [10]. S. aureus is an opportunistic pathogenic bac-
terium identified as one of the leading causes of nosocomial and in-
dwelling device-associated infections [11]. Its methicillin-resistant ver-
sion (MRSA) has high virulence and it has been associated with aug-
mented morbidity, low rates of overall cure (57%), and post-infection
sequelae in total joint arthroplasty infections and other orthopaedic
implant infections [12,13]. Cross-kingdom biofilms formed by C. albi-
cans and S. aureus has high virulence and resistance to immune defense
and antimicrobial agents [7]. Notably, in vivo studies have shown that
C. albicans and S. aureus synergize to increase mortality and morbid-
ity [14,15]. C. albicans and S. aureus have been co-isolated on infected
central venous catheters and patients suffering from denture stomatitis
[16,17].

Biomedical implants and devices made of titanium do not have in-
herent antimicrobial properties and non-surgical treatments are the pre-
ferred choice to subdue implant infections. Mechanical debridement and
detoxification with antiseptics are often used in conjunction to treat in-
fected dental implants. However, this therapy may not be able to re-
establish fully tissue health and bone integration [18,19]. Contrary to
diseased dental implants whose infected portion may be accessed for
detoxification, internal medical devices (e.g., long-term hemodialysis
catheters or pacemakers) are out of reach for mechanical debridement,
or may be in contact with tissues that may not tolerate chemical cleaning
Contrary to diseased dental implants. In these cases, clinicians opt for
antimicrobial therapies which may have limited efficacy against polymi-
crobial biofilm infections. For instance, S. aureus exhibits increased an-
tibiotic resistance against vancomycin in the presence of C. albicans [20].
Likewise, C. albicans presents higher tolerance toward fluconazole and
miconazole in the presence of S. epidermidis and S. aureus [21,22].

Treating cross-kingdom infections is very challenging since the ther-
apeutics frequently target pathogens within each kingdom, and due
to the risks associated with the rise of antibiotic-resistant bacteria
[23,24]. Hence, strategies that prevent polymicrobial biofilm forma-
tion or its maturation are of high interest. In this context, graphene
nanocoating (GN), a cytocompatible platform [25-30] that can be de-
posited on dental and orthopaedic implants, renders promising anti-
adhesive properties against fungi, gram-positive and -negative bacte-
ria [31,32]. Notably, GN hampers the adhesion of unicellular C. al-
bicans to titanium, deterring biofilm growth and maturation, and the
transition from yeast to hyphae form, for up to seven days [33].
Since the hyphae harbors S. aureus , we hypothesized that GN could
prevent or delay the development of a cross-kingdom biofilm on
titanium.

2. Materials and methods
2.1. Sample preparation

Medical grade 4 titanium discs (Control: 12 mm diameter, 1 mm
thickness, Vulcanium, USA) were polished (2500 SiC paper, EcoMet 30
Semi-Automatic Single Polisher, Buehler, Germany) and cleaned in ul-
trasonic bath with acetone, isopropanol, and deionized water (S30H,
Elma Ultrasonic, USA; 20 min each). Graphene was produced by chem-
ical vapour deposition and transferred onto the discs using the vacuum-
assisted transfer technique (0.02 bar for 60 s) as previously described
[34]. The transfer procedure was performed twice to enable a few layers
graphene nanocoating on titanium discs (GN).

The coverage yields and structural integrity of ten samples were
characterized by Raman spectroscopy (room temperature, with an exci-
tation laser source of 532 nm and 0.1 mW, Raman Microscope CRM 200,
Witec, Germany) for the identification of G (~1580 cm™!), D (~1354
cm™1) and 2D peaks (2680 cm™1). After rendering the Raman mappings,
ten samples were selected for surface characterization by atomic force
microscope (AFM, Bruker AXS, Germany) using tapping mode with a
silicon nitride tip (resonance frequency: 40-90 kHz: spring constant 0.4
N/m, 25 um?).
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2.2. Microbial strains and culture conditions

Cross-kingdom biofilms were developed using one fungal strain (C.
albicans, SC5314) and two S. aureus strains [wild type clinical ATCC
25923 and methicillin-resistant S. aureus (MRSA)] which are frequently
present in infected implants and are highly resistant to antibiotics [7] .

C. albicans was sub-cultured and maintained on glucose minimal
medium (GMM; Sigma-Aldrich, USA) agar plates. The plates were in-
cubated at 30 °C overnight to generate fungal cells. Bacterial strains
(S. aureus and MRSA) were maintained on tryptic soy (Acumedia Man-
ufactures Inc., USA) agar plates, and incubated overnight at 37 °C to
replicate the cells. All following liquid subcultures were derived from
colonies isolated from agar plates.

To generate the cross-kingdom biofilms on titanium, fungal and bac-
terial strains were inoculated and incubated for 18 h in an orbital shaker
incubator (80 rpm at 30 °C and 37 °C), respectively. Afterward, cells
were centrifuged (4000 rpm for 5 min at 4 °C) and resuspended in
fresh medium (1 ml) respectively. Optical density (OD) and cell sus-
pensions were adjusted to a final concentration of 107 cells per/ml (OD
520 nm of 0.375-0.385 for C. albicans and OD 600 nm of 0.1 for S.
aureus and MRSA) [35]. Thereafter, cells were spun for 10 min and
washed in phosphate-buffered saline (PBS), and re-suspended in RPMI
1640 buffered with HEPES supplemented with L-glutamine (Invitrogen,
USA) and 5% heat-inactivated fetal bovine serum (FBS - Hyclone™, GE
Healthcare LifeSciences, USA). The discs were placed individually in 24-
well plates, and 500 pl of each microorganism suspension was added to
the sample to form cross-kingdom biofilms (Biofilm A: C. albicans + S.
aureus; Biofilm B: C. albicans + MRSA). Finally, the plate was incubated
at 37 °C for 24 h at 80 rpm.

2.3. Biofilm quantification and characterization

The cross-kingdom biofilms A and B grown on Control and GN were
washed gently to detach the non-adherent cells by applying PBS on the
side wall of the well. Thereafter, the samples were transferred to new
wells and the attached biofilms were characterized by the following:

i. XTT reduction assay to evaluate the total metabolic activity of the
mixed biofilm. 1 ml of XTT-menadione solution was added to the
well, and incubated in the dark at 37°C for 20 min. Finally, 200 pl of
the supernatant was transferred to a new well, and the absorbance
was measured at 490 nm (Multiskan GO, Thermo Scientific, USA).

ii. Crystal violet assay (CVA) to quantify total biofilm biomass. Biofilms
were fixed with formalin 2% and stained with 1% (w/v) crystal vio-
let (Sigma-Aldrich) was added into each well for 5 min. Afterward,
the samples were washed three times with PBS, and 500 pl of 95%
ethanol was added into each well and incubated for 15 min. Finally,
200 pl of the supernatant was transferred to a new well, and the ab-
sorbance was measured at 570 nm using a spectrophotometer. XTT
or CVA assay provides total biofilm activity, not differentiating C.
albicans from S. aureus in mixed-species biofilms.

iii. Colony forming unit (CFU) counting method. The biofilms were de-
tached from the discs and dispersed upon vigorous vortexing for 3
min in PBS. A dilution series was prepared in PBS for the cell sus-
pensions obtained from the respective biofilms. A volume of 100 pl
from each dilution was plated on GMM agar (for C. albicans) supple-
mented with 10 ng/ml Chloramphenicol to prevent bacterial growth
(S. aureus and MRSA) and incubated at 30 °C for 24 h before count-
ing the colonies. For the quantification of S. aureus and MRSA CFUs,
the 100 pl cell suspension was cultured for 24 h at 37 °C on TSB agar
supplemented with 64 ug/ml Amphotericin B to prevent the growth
of C. albicans.

iv. Confocal laser scanning microscopy (CLSM). The Biofilms A and B
grown on Control and GN were stained for CLSM imaging in accor-
dance with a previous protocol [36], using SYTO-9 for the bacte-
rial cells [Invitrogen, (excitation/emission 535/617 nm)], and cal-
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cofluor white [Sigma-Aldrich, (excitation/emission 365/435 nm)]
for C. albicans. The biofilms were imaged under a confocal micro-
scope (Olympus-Fluoview FV1000 TIRF, Japan). Four random fields
were analyzed and Z sections were collected from three biological
samples. Further, the biofilm biovolumes were determined (Imaris,
Bitplane, Switzerland).

v. Scanning electron microscopy (SEM) The biofilms were fixed with
2% glutaraldehyde in PBS for 4 h at room temperature and dehy-
drated in an ascending ethanol gradient (from 25% to 100%, 5 min
each). Subsequently, the samples were stored in absolute alcohol till
drying to critical point with liquid CO,, sputter-coated with gold
(EM ACE600 Coater, Leica, Germany), and imaged (FEI 650 Scan-
ning Electron Microscope, Olympus,Japan).

2.4. Hemolytic assay

The hemolytic assay aims to evaluate the hemocompatibility of bio-
materials and medical devices (ISO 10993-4:2017 Biological evalua-
tion of medical devices - Part 4: Selection of tests for interactions with
blood). The use of human erythrocytes has been approved by Institu-
tional Review Board (NUS-IRB-2022-254). Briefly, Control and GN sam-
ples (n = 3) were placed in polystyrene tubes and incubated with 500 pl
of human erythrocytes (HaemoScan, Netherlands) for 1 h at 37 °C with
shaking, and the hemolytic assay was performed as previously described
[37]. Afterward, the erythrocytes were transferred to 1.5 ml tubes and
centrifugated at 4,000 g for 1 min. The absorbance of the supernatant
was measured at 380, 415, and 450 nm (VarioSkan LUX, Thermo Fisher
Scientific, USA). The released hemoglobin concentrations were deter-
mined based on the Harboe method [38] using a hemoglobin standard
curve, and the hemolysis was calculated using Eq. 1. The erythrocytes
lysed in lysis buffer were used to quantify total hemoglobin (control)
and tubes without the samples were the blank.

Hemolysis (%) = Released hemoglobin (mg/ml)

x 100% Eq. 1
Total hemoglobin (mg/ml) ’ (Eq- 1)

2.5. Statistical analysis

All study groups had three samples and the experiments were ex-
ecuted in triplicates. Control was uncoated titanium discs. Mean and
standard deviations were calculated for each variable. Shapiro-Wilk and
Lavene’s tests were performed for checking normality and homogene-
ity. Statistical analysis was performed using Student’s t-test, one-way
ANOVA with Tukey’s post-hoc test. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Graphene nanocoated titanium: surface and coverage characterization

The surface of GN samples presented typical folds and bundles (ar-
rows in Fig. 1), indicating the presence of graphene nanocoating. The
Raman mappings revealed a coverage yield of 99.5%, and the 2D FWHM
and L,;,/I; (44 cm™! and 1.2, respectively) indicate the presence of mul-
tilayer graphene on titanium. The I /I; ratio of 0.09 indicates high in-
tegrity.

3.2. Cross-kingdom biofilm quantification

The cross-kingdom Biofilms A and B were grown for 24 h on the sur-
face of Control and GN and characterized by XTT reduction and crystal
violet (CVA) assays. There were significant decreases in the metabolic
activity and total biofilm biomass on GN compared with the Control
(Fig. 2A and B, * = p < 0.05).

The CFU counting was performed to quantify the number of viable
cells in the biofilms. To this end, the biofilms were allowed to grow for
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24 h, subsequently detached from the samples and plated on selective
media for fungal or bacterial growth. The CFU counting revealed a sig-
nificant reduction in the total number of viable cells on GN compared
with the Control for all strains tested (Fig. 2C and D, * = p < 0.05).

The biofilm architectures and biovolumes were characterized by
SEM and CLSM which have shown the formation of biofilms on the Con-
trol, with high adherence of bacteria to C. albicans with a preferred as-
sociation to the hyphal elements and, to a lesser level, around the yeast
cells. Conversely, biofilms on GN were disrupted and sparse with signif-
icantly less bacterial cells anchored to the reduced intermittent hyphae
elements (Fig. 3 and 4). There were significant decreases in the biofilm
biovolume owing to the poorly developed biofilms on GN compared
with the Control (Fig. 5, * = p < 0.05).

Hemolysis testing was done with human erythrocytes. Both GN and
Control displayed hemolytic activity under 2%, the recommended limit
for hemolysis [39], and no statistical difference (p > 0.05) was observed
(Fig. S1 in Supplementary Information).

4. Discussion

C. albicans and S. aureus have been co-isolated in biofilms from im-
planted medical devices [9]. Cross-kingdom biofilms have amplified en-
durance to antimicrobial agents and reduced sensitivity to host immuno-
logical defenses [8,9]. Several antimicrobial-containing strategies have
been developed to avoid infection of biomaterials, but those can be in-
effective against polymicrobial infections or may lead to selective mi-
crobial resistance [40,41]. Hence, developing strategies to prevent the
formation or delay the growth of cross-kingdom biofilms on biomateri-
als is of high interest.

Cross-kingdom biofilms present higher growth dynamics and
metabolic activity compared with single-species biofilms [6]. The
metabolic changes during S. aureus and C. albicans co-infection modu-
late virulence, increase bacterial toxin production, and contribute to the
remodeling from yeast to hyphae [42]. Herein, we have demonstrated
the potential of graphene nanocoating in inhibiting the development of
cross-kingdom biofilms on titanium surfaces. Notably, there was signif-
icantly less metabolic activity in the mixed-species biofilms grown on
GN compared with the Control (Fig. 2A and B). This is remarkable, as
the total biofilm activity can be a measure of the virulence of both C.
albicans and S. aureus and a probable indicator of the production of hy-
drolytic enzymes [6]. Likewise, the CFU counting assay showed a signif-
icant decrease in the number of cells on GN (Fig. 2C and D) for all tested
pathogens. This could be related to the ability of GN to exert a persistent
inhibitory effect on the biofilm formation of C. albicans [33]. The high
hydrophobicity of graphene coating is a driving force behind the lower
formation of biofilms of C. albicans, Gram-positive and -negative bac-
teria on titanium [34]. Moreover, hydrophobic surfaces can potentially
reduce the adherence of S. aureus [43]. This may be related to the fact
that a superhydrophobic surface may be less prone to protein adsorp-
tion resulting in the low attachment potential of S. aureus [44]. Indeed,
the repelling effect from GN hampers the early attachment of fungal
cells [32,33]. The lower availability of fungal cells possibly decreases
the amount of extracellular matrix that is important to co-aggregate S.
aureus in polymicrobial biofilms [45]. Moreover, graphene nanocoating
significantly delays the transition of C. albicans from yeast to hyphae
form [33]. This is highly advantageous to prevent the formation of cross-
kingdom biofilms since bacteria embrace and adhere to the intertwined
hyphae of C. albicans [6,46]. Hence, the lower initial attachment of fun-
gal cells and compromised emergence of hyphae elements on GN hinder
bacterial adhesion, and the establishment and growth of robust cross-
kingdom biofilm (Fig. 3 to 5).

The intricated physical and chemical interactions between bacte-
ria and fungi favor the increase of biomass in cross-kingdom biofilm
[47]. Herein, we have observed a significant 70% decrease in the bio-
volumes on GN, which may translate into a therapeutic advantage, as
cross-kingdom biofilms display augmented tolerance toward the anti-
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Fig. 1. Surface coverage and characteristics of graphene-coated titanium (GN). Atomic force micrographs (top) showed film folds and a lower arithmetic average
of the roughness profile (R,) for GN compared with the Control. The Raman mappings obtained from GN (below) confirmed the presence of graphene layers on
titanium. The ID/IG ratio demonstrates low amount of defects (black pixels indicate the absence of graphene, mappings scale in um).
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fungals [21,22]. We also noted that biofilms on GN were thin, and scat-
tered with lesser hyphae elements. In contrast, those formed on the
Control presented the typical intertwined hyphae elements anchoring
large amounts of bacterial cells (Fig. 3 to 5). This poor biofilm archi-
tecture on GN may be advantageous since dispersed biofilms are more
susceptible to antibiotic treatment [48]. It is not evident if the dispersed
biofilms are more sensitive to therapeutics due to the changes in biofilm
morphology (leading to increased diffusion rate) or decreased biomass
[48,49]. It may be possible that the biofilms with poor architectural
features formed on GN are more prone to the penetration of antimi-

crobial agents and host immune cells. Nonetheless, this is yet to be
proven.

The ability of GN to restrain cross-kingdom biofilms is of high value
since almost 75% of infected implants are infected by S. aureus and/or
MRSA [11]. Some of the cases can be resolved only by the surgical re-
moval of the infected devices, which might even be life-threatening [9].
In this regard, GN offers significant advantages, as it is cytocompatible,
increases bone formation in vivo [25,31], and can be transferred to dif-
ferent implant materials (e.g., titanium, stainless steel, and platinum)
[50,51]. Notably, GN has not promoted hemolytic activity in human
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Control

Biofilm A

Fig. 3. Cross-kingdom biofilm A (C. albicans + S. aureus) was cultured on bare
titanium (Control) or graphene nanocoating (GN) for 24 h and imaged. The SEM
images revealed several hyphae elements anchoring large amounts of bacterial
cells on the Control whereas the biofilm on GN was fragmented with incomplete
yeast-to-hypha switching (arrows) that are essential to harbor bacterial cells
(magnifications: top: 2500 X, bottom: 10000 X).

_Control _— _GN

Biofilm B

10 pm | » 10 pm

Fig. 4. Cross-kingdom biofilm B (C. albicans + MRSA) was cultured on bare ti-
tanium (Control) or graphene nanocoating (GN) for 24 h and imaged. The SEM
images revealed a well-developed bundled biofilm with several bacterial cells
anchored to the typical hyphae elements on the Control. Conversely, the mi-
croorganism failed to produce a robust biofilm on GN, which was sparse and con-
tained yeast elements (arrows). (magnifications: top: 2500X, bottom: 10000X).

Control

Biofilm A

Biofilm B
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erythrocytes (Fig. S1, [52]). The lack of hemolytic activity is essential
forblood-contacting biomaterials and devices since low hemocompati-
bility (high erythrocyte lysis) may result in the release of iron from red
blood cells and activation of coagulation pathways [53].

It is important to note that GN did not entirely prevent biofilms
formation nor eradicate them, since CVD-grown graphene films immo-
bilized on titanium surface do not present a killing potential [31,34]
which is advantageous to prevent the surge of antibiotic/fungal resistant
strains. Despite the promising results, this work has some limitations.
We have studied the growth of polymicrobial adhesion for 24 h and
more studies are needed to characterize the potential of GN to inhibit
the growth and interspecies communication of polymicrobial communi-
ties over time. However, this study provides evidence that GN has the
potential to inhibit or delay the establishment of mature cross-kingdom
biofilm on titanium without relying on antibiotics, biocidal or toxic sub-
stances.

5. Conclusion

Cross-kingdom biofilms of C. albicans with Staphylococcus species can
cause serious problems and are related to high mortality. The strate-
gies available mostly rely on antibiotics that can increase the risk of
microbial resistance. Hence, the development of strategies that prevent
the development and maturation of mixed biofilms is of high interest.
Herein, the microorganisms failed to establish robust biofilms on GN
as shown by the disrupted architecture, lower metabolic activity, and
biovolume. Most importantly, GN was able to suppress yeast-to-hypha
switching of C. albicans thus compromising its association with MRSA,
which is highly virulent and very resistant to antibiotics. Hence, GN
could be developed as a potential candidate to decrease the fungal and
antibiotic-resistant bacterial infections on implants and implantable de-
vices.
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