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a b s t r a c t

Antimicrobial coatings on metallic surfaces are rapidly emerging to combat bacterial
pathogens. The excess use of conventional antibiotics increases the number of resis-
tant strains at an alarming rate, which in turn leads to detrimental implications in
the healthcare sector. Hence, it is of great importance in developing a new class of
material with inherent bactericidal activity and good biocompatibility. In the present
study, we have modified the aluminium surfaces by a coating of graphene oxide (GO)
due to its excellent physicochemical properties, water dispersity and low cytotoxicity.
Coatings were developed through facile and enviornment-friendly transfer method. The
antimicrobial properties of GO coated aluminium are investigated against Gram-negative
strain E. coli through agar plate counting and ‘Live/Dead’ fluorescence staining. Further,
to shed light into the mechanism of antibacterial activity of GO at the molecular level, we
have performed X-ray reflectivity (XRR) study considering a phospholipid multilayer as
a model system to mimic bacteria cell membrane. Results show a significant bactericidal
activity of the GO coatings compared to uncoated aluminium with lower concentration
showing slightly better antibacterial property due to higher roughness. The obtained
results may pave the way for engineering graphene-based antimicrobial coatings on a
material surface using an easy, environment-friendly, cost-effective and straight forward
processing route.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bacterial adhesion and biofilm formation on metallic components pose challenges in healthcare and many industrial
pplications, such as, food processing equipment, water treatment plants and ship hulls (Hasan et al., 2013; Kumar and
nand, 1998). The bacterial attachment onto these surfaces significantly limits the system performance and leads to a
uge financial loss (Min et al., 2016). Among different metals, aluminium and its alloys are widely explored in industry
wing to their excellent properties such as lightweight, high strength to density ratio, good corrosion resistance and
xcellent thermal and electrical conductivities. Aluminium and its alloys do not have any intrinsic antibacterial activity and
icroorganism can easily proliferate on the surface. Hence, surface coating is an effective route to modify these surfaces to
xtend their applications in anti-biofouling (Li et al., 2017; Wu et al., 2016). Various organic polymers, metal nanoparticles,
uch as, silver (Maity et al., 2016; Mollick et al., 2014a), gold (Bankura et al., 2014; Mollick et al., 2014b), zinc, copper etc.
nd quaternary ammonium compounds have been intensively explored as potential antibacterial coatings to limit bacterial
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adhesion (Druvari et al., 2018; Li et al., 2017; Sudheesh Kumar et al., 2012). However, excessive use of antibiotics, leaching
of metal ions and self-aggregation of these materials are harmful to human health and environment (Jiao et al., 2017).
Another approach is to prepare superhydrophobic surfaces which can significantly render bacterial growth due to their
extreme de-wettability (Zhang et al., 2013). But recent studies have reported the limitation of superhydrophobic surfaces
to control bacterial colonization beyond a certain threshold level (Ellinas et al., 2017). To address these issues, there is a
quest for the new generation of materials that can effectively combat bacterial infections with very low cell toxicity.

Graphene-based nanomaterials are at the forefront of research since being discovered by Geim and Novoselov in 2004
Novoselov et al., 2004). The unique physicochemical properties, such as high surface area, excellent electron mobility,
trong mechanical strength, thermal conductivity, easy functionalization and remarkable biocompatibility endow the
iverse range of applications of graphene from optoelectronics to the biomedical field (Cha et al., 2013; Yang et al.,
013a). The utilization of graphene derivatives has invoked enormous interest in the scientific community particularly in
iological applications due to their limited toxicity towards eukaryotic cells (Rojas-Andrade et al., 2017; Zhang et al., 2010).
raphene oxide (GO) is the most commonly used graphene derivative consisting of hexagonally packed carbon atoms in
2D crystal with oxygen functionalities on the edges and basal planes (Compton and Nguyen, 2010). Presence of these
xygen-containing groups enhances the aqueous dispersity and colloidal property of GO which facilitate its applications
n biosensing (Tao et al., 2013), bioimaging (Morales-Narváez and Merkoçi, 2012), photothermal treatment (Tian et al.,
011), drug delivery (Liu et al., 2008), and as antibacterial materials (Marković et al., 2018).
In the last few years, many efforts have been devoted to investigate the antibacterial activity of graphene-based

anomaterials supported on a wide variety of substrates. Akhavan and Ghaderi (2010) have synthesized GO nanowalls on
tainless steel substrates by electrophoretic deposition from a suspension of Mg2+-GO nanosheets. They have concluded
hat the cell membrane damage of bacteria due to direct contact with the sharp edges of GO nano-walls is an effective
echanism of antibacterial activity. The reduced GO (rGO) nano-walls with enhanced sharp edges exhibited stronger
ntibacterial activity towards Gram-positive bacteria S. aureus due to lacking of the outer membrane. Hu et al. (2010)

have reported the antibacterial efficiency of GO and rGO nanosheets on free-standing paper. After overnight incubation
at 37 ◦C, no growth of Gram-negative bacteria E. coli on GO paper was shown, rather, there were few colonies on rGO
paper, which is in contrast with the above results. On contrary, Ruiz et al. (2011) have reported that GO does not have
intrinsic antibacterial activity, rather, it acts as a general enhancer of cellular growth by increasing cell attachment and
proliferation. Recently, Liu et al. (2018) modified silicon (Si) rubber surface with GO coating and studied the antibacterial
activity towards E. coli and S. aureus. The flat and featureless GO coated Si rubber surfaces showed enhanced antibacterial
activity towards E. coli because of the production of oxidative stress, which is the primary reason for inhibition of bacteria
cells.

The interaction of GO with bacteria membrane is not straight forward, rather, it depends on different physical
properties such as flake size, thickness, concentration, presence of sharp edges and most importantly the orientation of
the flakes on the deposited surface. Depending on the above parameters, a few mechanisms have already been reported
in the literature including production of reactive oxygen species (Krishnamoorthy et al., 2012), oxidative stress (Hui et al.,
2014), and ‘insertion mode of action’ which results due to direct contact of the bacteria cell membrane with sharp edges
of GO (Akhavan and Ghaderi, 2010; Szunerits and Boukherroub, 2016). Even though several studies on the mechanism of
antibacterial activity have been reported, the literature lacks a detailed understanding of interaction at molecular level.

In this present article, the antibacterial activity of GO coated aluminium was investigated against E. coli by colony-
forming unit (CFU/ml) count and Live/Dead cell assay. To modify the aluminium surfaces, a facile, cost-effective and
eco-friendly coating method has been employed. Due to biocompatibility and low cytotoxicity, GO was explored as an
efficient antibacterial coating. The effect of different GO concentrations on antibacterial activity has been investigated.
Further, a stack of phospholipid bilayers on a hydrophilic (Si) substrate has been considered as a model system to mimic
the outer membrane of bacteria cell and X-ray scattering techniques have been employed to comprehend the interaction
of GO with model membrane.

2. Materials and methods

2.1. Materials

Analytical grade graphite flakes (∼325 mesh, Alfa Aesar), sulfuric acid (H2SO4), potassium permanganate (KMnO4),
hydrogen peroxide (H2O2) [30% (v/v)], hydrochloric acid (HCl), acetone, chloroform and methanol were purchased from
Fisher Scientific and used without further purification. All microbiology media and ingredients used for bacteria culture
were purchased from Hi-Media, Mumbai. SYTO9 and propidium iodide (PI) stains were purchased from Thermo Fisher
Scientific (UK) for Live/Dead viability assay. The neutrally charged lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) was purchased from Avanti Polar Lipids (Alabaster, AL) in powder form and used to mimic bacteria cell membrane.
Ultrapure Millipore water (resistivity = 18 M� cm) was used in all the experiments.

2.2. Synthesis and characterization of GO

Graphene oxide (GO) nano-flakes were synthesized using modified Hummer’s method (Dimiev and Tour, 2014;
Novoselov and Geim, 2007) which is explained briefly in supporting information (Figure S1). The synthesized GO flakes
were fully characterized using different microscopic and spectroscopic techniques as shown in Figures S2 and S3.
2
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2.3. Preparation of GO coating on Al substrate

Commercially available aluminium alloy (AA1100) of size 10 × 10 × 5 mm3 were used as substrates after polishing
own to 2000 grit. The samples were cleaned ultrasonically using acetone and DI water in sequence for 15 min, followed
y drying with nitrogen flow. The cleaned and dried aluminium samples were coated with GO by a simple transfer method.
he Whatman filter paper (grade 540) was dipped in GO solutions of different concentrations (0.50, 1.0 and 2.0 mg/ml
ispersion in DI water) and placed on top of polished aluminium samples. Then the samples were placed on a hot plate at
10 ◦C for 5–10 min. The filter paper was naturally peeled off leaving a pure coating of GO onto the surfaces. This process
as repeated 2–3 times to obtain a uniform coating. Then the samples were stored at 50 ◦C for further use.

.4. Characterization

The surface morphology of GO coated aluminium samples were investigated using field emission scanning electron
icroscope, FESEM (Nova Nano SEM 450, FEI, Netherlands) via energy dispersive spectroscopy (EDS) and atomic force
icroscopy, AFM (XE7, Park system). To confirm the chemical composition of coated surfaces, X-ray photoelectron
pectroscopy (XPS) measurements were carried out in an Omicron Multiprobe Surface Analysis System using a monochro-
atized AlK α (1486.7 eV) radiation source. The water contact angles of unprocessed and coated samples were measured

n a contact angle measurement system (Apex, Kolkata) using a water droplet of volume 5 µl. The adhesion of the coating
as been confirmed by sonication test with varying time followed by measuring the contact angle. The reported values
re the average of at least four measurements at different places of the samples. The error bar indicates the standard
eviation value. All measurements were performed at room temperature.

.5. Antibacterial activity

.5.1. Bacterial strains and culture condition
Antibacterial activity of the GO coated surfaces was tested using Escherichia coli (E. coli, DH5, alpha) as a representative

ram-negative bacteria strain. A single colony of E. coli was collected from glycerol stock and incubated overnight at 37 ◦C
n 5 ml LB broth to prepare primary culture. The cultured suspension was centrifuged and washed using 1X PBS buffer
o remove surplus macromolecules and re-suspended in saline solution to adjust optical density (OD)600 ∼0.2.

.5.2. Cell viability of GO coated aluminium surfaces
The unprocessed (control) and GO coated aluminium surfaces used for antibacterial activity were first sterilized to avoid

ny contaminations. Then the samples were placed in a sterile 12-well plate and 100 µl aliquots of bacteria culture were
dded on top of the surfaces. Then the samples were incubated at 37 ◦C for different time intervals. During incubation,
et tissue papers were used inside the 12-well plate to minimize the evaporation of the bacteria culture. After a certain
ime interval, the cell suspension was pipetted out from the samples and diluted serially to get spot assays and colony-
orming units (CFU). 100 µl of diluted culture was spread on a nutrient agar plate and incubated overnight at 37 ◦C
n static condition. Then the number of colonies was counted. The experiment was repeated for three different sets of
amples.

.5.3. Live/Dead cell assay
The viability of bacteria attached to the GO coated surfaces was studied using a Live/Dead cell assay kit. A mixture

f 2.5 µM SYTO9 and 15 µM propidium iodide (PI) were prepared in saline solution according to the manufacture’s
nstruction (Stiefel et al., 2015) and used to stain the bacterial cells. The treated cells were centrifuged and the pellet was
ashed thoroughly using 1X PBS solution and re-suspended with saline solution. 3 µl of the dye mixture was added to
he solution and incubated in the dark for 15 min at room temperature. Then the cells were again washed 2–3 times
nd re-suspended in 100 µl saline solution. Stained cells were observed under fluorescence microscopy (Nikon Eclipse
i) equipped with Nikon DS-U3 camera using Plan Apo 100X/1.40 oil objective.

.6. X-ray reflectivity (XRR) study of model cell membrane

The stacked bilayers of zwitterionic phospholipid, DPPC, on a hydrophilic Si substrate was used to mimic the cellular
embrane of bacteria. To prepare the lipid multilayers, small pieces of Si substrates were cleaned ultrasonically using
ethanol and DI water followed by drying in a nitrogen flow. Then the substrates were exposed to UV radiation for
0 min at 25 ◦C to make it hydrophilic for uniform deposition. The stock solution of lipid (5 mg/ml) was prepared in
hloroform while the GO flakes were dissolved in DI water. A particular wt. % of GO was added to the lipid solution and
ortexed to obtain a uniform solution. 60–70 µL of the solutions were dropped cast on cleaned Si substrates and left
nside a fume hood for the evaporation of the solvent. Then the samples were placed in a vacuum oven overnight to
emove the remaining traces of solvents. Then the samples were kept in an oven at 50 ◦C for 24 h in a saturated salt
olution environment to reach a particular relative humidity (RH). The samples were then sealed in a custom-designed
3
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Fig. 1. FESEM micrographs of (a) unprocessed aluminium, (b) 0.5 mg/ml GO coating, (c) 2.0 mg/ml GO coating, (d) EDS spectra of 2.0 mg/ml GO
coated aluminium.

closed sample chamber for reflectivity measurements at a particular RH inside the chamber controlled by a saturated salt
solution (Ma et al., 2016).

The X-ray reflectivity (XRR) measurements were carried out in an in-house reflectometer (Bruker, D8 discover) using
the monochromatic source of energy 8 keV (Cu Kα radiation, λ = 1.542 Å). The beam was aligned and collimated to a
ize of 0.2(h) × 1(v) mm. The XRR data were recorded as a function of incident angle from 0 to 6◦ with a step size of
.025◦.

. Results and discussions

.1. Characterization of GO coated aluminium

.1.1. Surface morphology
The FESEM images illustrating the surface structure of unprocessed and GO coated aluminium surfaces with different

oncentrations are shown in Fig. 1. Fig. 1(a) represents the morphology of freshly polished aluminium, which shows overall
smooth surface except for a few polishing marks. Fig. 1(b) and (c) exhibit formation of layered structure throughout

he surface with wrinkle-like morphology. The images also show sharp edges of GO sheets protruding out due to the
tacking of multiple layers. The random orientation of GO sheets was observed for coating with 0.5 mg/ml whereas, for
igher concentration (2.0 mg/ml), relatively smooth morphology was noticed. The thickness of the coating was measured
o be 63 ± 3 nm for 0.5 mg/ml coating and 283 ± 8 nm for 2.0 mg/ml GO coating (Figure S4). This could be due to a
igher fraction of GO sheets resulting in significant superimposition of sheets with a smoothening effect, which agrees
ell with the parameters obtained from AFM imaging (Figure S5). The average roughness of 0.5 mg/ml coating is found to
e 54 ± 2 nm and decreased to 21 ± 2 nm for 2 mg/ml coating, which again confirms the smooth morphology at higher
oncentration.

.1.2. Chemical composition
The GO coated aluminium surfaces are analysed by energy dispersive spectroscopy (EDS) and X-ray photoelectron

pectroscopy (XPS) to confirm the chemical states of different elements. The EDS spectra (Fig. 1(d)) and XPS wide survey
can (Fig. 2(a)) both confirm the presence of C and O with a negligible amount of sulphur. For quantitative analysis,
wo major peaks, C-1s and O-1s are de-convoluted using Voigt function after Shirley type background subtraction using
ASA-XPS processing software which is shown in Fig. 2(b) and (c). The de-convoluted C-1s peak centered at binding
nergies of 286.5, 288.2 and 288.8 eV correspond to C–OH, C==O and COOH functional groups, respectively along with
==C/C–C rich domains at ∼284.5 eV. The relative percentages of C==C/C–C, C–OH, C==O and COOH groups are calculated
rom de-convoluted peaks and found to be 53, 40, 4 and 3%, respectively which is in agreement with previous report (Al-
aashani et al., 2019). The deconvoluted O-1s peak centered at binding energies of 531.1 and 532.3 eV attributed to C–C
4
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t

Fig. 2. (a) X-ray photoelectron spectra (survey scan), (b) high resolution de-convoluted C-1s spectra, (c) de-convoluted O-1s spectra, (d) Raman
spectra of GO coated aluminium.

and C–OH groups respectively. These de-convoluted peaks confirm that GO coated aluminium possess highly oxygenated
functionalities.

The chemical composition of the coating is further studied by Raman spectroscopy. For GO coated aluminium, the
ypical D and G bands appear at 1358 cm−1 and 1587 cm−1, respectively and the intensity ratio is ID/IG = 1.01 (Fig. 2(d)).
The G peak is related to the first-order scattering of E2g phonon of sp2 carbon and the D peak arises due to A1g symmetry
corresponds to the disorder/defect states. The intensity ratio of these two bands generally indicates the quality of the
sample. Compare to pristine GO (Figure S2(b)), the coated samples possess a slightly higher intensity ratio which indicates
the presence of structural defects (Johra et al., 2014).

3.2. Surface wettability and coating adhesion

Surface roughness and chemical composition play an important role in controlling the wetting behaviour of any
materials, which, in turn, also influence the antibacterial activity of the surface. The polished unprocessed aluminium
is nearly hydrophobic with a static contact angle (SA) of 81◦

± 3◦. After GO coating, the surfaces showed increased
wettability. For 0.5 mg/ml GO coating, the SA reduces to 65◦

± 2◦, whereas it reduces to 56◦
± 2◦ for 2.0 mg/ml GO coating

(Fig. 3(a)). As is evident from FESEM images (Fig. 1(b) and (c)), coating of GO at lower concentration have produced sharp
edges of the flakes, whereas, for higher concentration, it is almost smooth which also influences the wetting behaviour
of the coated samples. As measured from AFM studies (Figure S4), the roughness factor for 0.5 and 2.0 mg/ml GO coating
is found to be 1.10 and 1.06, whereas the average roughness is 54 ± 2 nm and 21 ± 2 nm respectively. With the varying
concentration of GO, a small change in wettability of aluminium surface can be explained depending on the hydrophilicity
of GO sheets. With increasing concentration, the number of oxygen functionalities on the surface increases promoting the
interaction with water which lowers the contact angle.

Further, the adhesion of the coating with substrates is a prime factor that determines the system performance in harsh
environments. The adhesion of this coating was examined as a function of sonication time which is shown in Fig. 3(b).
From CA measurement it is clear that there is no significant effect on surface wettability after 5 min sonication in an
ultrasonic bath which confirms the good adhesion of the coating with aluminium surface. As the coating method was
repeated 2–3 times for uniform coverage and heated at 110 ◦C, it enhances the intimate contact and the bonding with
metal surfaces. A mild decrease in contact angle for 2.0 mg/ml concentration coating was observed which could be due
to minor delamination of GO sheets.
5
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Fig. 3. (a) Wettability of unprocessed and GO coated aluminium surfaces with different concentrations. (b) The durability of the coating has been
checked as a function of sonication time. SA: Static contact angle.

3.3. Antibacterial activity of GO coated aluminium

The antibacterial activity of graphene-based nanomaterials are well established and a plethora of studies have already
een reported in the literature. Most of these studies mainly focus on dispersed GO nano-sheets in suspension. The present
ork is an effort to fabricate GO coated metallic surfaces to prevent bacterial adhesion and biofilm formation. These
urfaces are important for the development of nontoxic coating in biomedical applications. The antibacterial activity of
O coated aluminium surfaces are evaluated using spot assay and plate counting method against Gram-negative bacteria
. coli. To have a benchmark, the unprocessed aluminium sample is used as a control. Fig. 4(a) shows the CFU/ml data for
nprocessed and GO coated aluminium along with the images of petri plates which is shown in Fig. 4(b). For the control
ample, no considerable antibacterial activity is observed till 4 h of incubation as the number of colony forming units
CFU) increases steadily. However, the GO coated aluminium exhibits significant bactericidal activity even after 2 h of
ncubation. A drastic reduction in the CFU is observed for 0.5 mg/ml GO coating after 4 h incubation. Only a few colonies
re observed on 2.0 mg/ml GO coated surfaces. There is a slight variation in the inhibition efficiency of GO coating with
ifferent concentrations. The sharp edges of GO sheet at lower concentrations are found to be more lethal to bacteria
ells in comparison to higher concentrations. The wettability of the coating does not play significant role in controlling
ntibacterial activity of GO coating.
To get more insights into the bactericidal effect of GO coated surfaces, Live/Dead assay has been employed. Here, a

ixture of two fluorescent dyes, SYTO9 and propidium iodide (PI) are used to stain the treated bacteria cells. SYTO9
an permeate into both the live and dead cells and bind to DNA to give rise the green fluorescence. The PI only enters
hrough the damaged membrane of cells and gives red fluorescence. Therefore, in fluorescence image, the live cells are
ndicated as green and the dead cells are represented as red with a compromised cell membrane (Choudhary and Das,
019). Fig. 5 shows the fluorescence image of stained bacteria on unprocessed and GO coated aluminium surfaces. The
ells incubated on unprocessed aluminium gives green fluorescence depicting all the cells to be alive. In contrary, the GO
oated surfaces show red fluorescence confirming nearly all the cells to be dead. Besides, 0.5 mg/ml GO coating exhibits
tronger antibacterial activity compared to 2.0 mg/ml GO coating which is in good agreement with the CFU counts. The
esults suggest that the GO coating on aluminium surface-induces irreversible membrane damage, which may cause the
ell to die.

.4. Mechanism of antibacterial activity of GO coated aluminium: X-ray reflectivity study

In the section above, it has been shown that the damage of cellular membrane may cause the bacterial death. As there is
ot much reports on the molecular description of this damage, a detailed structural picture is required to understand and
ontrol the antibacterial activity of graphene-based nano materials. Only qualitative explanations including penetration
f sharp edges of GO into cell membrane, production of reactive oxygen species and oxidative stress are reported in
iterature (Perreault et al., 2015a; Yang et al., 2013b). Nevertheless, a few computer simulation studies have reported
6
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Fig. 4. Antibacterial activity of unprocessed and GO coated aluminium surfaces: (a) colony forming units (CFU)/ml as a function of time. E. coli
bacterial growth significantly reduced for GO coated aluminium surfaces and (b) photographs of petri plates used to calculate CFU/ml.

Fig. 5. Fluorescence microscope images of Gram-negative bacteria cell E. coli after 12 h incubation on unprocessed and GO coated aluminium
substrates. (a) unprocessed, (b) 0.5 mg/ml GO coated and (c) 2.0 mg/ml GO coated aluminium. E. coli was exposed to SYTO9 as green fluorescent
and PI as red fluorescent. The scale bar is 50 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

different possible interactions of GO in lipid membrane (Li et al., 2013; Tu et al., 2013). Chen et al. (2016) have reported
that graphene can easily penetrate into the lipid membrane due to hydrophobic interaction with lipid tails and extract a
large amount of phospholipids from the membrane while the penetration of GO highly depends on their size, oxidation
level and initial orientation to the phospholipid membrane.

In our simplistic model, cellular membrane is mimicked with multiple layers of a zwitterionic phospholipid membranes
on a Si-substrate and X-ray scattering studies have been performed. Such a multilayer sample has been considered to
obtain the X-ray diffraction peaks from one-dimensional organization of the bilayers along the substrate normal. Fig. 6
represents the XRR data obtained from the DPPC and DPPC/GO composite with different wt. % of added GO. The XRR
profile of pure DPPC consists of a single set of equidistant (qz1 : qz2 : qz3 : . . . = 1: 2: 3: . . . ) Bragg peaks obtained due to
the one-dimensional periodicity confirming a homogeneous lamellar phase. Interestingly, presence of GO indicates the
7
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Fig. 6. X-ray reflectivity (XRR) pattern of DPPC multilayers on a Si substrate with different wt. % of added GO.

ppearance of two distinct sets of equidistance diffraction peaks which arise due to coexistence of two lamellar phases
n the samples. One lamellar phase can be denoted as lipid-rich phase as the d-spacing and shape of Bragg peaks are
imilar to that of the pure lipid phase. The other phase has been denoted as GO-rich phase which arises at lower value
f qz with a distinctly different shape of Bragg peaks. The d-spacing for pure DPPC is calculated to be 59.7 Å which is

increased to 63.5 Å at 20% of added GO. For the new set of peaks corresponding to GO-rich phase shows an increase of
about 7 Å at the same concentration of GO. At the same time, the Bragg peaks become broad in presence of GO with a
modified intensity suggesting a disordering effect in the system as well as an increase in interfacial roughness (Jing et al.,
2009). From the above results we can conclude that the presence of GO flakes brings a significant structural change in
the cell membrane. The interaction of GO with zwitterionic phospholipid membrane results from the balance of multiple
forces. The GO flakes are enriched with carboxyl groups (COO−) at the edges which provide an electrostatic attraction
ith positively charged choline moiety of lipid heads. In that case, the flakes are supposed to be attached to head groups

ying above the membrane (lipid-rich phase). Further, as only 30% of atoms are oxidized in the synthesized GO, there are
uge intact graphitic domain of GO which experiences a hydrophobic interaction with lipid tails triggering the insertion
f GO into the membrane (GO-rich phase). The above-mentioned mechanism is pictorially represented in Fig. 7 showing
he adsorption of GO sheets into the lipid membrane. A more detailed molecular description of these lipid-rich and GO-
ich phases can be found in our recent publication (Mandal et al., 2021a). The zeta potential of GO-flakes is measured
o be negative (−52 mV for 0.5 mg/ml) due to presence of electronegative functional groups. The outer membrane of
-Coli is composed of phospholipids with either permanent dipole moment or negatively charged head groups. Therefore,
lectrostatics play a vital role in the GO-membrane interaction. In our recent study (Mandal et al., 2021b), we have
hown the charge dependent interaction of GO with model cellular membrane using differently charged phospholipid
onolayer at air–water interface. The results show a strong interaction with positively charged lipids, a weak interaction
ith zwitterionic lipids and negligible interaction with negatively charged lipids.
The cellular membrane is a self-assembled structure of various lipids where other macromolecules such as proteins,

holesterols are embedded (Cooper, 2000; Van Meer et al., 2008). This membrane is not only the protective boundary
f a cell but it also plays roles in many other activities including cell signalling, exocytosis–endocytosis process etc.
Sigismund et al., 2012). Any structural perturbation here can cause the membrane to malfunction. As explained above
nd given in Fig. 7, the distorted and disordered structure of cell membrane induced by the GO-flakes probably causes
he bacteria to die leading to the bactericidal property of GO-coated metallic surface. These results are in well agreement
ith the previous findings where deformation and alteration of cell morphology was reported as the driving mechanism

or antibacterial activity of GO coated surfaces (Chen et al., 2014; Hu et al., 2010; Perreault et al., 2015b).

. Conclusions

This work concludes the successful synthesis, characterization and highly adhesive coatings of GO on aluminium
ubstrates through a simple transfer method. The coated surfaces are characterized using FESEM, EDS, XPS and Raman
pectroscopy. Both the colony-forming unit and fluorescence staining tests confirm the excellent antibacterial activity
f GO coated surfaces as compared to unprocessed aluminium. Further, XRR results confirm the adsorption of GO
heets into phospholipid layer which can perturb membrane structure and significantly reduce cell viability. Present
indings pave the way of designing graphene-based antibacterial coating on substrates using an easy, cost-effective and
nvironment-friendly processing route.
8
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