
1 

This is the peer reviewed version of the following article: Zappacosta R., et al. Journal of 

Materials Chemistry B 2015, 3, 6520‐6527 which has been published in final form at 

https://pubs.rsc.org/en/content/articlelanding/2015/tb/c5tb00798d.

This article may be used for non‐commercial purposes in accordance with Royal Society of 

Chemistry Terms and Conditions for Use of Self‐Archived Versions. 



Journal Name  

ARTICLE 

Please do not adjust margins 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Liposome-induced exfoliation of graphite to few-layer graphene 
dispersion with antibacterial activity 
R. Zappacosta,a M. Di Giulio,a V. Ettorre,a D. Bosco,b C. Hadad,c G. Siani,a S. Di Bartolomeo,a A. 
Cataldi,a L. Cellini*a and A. Fontana*a 

Few-layer graphene aqueous dispersions are obtained by exploiting liposomes as effective exfoliating agent for graphite. 
Raman measurements evidence the presence in the samples of non-oxidized double layer graphene as well as amphiphilic 
phospholipid molecules organized in bilayers. TEM analyses confirmed that the obtained homogeneous graphene 
nanosheets are embedded in the liposomal bilayer. The as-prepared graphene aqueous dispersion is stable for days and 
demonstrates to behave as a significant antibacterial agent towards both Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) strains, with a reduction in the growth of S. aureus and E. coli as high as 60 and 78%, respectively.

Introduction 
In recent years a growing interest within the scientific 
community has been devoted to the study of carbon allotropes 
and their applications. Among them, graphene and its 
derivatives, due to their unique physicochemical properties, 
have aroused interest1-3 in many research fields. As a matter of 
fact, applications in electronic4-7 and photonic devices,8-10 clean 
energy,1,11,12 energy storage13 and sensors14,15 have been well 
demonstrated. In addition, graphene-based materials appear as 
promising scaffolds in biomedicine.1-3,16-18 
For application in biomedicine one of the most important and 
fundamental goal to be achieved is to make graphene soluble in 
water. Up to now, most of the research on graphene in the 
biomedical field has been focused on the production and 
characterization of hydrophilic graphene oxide (GO), i.e. 
graphene functionalized with hydroxyl, epoxy and carboxyl 
groups that render graphene suitable to interface with 
biological systems. As a matter of fact, the functionalization, 
renders GO-based material chemically versatile templates of 
high surface-to-volume ratio and favours the realization of GO-
based drug delivery vehicles,19-21 biosensors,22-26 imaging 
agents19,27 and electromechanical devices for monitoring 
cellular responses.28 
Besides GO discloses good biocompatibility against animal 
cells,29 while stimulating human mesenchymal stem cells to 
differentiate into osteoblasts,30,31,32 adypocites30 and 

myoblasts,33,34 inducing the differentiation of preosteoblasts 
into osteoblasts,35,36 of neuronal stem cells into neurons37 and 
pluripotent stem cells into endodermal lineage.38 For this 
reason GO-base materials have been studied for tissue and 
osteoregeneration.39,40,41 GO demonstrated to exhibit strong 
antibacterial activity towards both Gram-positive and Gram-
negative bacteria.42,43 
The functionalization of graphene to get GO has revealed 
undisputed advantages, but it involves the breakdown of the 
continuous honeycomb backbone of pristine (non-
functionalized) graphene compromising several of the peculiar 
properties of the original material. 
In order to preserve graphene structural integrity and to use an 
absolutely green process of exfoliation and functionalization, 
inspired by Samori et al44 that demonstrates the excellent 
ability of fatty acids to exfoliate graphite in organic solvents and 
Titov’s molecular dynamics simulation45 that showed the 
theoretical insertion of a “graphene sheet in the hydrophobic 
interior of biological membranes”, in the present study we 
succeed to obtain nanosheets of graphene sandwiched 
between phospholipid alkyl chains by simply sonicating graphite 
into liposomal suspensions. The as-prepared aqueous 
dispersions demonstrate to solubilize as much as 161 µg mL-1 
few-layer graphene in line with dispersions obtained with the 
use of classical surfactants such as sodium cholate but three 
times more concentrated than dispersions obtained by sodium 
benzendodecyl sulfonate.46 The advantage of the present 
dispersions is that flakes are relatively small i.e. (in the 
nanometric range) and ready to be used for different 
biomedical applications. 
Considering that (i) resistance to antibiotics represents the 
major cause of treatment failure in bacterial infections, (ii) 
alternative proposals are needed due to overuse or misuse of 
common antimicrobials that compromises the therapeutic 
effect of traditional treatments47 and (iii) the proved 
antibacterial activity of the covalently functionalized oxidized 
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analogue GO, we propose the as-prepared liposomal graphene-
loaded aqueous dispersion as innovative efficacious 
antibacterial system to overcome the alarming bacterial 
resistance increase.48,49 Therefore, in the present study, the 
antibacterial activity of the as-prepared non-covalently 
functionalized graphene aqueous dispersion against a Gram-
positive (Staphylococcus aureus) and a Gram-negative 
(Escherichia coli) strain is evaluated and compared with that of 
the analogous GO. 

Results and discussion 
Graphene (G) dispersion inside liposome bilayer in aqueous 
solution 

Homogeneous aqueous suspensions of graphene-loaded 
liposomes (LIPO-G) were prepared through sonication of 
graphite in the presence of liposomes. The exfoliation was 
monitored via UV-vis absorption spectra in the 200-800 nm 
wavelength range. The observed flat and featureless spectrum 
is typical of the exfoliated graphitic material,50 absorption from 
liposomes being negligible above 400 nm (see Figure 1). 
Such observation allowed to use the suspension absorbance at 
660 nm as a measure of the concentration of exfoliated 
graphene loaded in the liposome bilayer. Graphene quantity 
was estimated from the absorbance at 660 nm by using the 
extinction coefficient (ε = 1390 mg-1 mL m-1) previously 
determined in water.50 With the designed protocol of graphene 
exfoliation and dispersion inside the liposomal bilayer, a yield of 
15.6±1.0 % in PBS ([G] = 0.161±0.010 mg mL-1) and 13.2±0.4 % 
in milli-Q water ([G] = 0.124±0.010 mg mL-1) was obtained. 
Instead a graphene entrapment efficiency of the investigated 
liposomes (i.e. [weight of G]/[weight of phospholipids] %) of 
1.9±0.1 % could be calculated in PBS. 
Dynamic light scattering experiments revealed that the as-
prepared LIPO-G had diameters in the 240-310 nm range (i.e. 

238±6 nm for samples in PBS and 307±3 nm for samples in milli-
Q water), which is the typical feature of large unilamellar 
vesicles (LUV). A diameter of 222±7 nm was measured for POPC 
liposomes without graphene. 
ζ-Potential measurements showed that LIPO-G had an average 
negative ζ-potential of -15.2±0.3 mV. Pure POPC liposomes 
without graphene had a comparable ζ-potential (-15.4±0.8 mV). 
Because pristine graphene ζ-potential in water is -21.8±0.05 
mV,51,52  these evidences pointed to perfectly sandwiched 
graphene in the liposomal bilayer. 
 

Stability of graphene-loaded liposome 

Liposome dimensions (and relevant polydispersity index)53 
were checked over 48 h (see Figure S1 in the ESI) and the 
corresponding dispersions demonstrated to be relatively stable 
over time. It is worth noting that polydispersity for the obtained 
LIPO-G ranged between 0.25-0.30, underlying a fairly 
homogeneous liposomal population once considered that 
sonication was the only homogenization step performed.53 
The ζ-potential is often considered a further measure of the 
colloidal stability of a suspension, in particular ζ-potential 
higher than +15 or lower than -15 mV are indicative of stable 
colloidal samples.54 The ζ-potential for the obtained samples 
ranged between -15.7 and -14.8 mV during 48 h (see Figure S2 
in the ESI). 
In view of a potential administration in a biological environment 
another parameter to consider for materials intended to be 
used in biological samples is the stability upon dilution. As 
reported in Figure S3 in the ESI, the stability of the diluted 
samples overwhelmed that of the as-prepared samples either in 
terms of dimensions and polydispersivity index. 
 

Evidence of graphite exfoliation 

Raman spectroscopy was used to confirm the exfoliation of 
graphite in few-layer graphene by exploiting POPC 
phospholipids. The Raman spectra of graphene showed the G 
peak located at ~1580 cm-1 and the 2D peak at ~2700 cm-1 (see 
Figure 2). The small D peak, located at ~1350 cm-1 is due to first-
order zone boundary phonons and is indicative of the presence 
of some defects in the exfoliated graphene (see Figure 2). It is 
accepted that Raman could be used to quantify the degree or 
type of defects of the exfoliated graphene and to determine the 
number of layers by monitoring the shape, width, and position 
of the 2D peak.55 

The Lorentzian fitting of the 2D Raman band allowed to 
ascertain that treatment with liposomal suspension caused a 
good exfoliation of graphite into a few-layer graphene.56 As a 
matter of fact, fitting of 2D peaks recorded over 14 different 
spots highlighted the presence of double-layer graphene (see 
Figure 3 as an example and Figure S4 and S5 in the ESI). 
Raman spectroscopy is also particularly useful for investigating 
fluidity and conformational order in liposome bilayer57-60 as, in 
POPC liposomes, the assignment of the peaks is well-
established.61-63 According to the literature63,64 the I2895/I2855, 
the I2931/I2895 and I1125/I1086 Raman intensity ratios can be 

 
Figure 1. UV-vis spectra of graphene-loaded liposomes 
(LIPO-G) in PBS (light grey line), in milli-Q water (dark grey 
line) and empty liposomes (black line) used as baseline. 
Inset: Digital pictures of vials containing LIPO-G in milli-Q 
water (a) and in PBS (b), empty liposome in PBS (c) and 
graphite in milli-Q water after sonication for 2 h in the 
absence of phospholipids (d). 
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considered good indicators of the molecular order of the lipid 
bilayer. Indeed, the I1125/I1086 Raman intensity ratio is related to 
the average number of “trans” bonds in the acyl chain, thus 
giving a measure of the order in the intra-chain structure. On 
the contrary, the I2895/I2855 Raman intensity ratio, depending on 
the vibrational coupling between the adjacent POPC alkyl 
chains, reveals the lateral interactions between lipid chains 
whereas I2931/I2895 reflects both the inter- and intra-chain 
order/disorder features. 
The inclusion of graphene into the bilayer showed a slight 
increase of the order of the liposomal system as demonstrated 
by the increase of both I2931/I2895 (from 0.87 to 0.89) and 
I2895/I2855 (from 0.84 to 1.05) values. The latter intensity ratio 
increase was unexpected because interactions with guests 
penetrating the bilayer is generally associated with a I2895/I2855 
decrease.65 Likely the presence of graphene did not hamper 
inter-chains interactions and therefore bilayer self-assembly 
(i.e. the I2931/I2895 ratio did not vary), but favoured additional 
interactions between alkyl chains of POPC molecules and 
graphene layers.66,67 Such evidences pointed to a prevailing 

arrangement of exfoliated graphene inside the core of the 
bilayer in perfect agreement with coarse-grained dynamic 
simulations that showed graphene perfectly sandwiched into 
POPC bilayers and almost not affecting its thickness.45 
Graphene bilayers slowly diffused in the membrane interior, but 
the composite system stayed stable over time. Accordingly, the 
I1125/I1086 Raman intensity ratio decreased thus denoting a 
decrease in the average number of “trans” bonds in the alkyl 
chains of POPC as a consequence of folding of the alkyl chains 
to promote van der Waals interactions between alkyl chains and 
graphene surface. 
In order to further confirm the exfoliation degree of graphene, 
we performed AFM analysis. Figure 4 reports AFM images of 
LIPO-G and the corresponding samples cross section along the 
cross line. The samples, prepared by drop-casting a dilute LIPO-
G solution onto a silicon wafer, were then dried under vacuum 
and washed with methanol to get rid of excess liposomes and 
phospholipids. The cross section AFM view showed that the 
minimum height of the liposome coated sample is ca. 3-4 nm. 
By considering that (i) the sample is formed of graphene 
covered with variable amounts of phospholipids and is 
therefore a difficult sample to be analyzed by AFM due to the 
dependence of the AFM measurements on the roughness and 
cleanness of the surface,68 (ii) the thickness of a phospholipid 
bilayer is around 0.4 nm,69 (iii) stabilizers cannot touch the 
surface of graphene directly68,70 and a gap exists between 
phospholipids and graphene, and (iv) AFM measurements 
depends strongly on the substrate used for graphene deposition 
and are distorted by the variability of substrates,68,71,72 these 
data supported the formation of a few-layer graphene, likely 
not more than 2-3 layers.  
Figure 5 reports typical TEM images of the analyzed sample. The 
results showed that vesicles belong to the class of LUVs with a 
mean diameter of about 150-180 nm for empty liposomes 
(Figure 5A) and 240-280 nm for LIPO-G (Figure 5B-5D). While 
LIPO-G LUVs were easily observed without the use of vesicle 
staining, empty LUVs were difficult to focalize and visualize on 
the TEM grid. The loading of graphene did not significantly alter 

 
Figure 2. Raman spectra of liposomal suspension (black line) and 
LIPO-G (grey line). The peak at 1000 cm-1 is due to the silicon 
wafer. 
 

 
Figure 3. Example of the fitting of double layer graphene line 
shape with four Lorentzian components. Solid light grey line: 
experimental Raman spectrum; solid dark grey lines: four 
Lorentzian components and dotted black line: fitting of the four 
components. 
 

 
Figure 4. AFM images of LIPO-G (upper images) and cross 
section along the cross line (bottom images). Scale bars are: 50 
nm (upper left) and 200 nm (upper right). 
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LUV morphology and, during the experiments, LIPO-G LUVs 
appeared to be able to stand electron beam for longer time with 
respect to empty liposomes. Figure 5B-5D clearly evidenced the 
presence of graphene sheets inside the liposomes although, 
due to the need to eliminate the solvent, the real disposition of 
graphene with respect to the not dried bilayer was difficult to 
envisage. Only very few graphene flakes were observed outside 
the liposomes deposited onto the TEM grid (Figure 5E and 5F). 
In order to ascertain that graphene was inserted inside the 
liposomes we destroyed the liposomes by addition of 10 µL of a 
concentrated Triton X-100 aqueous solution to the liposomal 
solution. The precipitation of graphene flakes was detectable by 
eye (see Figure S6 in the ESI). The so obtained solution was 
deposited onto a copper grid and visualized by TEM. Several 
very small (ca. 100 nm) graphene flakes could be detected this 
time on the grid (Figure 6). 
The size and size distribution of LUVs in the as-prepared 
dispersion were checked also by DLS and the results were in 
good agreement with TEM measurements (see previously 
reported data). 
 

Antimicrobial activity 

Staphylococcus aureus and Escherichia coli were used to 
evaluate the antibacterial effect of graphene oxide (GO) and 
LIPO-G at the same concentration, 50 µg mL-1. The saline (SF) 
and liposome suspension (LIPO) without graphene were used as 
the controls. The antibacterial activity of LIPO-G, compared to 
that recently reported73 for GO with respect to the control LIPO 
and SF, respectively, after 2 h contact is shown in Figure 7.  
The number of colony forming units of S. aureus ATCC 29213 
and E. coli ATCC 8739 was slightly reduced in the presence of 
both GO and LIPO-G when compared to the CFUs detected with 
saline and LIPO. This reduction was significant (P < 0.05) in S. 
aureus after GO and LIPO-G treatment vs. SF, as well as in E. coli 
after GO and LIPO-G treatment vs. SF (Figure 7A). The reduction 

of CFUs is clearly shown on TSA and LB agar plates (Figure 7B) 
where the count of colonies was performed.  
Figure 8 displays the reduction of bacterial growth with the drop 
methodology. After 24 h of incubation in the presence of GO 
and LIPO-G, both S. aureus and E. coli colonies were reduced 
with respect to the controls. 
The microscopic analysis of bacterial colonies confirmed the 
goodness of the reading. In fact, the observed bacteria do not 
aggregate to each other underlying that each counted colony 
derived from one singular bacterial cell (see Figure S7 in the ESI). 
The percentage of reduction of bacterial growth in the presence 
of GO and LIPO-G, obtained by colonies count (see Figure 7), is 
reported in Table 1. 
Values of bacterial growth reduction of 91.0% for S. aureus and 
91.9% for E. coli were recorded after treatment with GO with respect 
to the control (SF) in agreement with literature data.73 Instead 
reduction of 60.1% for S. aureus and 78.5% for E. coli were recorded 
after treatment with LIPO-G with respect to the control (LIPO). It is 
worth noting that the treatment with LIPO-G, with respect to SF, 
induced a reduction of 88.4% and 86.5% respectively, for S. aureus 
and E. coli, highlighting an antimicrobial activity comparable to that 
reported for the hydrophilic GO. These data are particularly 
interesting because they point out the ability of liposomes to 
mediate the antimicrobial activity of the hydrophobic and non-
covalently functionalized graphene. 
No significant selectivity of LIPO-G is detected for Gram-positive or 
Gram-negative bacteria although an almost complete inhibition of 
growth of Gram-positive is monitored with respect to t = 0. This 
datum is particularly interesting as GO evidenced instead a killing 
effect. 
As far as the mechanism of antibacterial activity is concerned, it is 
likely, following previously published papers,42,43 and the observed 
affinity of pure liposomes and LIPO-G for the external membrane of 
the cell wall of Gram-negative, that a damage of the membrane was 
involved. Indeed, pure liposomes demonstrated to stimulate mostly 
the growth of Gram-negative with respect to Gram-positive bacteria 
due to the similar phospholipidic composition of the external 
membrane of their cell wall. Analogously, graphene non-covalently 
functionalized with phospholipids reduced the growth of Gram-
negative twice as much as that of Gram-positive. 
The bacterial viability is reported, by using Live/Dead staining, 
in Figure 9. Staphylococcus aureus and Escherichia coli cells 

 
Figure 5. TEM images of empty liposome magnified at 140000× 
(A), LIPO-G magnified at 85000× (B and C) and 140000× (D) and 
graphene sheets magnified at 50000× (E and F). Scale bars are: 
200 nm for 50000× images, 100 nm for 85000× images and 50 
nm for 140000× images. All samples were performed in milli-Q 
water. Red circles indicate partially hindered graphene sheets. 
 

 
Figure 6. TEM images of graphene flakes in solution obtained by 
destroying liposomes with Triton X-100. Some impurities due to 
the presence of Triton X-100 and isolated phospholipids are 
clearly detectable in the samples. The adsorption of 
phospholipids and surfactants could partly explain the colour 
contrast of the flakes. (A) Magnification of 85000× and 140000× 
(B and C). Scale bars are: 100 nm for 85000× images and 50 nm 
for 140000× images. All samples were performed in milli-Q 

t  
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were uniformely viable with a green fluorescence and only few 
red dead cells. 
Taken together these data confirmed that the main effect 
obtained after contact with GO and LIPO-G was a bacterial 
growth inhibition and a very low killing effect. In fact, after 2 h 
of incubation, the bacteriostatic effect was clearly detectable by 
the smaller number of bacteria for field with respect to the 
bacterial population in the controls. Moreover, these treated 
bacteria appeared almost totally viable with only few dead red 
cells strongly suggesting a bacteriostatic effect of GO and LIPO-
G on both S. aureus and E. coli. 
 
Table 1. Percentage of Staphylococcus aureus ATCC 29213 (SA) 
and Escherichia coli ATCC 8739 (EC) growth reduction after 
treatment with GO and LIPO-G when compared with the 
respective controls (SF and LIPO). 
 

 CFU mL-1 % Ra CFU mL-1 % Rb % Rc 
Strain t = 0 SF GO  LIPO LIPO-G   
SA 8.21×107 6.97×108 6.30×107 91.0 2.02×108 8.06×107 60.1 88.4 
EC 1.55×108 3.45×109 2.81×108 91.9 2.16×109 4.65×108 78.5 86.5 

a) Bacterial growth reduction GO vs. SF; b) Bacterial growth 
reduction LIPO-G vs. LIPO; c) Bacterial growth reduction LIPO-G 
vs. SF 
 
 

 
 
Figure 7. Effect of graphene oxide (GO) and graphene-embedded into liposomal suspension (LIPO-G) on the growth of Staphylococcus 
aureus ATCC 29213 and Escherichia coli ATCC 8739 compared to the respective controls. A) Bacterial viable count; B) Representative TSA 
and LB agar plates for the bacterial viable count (a, b, c – serial dilutions). * significant reduction (P < 0.05) 
 

 
Figure 8. Effect of GO and LIPO-G on S. aureus ATCC 29213 and 
E. coli ATCC 8739 growth after 24 h of contact. The enlarged 
images clearly show the lower number of colonies detected 
compared to the controls. 
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Experimental 
Materials 

Graphite powder (99.99 %, 200 mesh) was purchased from Alfa 
Aesar, 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocoline (POPC) was 
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Graphene 
oxide used for comparative antibacterial activity determination (GO) 
was prepared by using the modified Hummers method.40,74 

 Unless otherwise stated, reagents were of analytical grade and used 
as received. All aqueous solution were prepared with Ultrapure Milli-
Q water (electric resistance > 18.2 MΩ cm-1) from a Millipore Corp. 
model Direct-Q 3 system.  

Apparatus 

Sonication was performed by using an ultrasonic bath (Transsonic 
310 Elma, 35 kHz). UV-vis spectra were recorded on a Jasco V-550. 
Measurement of vesicle size and ζ-potential values were performed 
by using a 90Plus/BI-MAS Zeta Plus multiangle particle size analyzer 
(Brookhaven Instruments Corp.). Raman spectra were recorded with 
an Invia Renishaw microspectrometer (50 or 100×) and a laser source 
at 532 nm (power 5 %, 3 or 5 accumulations/measurement). TEM 
observations were carried out on a Zeiss Electron Microscope M109 
operated at 80 kW working voltage. Surfaces were imaged with a 
scan rate from 0.1 to 1.95Hz. Images were acquired by Gatan camera 
(U.S.) and processed by Nanoscope Analysis software. AFM analysis 
was performed on a Nanoscope V (Digital Instruments Metrology 
Group, model MMAFMLN) in tapping mode in air at room 
temperature, using a n-type silicon μmash® SPM probe 
(HQ:NSC15/AL BS) with tip height 12-18 μm, cone angle < 40° 
(Resonant frequency 325 kHz, force constant of ~40 N/m). The 
collected images were then analyzed with WsXm 4.0 software 
(Nanotec Electronica S. L.) and Gwyddion 2.39.  

Preparation and processing of graphene-loaded liposome 

Liposomes were prepared according to the following protocol. 40 mg 
of POPC, dissolved in 4 mL of chloroform, were put in a round-bottom 
flask and dried in a rotary evaporator under reduced pressure at 
40 °C to form a thin lipid film on the inside wall of the flask. The 
phospholipidic film was kept at 4 °C overnight before rehydration 
with 5 mL of Milli-Q water or PBS buffer (pH 7.4, 304 mOsm) in order 
to obtain a 0.8 % w/w aqueous solution of phospholipid, 
concentration that is above POPC critical aggregation concentration 
value (0.1 % w/w). 5 mg of graphite powder was added to the 
resulting liposome suspension and sonicated for 2 h. The resulting 
mixture was centrifuged at 5000 rpm for 15 min to sediment 
unexfoliated particles or thick flakes of graphite and the supernatant, 
which was the final LIPO-G suspension, was collected. 
Exfoliation yield and encapsulation efficiency for LIPO-G were 
calculated via UV-Vis spectrophotometry by determining the amount 
of graphene present into the supernatant after liposomal 
centrifugation.  
The liposomal suspension was characterized by using UV-vis 
spectroscopy, dynamic light scattering (DLS), ζ-potential, 
transmission electron microscopy (TEM), Raman spectroscopy and 
AFM. The samples for Raman characterization were obtained by 
dropping the liposomal suspension on a wafer’s surface (we used n-
type doped prime SiO2 wafers) and leaving the sample in the oven at 
40 °C for 24 h in order to dry the aqueous solution. TEM samples were 
prepared by dropping a small drop of liposomal suspension (about 5 
µL) on a carbon coated copper grid. Solvent was removed by keeping 
the grid at 30 °C for 60 h into an incubator in the presence of silica 
gel in order to ensure a total absence of moisture. The choice of using 
a low drying temperature for a relatively long time is connected with 
the need to avoid high temperature and thus graphene sheets 
folding. AFM samples were prepared by drop-casting the solution 
onto silicon wafer substrates, drying under vacuum and washing with 
methanol the sample to remove excess liposomes and phospholipids. 

Bacterial culture 

Staphylococcus aureus ATCC 29213 and Escherichia coli ATCC 8739 
were used in the present study. Staphylococcus aureus and E. coli 
were cultured in Trypticase Soy Broth (TSB, Liofilchem, Italy) and 
Luria Bertani broth (LB, Oxoid, Italy) medium, respectively, and 
incubated at 37 °C overnight in aerobic condition. Cultures were 
diluted 1:10 (v/v) in TSB and LB medium, respectively and refreshed 
for 2 h at 37 °C in an orbital shaker in aerobic condition to obtain an 

 
Figure 9. Representative fluorescence images (Live/Dead 
staining) showing the microbial viability after 2 h treatment with 
SF, GO, LIPO and LIPO-G. Green bacterial cells are viable, red 
bacterial cells are dead. Images from Fluorescent optical 
microscope functionalized (Leica Microsystems Spa, Milan, 
Italy) at 1000×. 
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exponential growth phase with a homogeneous bacterial population. 
Subsequently, the broth-cultures were washed in PBS (pH 7.2) and 
adjusted to optical density (Abs600) of 0.12 corresponding 
approximately to 5×107 CFU mL-1 and used for the experiments. 

Antimicrobial activity 

The standardized broth-cultures of S. aureus ATCC 29213 and E. coli 
ATCC 8739 were incubated with the same final concentration of 50 
µg mL-1 of GO, used as a comparison for the antibacterial activity of 
pristine graphene, and graphene-embedded into liposomal 
suspension (LIPO-G); as controls, bacteria were incubated with fresh 
isotonic saline solution (SF) and an equally concentrated POPC 
liposomal suspension (LIPO) at 37 °C under 250 rpm in an orbital 
shaker for 2 h. The loss of bacterial viability was evaluated by 
counting the colony forming units (CFUs) through the Colony Counter 
Star-Count STC 1000 (VWR International PBI Srl, Via San Giusto, 
Milan, ITALY). Briefly, series of 10-fold cell dilutions (100 μL) were 
spread onto Trypticase Soy Agar (TSA, Liofilchem, Italy) plates for S. 
aureus and onto LB agar (LB, Oxoid, Italy) plates for E. coli and 
incubated for 24 h at 37 °C. The cell growth inhibition was detected 
comparing the colony counts between GO vs. SF and LIPO-G vs. LIPO. 
All experiments were performed in duplicate, and repeated for at 
least three independent experiments. The significance of the 
differences recorded in the experiments performed with SF, GO, 
LIPO, LIPO-G were evaluated using Student’s t-test. Probability levels 
<0.05 were considered statistically significant. 
The inhibition of CFUs formation was also performed by dropping 10 
µL of tested substances (i.e. SF, GO, LIPO, LIPO-G) on agar plate with 
10 µL drop of standardized bacterial suspensions. Plates were 
incubated at 37 °C for 24 h (see Table 1). 
After SF, GO, LIPO, LIPO-G treatment for 2 h, the bacterial viability 
was also evaluated with Live⁄Dead Kit (Molecular Probes Inc., 
Invitrogen, Italy) as indicated by the manufacturer and visualized 
under a fluorescent Leica 4000 DM microscope (Leica microsystems 
Spa, Milan, Italy). Ten fields of view randomly chosen for each slide 
were observed. Microscopic observations were repeated for three 
independent experiments. 

Conclusions 
We present a facile and prompt exfoliation protocol for graphite 
by exploiting 2 h sonication of graphite in POPC large 
unilamellar vesicles aqueous solution. Spectrophotometry was 
used to quantify the exfoliated graphene. Raman spectroscopy 
demonstrated the prevailing formation of double-layer 
graphene and AFM confirmed the formation of few-layer 
graphene. TEM pointed out that sonication allows the 
formation of nanometric few-layer graphene sheets embedded 
into liposomes. The corresponding aqueous solution 
demonstrated to form solution stable for hours and able to 
perform a significant antibacterial activity. In particular, data 
evidenced that liposome-embedded graphene reduces the 
growth capability of bacteria. In particular, it almost completely 
inhibits microbial growth of Gram-positive bacteria whereas 
Gram-negative bacteria growth is reduced to a mere three fold 
growth. 
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