Materials Science & Engineering C 113 (2020) 110972

Contents lists available at ScienceDirect

Materials Science & Engineering C
journal homepage: www.elsevier.com/locate/msec

Bacterial attachment to oxygen-functionalized graphenic surfaces
a,⁎

a

b

a

b

W. Pajerski , J. Duch , D. Ochonska , M. Golda-Cepa , M. Brzychczy-Wloch , A. Kotarba
a
b

a,⁎

T

Faculty of Chemistry, Jagiellonian University in Krakow, Gronostajowa 2, 30-387 Krakow, Poland
Department of Molecular Medical Microbiology, Chair of Microbiology, Faculty of Medicine, Jagiellonian University Medical College, Czysta 18, 31-121 Krakow, Poland

ARTICLE INFO

ABSTRACT

Keywords:
Bacterial adhesion
Graphenic materials
Oxygen plasma
Surface modification

In this work we have investigated the effect of oxygen plasma treatment of graphenic surfaces and the introduction of functional groups on changes in work function, wettability, surface free energy and bacterial
adhesion. The plasma parameters were adjusted (generator power: < 60 W, exposure time: < 20 min) to limit
the modifications to the surface without changing the bulk structure. The parent and modified graphenic surfaces were thoroughly characterized by μRaman spectroscopy, thermogravimetry, scanning electron microscopy,
contact angle, X-ray photoelectron spectroscopy, work function and microbiological tests. It was found that even
the short time of plasma modification results in a significant increase in work function, surface free energy and
hydrophilicity. The changes in surface chemistry stimulate also substantial changes in bacterial adhesion. The
strong relationship between work function and adhesion of bacteria was observed for all the investigated strains
(Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli) whereas the bacterial
colonization trend correlates with the bacterial zeta potential. The bacteria-graphenic surface interaction is
discussed in terms of total interaction energy. The results point out the work function lowering of the graphenic
biomaterial surface as an effective strategy for the infection risk limitation.

1. Introduction

infections (BAI) [15–17]. According to the European Centre for Disease
Prevention and Control, the SSI are the most common and in majority
associated with additional treatment procedures, prolonged hospitalization, increased treatment costs, and higher mortality [18–20]. Depending on the surgical procedure type, the SSI can reach up to 9%
yearly [18] and cause 8% of all deaths implicated by nosocomial infections [21].
Pathogens most frequently causing BAI include Gram-positive bacteria, like Staphylococcus epidermidis, Staphylococcus aureus, Enterococcus
spp., Streptococcus spp., and Gram-negative bacteria, such as
Pseudomonas aeruginosa, Escherichia coli, Klebsiella spp., Enterobacter
spp. [18,22,23]. The prevention of bacteria-associated infections becomes more challenging due to their growing antibiotics resistance.
Although there are several novel approaches to design surface with
antibacterial properties including microbicidal surfaces coated with
biocides [24–26], microbe-resistant surfaces with antiadhesive properties [27,28] and multifunctional materials combining both approaches [29,30], there is still a need to investigate mechanisms of
interaction between bacteria and surfaces [14,31–33]. Although a lot of
effort is put into the research on the BAI, there is still a lack of a universal solution to the problem, therefore the research on fundamental
interactions may definitely contribute here. This is of particular

The medical device industry has made enormous progress during
the past decades, owing to the gained knowledge on the development of
advanced materials technologies. Biomaterial devices and implants are
investigated and used widely to improve patients' treatment, recovery,
and quality of life [1–5]. Among a wide range of biomaterials (e.g.
metal, ceramic, polymer, carbon-based) graphenic surfaces are of great
interest due to their advantages such as good mechanical properties,
large surface area, electrical and thermal conductivity, as well as tunable surface functionalities which play a pivotal role in regenerative
medicine applications [1,6,7]. Graphene-based biomaterials are extensively investigated in recent years in the context of biological and
medical applications such as, but not limited to stem cells differentiation, muscle tissue engineering, bone regeneration, drug delivery, gene
therapy, photothermal therapy, dentistry, and bio-imaging [8–12]. Although graphene family materials have great potential in biomedical
applications, there is a strong need to investigate their biological
properties [9,13,14].
The major issue concerning the use of implantable materials is the
infection risk and subsequent complications described as surgical-site
infections (SSI) including implant and biomaterials-associated
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importance since the issue is unresolved so far and prevention guidelines are missing even in the newest SSI recommendations (Centers for
Disease Control and Prevention 2017) [20].
The adhesion of microorganisms to the material surfaces is a complex biological process affected by many factors such as material
composition, surface topography, electrostatic charge, surface free energy, wettability, and also the type of adjacent tissue [34–37]. Generally, biofilm formation consists of several subsequent steps including
mass transport of bacteria to the surface, reversible cells' adsorption,
changing to irreversible adhesion, microcolony formations leading to
final biofilm production [34,36,38,39]. The phenomenon of initial step
corresponding to early adhesion of bacteria to the surface is mediated
by attractive and repulsive forces and explained based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. In order to obtain reliable and comprehensive picture the nature, range and energetics of
dominating interactions at the biomaterial-bacteria interface have to be
determined.
Several strategies to control the bacterial adhesion to biomaterials
have been proposed so far [22,31,40–43]. One of the promising approaches is to tune the properties of biomaterials surfaces towards
particular biological applications by chemical modifications [39]. In
the case of carbon-based biomaterials, such modifications consist in the
formation of specific surface moieties, e.g. functional groups [44] and/
or anchoring of biologically active molecules [45]. Among the wide
range of surface functionalization methods, currently the most universal and efficient is oxygen plasma [46,47]. The most important
practical advantage of low-pressure oxygen plasma, comparing with
wet chemical methods, is definitely short functionalization time, precise control of the modification, and easy scale-up [48,49]. Moreover,
cold plasma allows avoiding chemicals and producing waste, which are
harmful to the environment. On the other hand, the careful plasma
parameters optimization for each functionalization process and specific
material is essential. Controlled introduction of oxygen surface species
allows for tuning the surface properties such as electrodonor properties,
wettability, polarity and as a consequence biocompatibility [50].
The aim of this study is to identify the key factors mediating the
bacteria adhesion to functionalized graphenic surfaces. Precise control
of surface oxygen concentration has been achieved by adjusting the
oxygen plasma parameters. The investigations on biological response
were focused on the initial step of bacteria colonization, which is crucial in infection and biofilm formation. In order to obtain the general
model of bacteria adsorption, the investigations were carried out with
the use of various pathogenic bacteria strains and a wide range of
oxygen-modified graphenic surfaces. Such an approach allows for
identifying key surface-related descriptors which have to be taken into
account when designing novel implantable devices. The acquired
knowledge is necessary for biocompatible surfaces with a low affinity
towards bacteria.

properties of investigated graphene sheets, according to the parameters
described elsewhere [51]. The modification of the carbon surface with
oxygen plasma leads to the introduction of surface polar oxygen functional groups. The formed Csurfδ+ − Oadatomδ− dipoles result in the
negative potential barrier and thus the work function, which is minimal
energy required to electron escape from the surface to the vacuum
level, increases. The changes in work function are directly related to the
number of surface functional groups (Helmholtz relation) [52–54]. In
Table 1 all the samples are listed together with the plasma parameters
used for their modifications.
Directly after the modification, samples were investigated with the
methods described in detail below. The applied protocols of the oxygen
plasma surface modifications were found to be reproducible within the
experimental error.
2.2. Methods
2.2.1. SEM observations
The investigated graphenic materials before and after microbiological investigations were characterized by the field-emission
scanning electron microscope (FE-SEM, Hitachi S-4700). The samples
with bacteria were fixed for the SEM observations following the protocol described elsewhere [55,56]. Briefly, samples were immersed in
the fixative (3% buffered glutaraldehyde in Dulbecco's Phosphate Buffered Saline (DPBS, Lonza)) for 4 h, and then twice-washed with DPBS.
Afterwards, dehydration was carried out with graded concentrations of
water-ethanol solutions (50, 60, 70, 80, 90, 96, and 100%) for 10 min
each. The prepared samples were attached to SEM holder using adhesive carbon tape and sputter-coated with a ~15 nm layer of gold
(Quorum Q150T S).
2.2.2. μRaman spectroscopy
The μRaman measurements were carried out at room temperature
using a Renishaw InVia spectrometer coupled to the confocal microscope. The 514.5 nm Argon ion laser with 1800 L/mm grating and 50×
magnification lens was applied. Raman scattered light was collected in
the characteristic for carbon materials range 1000–3500 cm−1. For
each sample, nine scans were accumulated to maximize signal to noise
ratio.
2.2.3. X-ray photoelectron spectroscopy (XPS)
For determination of the surface elemental composition of investigated graphene samples before and after plasma modification, the
XPS measurements were performed. The analysis was conducted in a
UHV chamber (the vacuum level above 5 × 10−9 mbar). The device
was equipped with a SESR4000 analyzer (Gammadata Scienta). The
XPS spectra were recorded using the monochromatized Al-Kα source
(1486.6 eV) working at 250 W with a pass energy of 100 eV for the
narrow and survey scans. The resulting XPS spectra were calibrated for
the C1s peak at 284 eV of the adventitious carbon and analyzed using
Casa-XPS 2.3.15 software.

2. Experimental
2.1. Samples preparation and modification
The conductive graphenic sheets supplied by Graphene Laboratories
(Calverton NY, USA) were used in the study. The thickness of the material was 25 μm and a density of 2 g·cm−3. The samples used in all
protocols and methods were in the form of squares (1 cm × 1 cm). In
order to introduce oxygen species into the investigated graphenic
sheets, the commercial cold plasma system (Femto-Diener Electronic
GmbH, Nagold, Germany) was used. The experimental setup, plasma
glow and idea of surface functionalization by oxygen are shown in
Fig. 1.
The generator frequency was 40 kHz, the maximum temperature in
the plasma chamber was kept below 30 °C. The plasma parameters
(generator power, oxygen partial pressure, exposure time) were adjusted to achieve different modification levels in the electrodonor

2.2.4. Water contact angle measurements and surface free energy (SFE)
calculations
The contact angles were measured using a goniometer (Surftens
Universal Instrument, OEG GmbH, Frankfurt (Oder), Germany) in order
to determine changes in wettability and surface free energy (SFE) of the
investigated graphene samples. The static contact angles for five 2.0 μL
drops of two liquids (deionized water and diiodomethane) for each
sample were measured and analyzed using windows image processing
software (Surftens 4.3). The final contact angle value was an average of
at least three independent experimental series for each sample (> 15
independent measurements for each liquid). The SFE was calculated
using the Owens-Wendt method.
2
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Fig. 1. The plasma reactor used in the study (a), graphenic sample during oxygen functionalization in plasma chamber (b) and the schematic visualization of the
surface treatment process (c).

2.3.2. Bacterial zeta potential characterization
The bacterial zeta potential (0.5 McFarland in DPBS) was determined via electrophoretic light scattering in Zetasizer Nano ZS
(Malvern Instruments, Malvern). All the measurements were performed
in the same conditions, i.e. bacterial growth phase, pH and temperature.
The experiments were repeated at least three times to obtain the
average value of the zeta-potential for each investigated bacterial
strain.

Table 1
Samples used in the study and the parameters for their modifications.
Samplea

Generator
power/W

Pressure/
mbar

Time/s

Work
function/
eV

Surface
concentration of
functional
groupsb/N∙cm−2

G4.4
G4.5
G5.0
G5.4
G5.7
G6.0

–
2
2
20
60
60

–
0.14
0.14
0.20
0.20
0.50

–
2
6
2
300
1200

4.4
4.5
5.0
5.4
5.7
6.0

–
1.04∙1013
4.85∙1013
9.32∙1013
1.23∙1014
1.62∙1014

2.3.3. Bacterial adhesion
The influence of oxygen plasma treatment on bacteria adhesion to
tested graphenic surfaces was investigated using a fluorescent microscope (IX51 Olympus). The graphenic sheets samples (1 cm × 1 cm)
were incubated immediately after the oxygen plasma modification with
prepared bacterial suspensions (37 °C, 1 h) in the sterile 24-well plates.
For each graphenic modification, the tests were performed in triplicates. To assure the reproducibility of the measurements three independent microbial tests were performed. Each time three graphenic
sheets were modified and then the bacterial adhesion was evaluated.
After the incubation, samples were gently washed in order to remove all
non-attached microorganisms, fixed with 96% ethanol (POCH SA) and
stained with the propidium iodide (PI, Sigma-Aldrich). At least 15
randomized images were taken for each sample and the area occupied
by the bacteria was counted using Java open-source ImageJ software
1.51 k [57].

a
The number in sample label subscript indicates the work function value
(see below).
b
The surface coverage was evaluated following the Helmholtz formula [54]:
∆Φ = Neμ/ε0 where ∆Φ is the change in the work function [J], N is the number
of adsorbed atoms per unit square, e is the elementary charge, μ is the dipole
moment [C∙m] and ε0 is the vacuum permittivity.

2.2.5. Work function measurements
The work function values (Φ) of the investigated graphene samples
were determined based on measurements of the contact potential difference (VCPD) carried out by the Kelvin method with a KP6500 probe
(McAllister Technical Services). As a reference electrode (Φref ≈ 4.3 eV)
the stainless-steel plate (diameter = 3 mm) was used. This area corresponds to the material surface covered by ~106 bacterial cells, thus
providing good statistics for evaluation of bacterial adhesion. The
gradient of the peak-to-peak versus backing potential was set to 0.1, the
frequency at 114 Hz and the amplitude at 40 a.u. The work function
values were calculated as an average of 60 independent measurements
for each sample based on the relation: Φsample = Φref − eVCPD. The
measurements were performed at ambient conditions (atmospheric
pressure, room temperature).

3. Results and discussion
Raman spectroscopy is the most suitable technique, commonly used
for monitoring the structural changes of carbon-based materials upon
functionalization [58]. Therefore, the effect of plasma treatment on the
structure of investigated graphenic sheets was examined by μRaman
spectroscopy (Fig. S1). The obtained Raman spectra for all graphenic
materials exhibit characteristic for sp2 carbon materials peaks at around
1580 cm−1 and 2725 cm−1. The former band (G) comes from the firstorder Raman scattering process and is related to in-phase vibration of
the graphite lattice whereas the latter band (2D) arises from the secondorder two-phonon process [59,60]. Only the application of prolonged
plasma treatment and higher generator power results in slight changes
on the graphenic surface (samples G5.7 - G6.0). Thus, the additional band
(D) at 1350 cm−1, indicated disorder degree in sp2 carbon systems, can
be noticed. Nevertheless, the low intensity of D band together with
minor changes for the 2D band, demonstrated that upon applied plasma
parameters the bulk structure of the investigated graphenic materials
remained intact. Whereas the Raman spectroscopy is sensitive for
carbon structural changes, it does not provide the information about the
surface modifications.
In [51], the Laser Desorption/Ionization Mass Spectrometry was
applied to monitor the effect of plasma modification of graphite, clearly

2.3. Microbiological tests
2.3.1. Bacterial cultures preparation
The reference microorganisms used in the study were Staphylococcus
aureus DSM 24167 (Deutsche Sammlung von Mikroorganismen und
Zellkulturen), Staphylococcus epidermidis ATCC® 700296 (American
Type Culture Collection), Pseudomonas aeruginosa ATCC® 27853 and
Escherichia coli ATCC® 25922 (Fig. 2). The strains were incubated at
37 °C for 24 h in Bacto™ Tryptic Soy Broth (TSB, Becton Dickinson).
Bacterial cells were harvested by centrifugation (13000 rpm, 5 min)
and thrice-washed with DPBS. Then, the bacterial pellets were resuspended in DPBS and diluted to obtain bacterial suspensions of
~3∙108 CFU/mL (colony forming units) corresponding to 0.5 McFarland
standard. The prepared bacterial suspensions were used in microbiological tests.

3
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Fig. 2. Representative scanning electron microscopy images of bacteria cells, on the graphenic surfaces, selected for the study (a - P. aeruginosa, b - E. coli, c - S.
epidermidis, d - S. aureus) showing differences in size and shape.

Fig. 3. XPS results showing the differences in surface composition (carbon and
oxygen content) of the parent (G4.4) and oxygen-plasma modified graphenic
surfaces together with the representative narrow scans for the O1s and C1s
peaks (insets) for sample G5.4.

showing the incorporation of surface hydroxyl groups. Additionally, the
thermogravimetric-differential thermal analysis (TG/DTA) of temperature-programmed oxidation for plasma-treated and untreated graphenic
surfaces exhibits the same profiles (see Fig. S2), confirming that the
bulk of the material remains unchanged upon interaction with plasma.
The chemical nature of the functional groups introduced via plasma
treatment was further investigated by XPS. Since the graphenic material
exhibit a flat surface, the XPS results can be reliably quantified. In Fig. 3
the XPS results for parent graphenic (G4.4) and oxygen plasma-treated
samples (G4.5 - G6.0) are summarized in terms of carbon and oxygen
surface concentration changes. For the unmodified graphenic surfaces,
the main constituting element (99.2% at.) was identified based on C1s
peak at a binding energy of 284.0 eV (which can be attributed to sp2
hybridized graphite-like carbon atoms) [61]. After exposure to plasma,
a substantial increase in the O1s peak intensity at binding energy
~532 eV is observed for all of the investigated samples and the oxygen
surface concentrations follow the trend 2.9, 3.3, 3.9, 6.2, 6.6% at. for
G4.5, G5.0, G5.4, G5.7, G6.0 samples, respectively. The deeper insight into
the nature of oxygen-containing functional groups formed at graphenic
surfaces was obtained by the deconvolution of XPS C1s peaks. For the
oxygen-plasma treated samples, additional maxima were observed at
~285.2 eV and 290.0 eV, corresponding to C−O and O−C=O, respectively [62]. These results are in line with the previously reported
results for similar carbon surfaces [63,64].
The introduction of oxygen functional groups on the graphenic
surfaces has a significant influence on the hydrophilic properties of the

Fig. 4. Contact angle (a) and surface free energy values (b) for parent (G4.4) and
plasma-modified graphenic surfaces (G4.5 - G6.0).

material (Fig. 4). The water contact angle for unmodified surface (G4.4)
was found to be 94.5° ± 1.4° which classifies the material as a hydrophobic. Even a short exposition (several seconds) to oxygen plasma
allows for turning the surfaces into hydrophilic. The values of the water
contact angle (WCA) decreased to the range of 40.1°–50.8° for G4.5 G5.4 samples. The plasma treatment with more severe conditions
(power: 60 W) resulted in further reduction of WCA to 18.9° ± 2.1°
(G5.7) and eventually to 7.6° ± 0.9° (G6.0). The decrease in contact
angle was also observed for diiodomethane. As expected, for the nonpolar solvent the changes were substantially smaller (Fig. 4), the
4
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measured initial diiodomethane contact angle (G4.4) was 38.5° ± 3.1°
and after oxygen plasma treatment the value decreased to 17.7°–22.8°
(G4.5 - G5.7) and reached 14.7° ± 2.5° for G6.0 sample. As a result, the
calculated total surface free energy γS (based on Owens-Wendt method)
gradually increased for the oxygen plasma modified surfaces from
41.1 ± 2.0 mJ m−2 to 74.0 ± 0.3 mJ m−2 for the G6.0 surface. The
values of the components of surface free energy are summarized in
Table 2 (S3). The polar component γSP increased by 40.2 mJ m−2
whereas the dispersive component of surface free energy γSD decreased
by 7.3 mJ m−2. Such a significant change of γSP results from the successful introduction of polar oxygen functional groups at the graphenic
surface upon plasma treatment [51]. It should be emphasized that, as
discussed in previous studies [50,65–69], the changes in surface free
energy strongly affect the interactions between the surface and living
cells. Although a phenomenon of cell-surface adhesion is extensively
investigated, presently there is no general theoretical framework for
predicting the result of such interaction.
The obtained results clearly demonstrate that the graphenic material can be successfully modified with the use of plasma. Precisely adjusted treatment parameters allow limiting the changes to the topmost
surface, without altering the materials bulk properties. The prepared
series of graphenic sheets (G4.4 - G6.0) can be used as model surfaces for
further studies on bacterial adhesion.
In order to determine the influence of surface modification via
oxygen plasma on bacteria adhesion, the microbiological investigations
were performed for several bacterial strains. The area of graphenic
surfaces occupied by bacteria after 1 h incubation was estimated based
on the analysis of fluorescence microscopic images. For a better insight
into the nature of the observed phenomenon, more detailed SEM investigations of the bacteria adhered to graphenic surfaces were performed. Fig. 5a-b and c-d present the representative FM and SEM
images of S. epidermidis and E. coli, respectively, adhered to G4.4, G5.4
and G6.0 samples. The area occupied by bacteria increased with the
extent of surface modification. In the case of the untreated sample
(G4.4) bacteria are located preferably in edges of the graphenic surfaces
(Fig. 5 b1 and d1). Even a slight modification associated with an increase in ∆Φ value (~0.1 eV) results in more homogenous bacterial
adhesion.
In Fig. 6 the bacteria adhesion as a function of electrodonor properties (parametrized by Φ) of graphenic surfaces is presented. A similar
correlation, the higher the work function the bigger the area occupied
by bacteria, was previously reported for nanostructured titania implant
surfaces of various topography colonized by S. aureus [53]. The same
trend was observed for S. aureus adhesion on graphenic surfaces [51].
Here, the experiments are extended to other strains of Gram-positive (S.
aureus, S. epidermidis) as well as Gram-negative (P. aeruginosa, E. coli)
bacteria. The biggest difference in the area occupied is observed for E.
coli, which exhibits the lowest zeta potential (net negative charge) in
simulated body fluids (−23.0 mV), whereas for other investigated
bacteria it ranges from −11.0 to −13.0 mV.
The interaction between the bacterial cell and the graphenic surface
can be interpreted in terms of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory. Although this approach was developed for colloidal
systems, it is successfully used in microbiology [70–74], also to describe
the adhesion process of bacteria to solid surfaces [34,75,76]. The total
free energy (VTOT) is the sum of attractive London-van der Waals forces
(VLW) and electrostatic repulsive interactions (VEL). Based on previous
studies [34] (assuming that bacterial cells are homogenous spheres),
the model for a sphere with the radii R interacting with a plate separated by the distance d can be approximated as:

V LW =

AR
6d

V EL =

R 2

V TOT = V LW + V EL

where A is the Hamaker constant (10−20 J), ε is expressed as the product of the relative permittivity of the medium εr, which is 80 for DPBS
at 20 °C, and the permittivity of a vacuum ε0 (8.854∙10−12 C2/J∙m); and
ζB and ψS are the potentials of bacteria and surface, respectively,
whereas κ is the inverse Debye-Hückel length (κ−1 = 0.76 nm for
DPBS). The potential value for bacteria was represented by zeta potential whereas the surface potential can be approximated by the experimental value of contact potential difference.
The classic profile of interaction energy between bacteria and the
surface exhibits a secondary minimum located at around 5 nm relates to
reversible adsorption and primary energy minimum at ~1 nm which is
related to irreversible adhesion. There is also an energetic barrier,
which should be overcome by bacteria during the adhesion process. In
Fig. 7a energy maxima of the interaction of S. epidermidis (−12 mV)
with graphene surfaces G4.4 - G6.0 are shown. It can be noticed that the
higher the Φ of the graphenic surface (higher concentration of surface
oxygen groups, see Table 1), the higher the energetic barrier has to be
overcome for bacteria to irreversibly adhere. Although the results are
presented only for S. epidermidis, it is worth to mention that the same
trends were observed for all the investigated bacteria strains. Passing
from secondary, more distant, minimum to primary one is more energetically demanding for surfaces with higher Φ. The calculated activation barrier for adsorption changes from 10 to 90 kT (0.2–2.0 eV)
corresponding well with similar values (50–150 kT) obtained for various bacteria interacting with flat inorganic surfaces, as described
elsewhere [34,75,76]. It has to be emphasized that there is a strong
correlation between the energetic barrier and the primary minimum
depth. Such an energetic profile determines the overall interaction of
bacteria with the graphenic surface. Once the energetic barrier is
overcame, the adhesion becomes irreversible. For surfaces with a higher
concentration of functional groups the bacteria adsorption is stronger
and such surfaces are prone to infection and subsequent biofilm formation.
Since the interaction of bacteria with surfaces exhibits complex
energetics there are no straightforward descriptors for evaluating the
infection risk. Among several proposed approaches pointing out the
importance of such parameters as wettability, SFE, surface charge,
conductivity, roughness, recently the work function is proposed as a
universal descriptor. The work function value can be expressed as a sum
of Fermi energy (EF) and surface potential (ψS): Φ = − EF + eψS [77]. It
can be thus considered that upon bacteria approach the surface first the
ψS is responsible for the interaction with the bacterial surface functional
groups. Upon further approach the bacterial surface charge induces the
image charge in the material. When negatively charged bacteria approach negatively charged surface, the so called image charge, with
opposite sign appear in the contact place [78]. The efficiency of electron density dispersion over the conducting band is associated with the
EF. Such involvement of electrostatic interaction is especially important
for the graphenic material which exhibits superior conductivity. The
model of image charge/exchanging electrons between surface and
bacteria cell is rationally explained. Indeed, the electrostatic model was
applied for adhesion of bacteria (S. epidermidis) on the conducting
surface and the charge of about 10−14C per bacterium was exchanged
during initial adhesion [79].
From the molecular point of view, the adhesion of bacteria to a flat
surface is determined by the sum of interactions between functional
groups located at external bacteria cell walls and the surface. In this
study, the number of oxygen functional groups on graphenic surfaces
was precisely controlled by plasma parameters. Whereas the bacterial
colonized surfaces exhibited the same level of modification the used
bacteria strains are characterized by the various chemical composition
of cell walls. In Fig. 8 the number of –OH groups on graphenic surfaces
per attached bacterial cells as a function of bacterial zeta potential is
shown. The obtained experimental dependence clearly illustrates that

(1)

B S

ln

1 + exp
1 exp

d
d
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2
B

+

2
S)

ln (1

exp

2 d)

(3)

(2)
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Fig. 5. Fluorescence microphotographs and scanning electron microscopy images of S. epidermidis (a1 - b3) and E. coli (c1 - d3) adhered to selected plasma-modified
graphenic surfaces (G4.4, G5.4, G6.0) after 1 h incubation. Such a short time of incubation was selected to probe the initial stage of the infection process. Experimental
results for all the investigation samples and bacteria strains can be found in the Supporting Information (Fig. S4).

for lower zeta potential of bacteria, the higher the number of functional
groups is needed for their irreversible adhesion. This can be explained
in terms of the modification of electrodonor properties of the graphenic
surfaces upon the introduction of oxygen. As previously shown, the
surface oxygen groups lead to a substantial increase in the work function [52]. Furthermore, it was also reported that the adhesion of bacteria on carbon surfaces is dominated by the electrostatic interaction
and the increase in Φ results in higher affinity of bacteria to the surface.
It can be thus inferred that the higher surface coverage of graphenic
surface with oxygen implies stimulation of bacteria adhesion. It should
be emphasized that the oxygen functionalization of graphenic materials
are considered as a beneficial procedure to improve surface wettability
and biocompatibility [51,80]. In this context the obtained in this work
results have important practical concerns, indicating the infection risk
growth with the extent of oxygen plasma modification. It can be thus
concluded that to minimize the bacteria adhesion the work function of
graphenic surfaces should be lowered to limit the infection risk. Since
the same trends were observed for all the investigated bacterial strains,
the obtained results, indicating the strategy for biomaterials surface
optimization, have a general practical meaning.

4. Conclusions
The effect of oxygen functional groups introduced to graphenic
surfaces on bacterial adhesion was evaluated for a serious of microorganisms:
Staphylococcus
epidermidis,
Staphylococcus
aureus,
Pseudomonas aeruginosa, Escherichia coli. The modification of graphenic
surfaces was accomplished by the application of low-temperature
oxygen plasma treatment while adjusting the parameters for control
surface modification (number of surface functional groups) without
changing the bulk of the carbon materials. The introduction of surface
dipoles (-OHsurf) results in substantial changes not only in surface
chemistry of graphenic sheets but also in biological response (bacterial
adhesion). It was found out that key factors of bacterial colonization are
the electrodonor properties of the surface (work function) and the zeta
potential of bacterial cells. The lowest colonization rate was observed
for lower work function material (4.4 eV) and for bacteria with the
lowest zeta potential (E. coli). The results were rationalized in terms of
total interaction energy with the main contribution from electrostatic
forces at the graphenic sheet-bacterial cell interface. It was concluded
that the straightforward strategy for graphenic biomaterial surfaces
protection against bacterial infection should involve lowering of the
work function.
6
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Fig. 6. The area occupied by S. aureus, S. epidermidis, P. aeruginosa and E. coli as
a function of work function values for unmodified and plasma modified graphenic surfaces (G4.4 - G6.0).

Fig. 8. The number of hydroxyl groups per bacteria attached to the surface with
different zeta potential values (R2 > 0.99).
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