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Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for serious

hospital infections worldwide and represents a global public health problem.

Curcumin, the major constituent of turmeric, is effective against MRSA

but only at cytotoxic concentrations or in combination with antibiotics. The

major issue in curcumin-based therapies is the poor solubility of this hydro-

phobic compound and the cytotoxicity at high doses. In this paper, we

describe the efficacy of a composite nanoparticle made of curcumin (CU)

and graphene oxide (GO), hereafter GOCU, in MRSA infection treatment.

GO is a nanomaterial with a large surface area and high drug-loading capacity.

GO has also antibacterial properties due mainly to a mechanical cutting of the

bacterial membranes. For this physical mechanism of action, microorganisms

are unlikely to develop resistance against this nanomaterial. In this work, we

report the capacity of GO to support and stabilize curcumin molecules in a

water environment and we demonstrate the efficacy of GOCU against MRSA

at a concentration below 2 mg ml21. Further, GOCU displays low toxicity on

fibroblasts cells and avoids haemolysis of red blood cells. Our results indicate

that GOCU is a promising nanomaterial against antibiotic-resistant MRSA.
1. Introduction
The increasing administration and use of antibiotics has resulted in the emergence

of drug-resistant species: mechanisms such as enzymatic modification, alteration

of the target and efflux through pumps are examples of bacterial strategies to

develop resistance [1,2].

A public health issue is represented by methicillin-resistant Staphylococcus
aureus (MRSA), which mainly causes skin and soft tissue infections, with an

increasing annual frequency of deaths [3,4]. The rapid spread of antibiotic resist-

ance is posing a serious challenge to its treatment and MRSA has become endemic

in many hospitals worldwide [5].

Predisposing factors of bloodstream infections caused by MRSA are skin/soft

tissue infections, prosthetic joints or cardiac valves, cardiac electronic devices and

central venous catheters and standard empirical choices such as semi-synthetic

penicillin, third-generation cephalosporins or carbapenems are inactive against

this pathogen [6].

Curcumin, a polyphenolic chemical constituent derived from turmeric, has

been shown to significantly decrease the minimal inhibitory concentration

(MIC) of the antibiotics currently used against MRSA [7]. Curcumin alone is effec-

tive too, but the MIC against MRSA is reported between 125 and 250 mg ml21 [8].

This concentration is toxic for eukaryotic cells, which display DNA damage if

treated with curcumin at concentrations greater than 10 mg ml21 [8]. In addition

to cytotoxicity, curcumin is poorly soluble in water (less than 0.1 mg ml21) and
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this low bioavailability affects its pharmacological potential [8].

In recent decades, nanotechnology-based delivery systems

have been developed for optimizing curcumin therapeutic

outcomes as well as minimizing off-target effects [9].

A promising method to deliver curcumin is the use of

graphene oxide (GO), a bi-dimensional nanomaterial studied

for its excellent chemical and mechanical properties. The

ultra-high drug-loading efficiency due to the extremely

large surface area of GO has attracted much attention in the

drug delivery field [10]. GO has also been studied for its anti-

bacterial properties. Indeed, GO edges can mechanically

penetrate membranes and kill bacteria [11–14]. However,

GO alone is not active against MRSA at the concentrations

tested (MIC . 60 mg ml21), but only in composites made of

combinations with other antibacterial agents such as silver

(silver–GO) or chitosan and silver (chitosan–silver GO)

[15,16]. Other proposed methods to kill MRSA are reduced

GO–iron oxide nanoparticles and graphene quantum dots.

These nanoparticles have light-adsorption properties and

after exposure to near-infrared and blue light generate bac-

terial oxidative stress and death [17,18]. Though promising,

these methods are only feasible for local treatment of

MRSA infections, due to the low tissue penetrance, especially

of blue light. Further, GO efficacy against bacteria is largely

dependent on its stability in the environment, and strate-

gies are needed to reduce its cytotoxicity and increase its

haemocompatibility [14,19].

Curcumin conjugated to GO has been previously

reported as an antitumour drug [20–23] and also as an anti-

microbial agent in combination with silver [24]. The use of

silver as a bactericidal, however, can cause cumulative toxic

effects on patients [25] and induce bacterial resistance [26].

In this paper, we describe the effects of curcumin-

conjugated GO (GOCU) and test the antibacterial efficacy

of this nanoparticle against MRSA. By using transmission

electron microscopy, atomic force microscopy, dynamic

light scattering (DLS) and surface zeta potential, we demon-

strate efficient curcumin loading on GO sheets with our

synthesis method. Furthermore, we analyse antibacterial

activity of GOCU against MRSA and compare the GOCU

effects to the GO alone, and we consider cytotoxicity on fibro-

blasts and haemocompatibility. Overall, our data reveal the

high antibacterial efficacy and biocompatibility of GOCU

and its promising potential to suppress MRSA infections

and increase the GO antibacterial effect while improving

its biocompatibility.
2. Material and methods
2.1. Sample preparation
GO (Graphenea) in ddH2O (2 ml) at a concentration of

2 mg ml21 was mixed with 2 ml of curcumin (Sigma Aldrich,

Milan, Italy) dissolved in ultrapure ethanol at three different con-

centrations (100, 200 and 300 mg ml21). Samples were incubated

at 708C for 12 h to let the ethanol completely evaporate. After

evaporation, a volume of 2 ml of ddH2O was added in each

sample to have a final concentration of GO of 1 mg ml21 and

to obtain GOCU-1, GOCU-2 and GOCU-3 samples. Two cen-

trifugation steps (15 min at 14 000 r.p.m.) were used to wash

pellets with ddH2O and remove unbound curcumin and ethanol

residuals from the samples. The supernatant was then subjected

to UV–Vis analysis to measure the amount of curcumin in excess

as reported before [23].
curcumin loading efficiency was determined as follows:

curcumin loading efficiency ¼ ½ðWinitialCur �WexcessCurÞ�
WInitialCur

� 100,

where WinitialCur is the initial weight of curcumin added and

WexcessCur is the weight of curcumin in the supernatant [23].

The final concentration of curcumin and GO was determined

by UV/vis adsorption measurements as described in the follow-

ing. Samples were stored at room temperature (208C) in dark

conditions for further experiments.

2.2. Dynamic light scattering and zeta potential
measurements

Size and z potential of GO flakes with or without curcumin were

assessed by using Zetasizer Nano ZS (Malvern, Herrenberg,

Germany). DLS measurements were performed with a 633 nm

He–Ne laser operating at an angle of 1738. Solvent-resistant cuv-

ettes (ZEN0040, Malvern, Herrenberg, Germany) were used for

experiments with a sample volume of 40 ml. The measurements

were performed at a fixed position (4.65 mm) with an automatic

attenuator and at a controlled temperature (208C) as reported

previously [27]. For each sample, five measurements were aver-

aged, and the diffusion coefficient D was retrieved through

cumulants analysis of autocorrelation functions. The equivalent

hydrodynamic radius (Z-Average size) was obtained by the

Stokes–Einstein equation. Data analysis was performed by

Malvern Zetasizer software. The z potential was calculated from

the electrophoretic mobility by means of the Henry correction to

Smoluchowski’s equation [28].

2.3. Adsorption spectra
Experiments were performed with a Cytation 3 Cell Imaging

Multi-Mode Reader (Biotek Instruments) using 100 ml of

each sample in flat-bottomed 96-well plates (Thermo Fisher

Scientific, MA, USA). Absorption spectra were recorded from

230 to 700 nm with steps of 5 nm. Data were analysed with

Microsoft Excel software.

2.4. Atomic force microscopy measurements
Samples were prepared as explained elsewhere [29]. Briefly, a

20 ml aliquot of sample was deposited on sterile freshly cleaved

mica discs, air-dried and measured with a NanoWizard II

atomic force microscope (JPK Instruments AG, Berlin, Germany).

The images were acquired using silicon cantilevers with high-

aspect-ratio conical silicon tips (CSC37 Mikro-Masch, Tallinn,

Estonia) characterized by an end radius of about 10 nm and a

half conical angle of 208. Cantilevers with a nominal spring con-

stant of about k ¼ 0.4 N m21 were calibrated as previously

reported [29,30].

2.5. Antibacterial activity of graphene oxide and
curcumin-conjugated graphene oxide

MRSA was grown in LB medium at 378C overnight, then sub-

inoculated in fresh LB and harvested in the mid-exponential

phase via centrifugation (4000 r.p.m. for 10 min). Cells were

washed three times with saline solution (0,9%) to remove

residual macromolecules and other LB constituents. The pellets

were then suspended in saline solution to obtain cell samples

having a McFarland turbidity of 0.5 corresponding to 107–

108 CFU ml21. A 100 ml aliquot of bacterial suspension was

mixed with 100 ml of GO/GOCU. Cells were incubated with

GO/GOCU for four hours at room temperature. After incu-

bation, colony-forming units (CFUs) were quantified with serial

10-fold microdilutions as reported previously [14].
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After interaction with GO or GOCU, 20 ml of each sample

was transferred into 180 ml of fresh LB broth, and growth was fol-

lowed by measuring the optical density (OD) (600 nm) every

15 min with a Cytation 3 Cell Imaging Multi-Mode Reader, at

a controlled temperature (378C) for 24 h. After 24 h, the MIC

was evaluated as the lowest concentration that inhibits visible

bacterial growth, as reported elsewhere [31].

To determine the minimal bactericidal concentration (MBC)

values, the well plates were incubated under identical conditions

for 24 h. Then, the bacterial suspension in each well was collected

and plated, and CFUs were analysed [16]. MBC was defined as

the lowest drug concentration at which 99.9% of the bacteria

were killed.

2.6. Transmission electron microscopy
Samples were fixed in glutaraldehyde (2.5%) and imaged after

negative staining with uranyl acetate (2%) with a Zeiss Libra

120 Transmission electron microscope (Germany), as reported

elsewhere [32].

2.7. Cytotoxicity measurements
The cytotoxic effects of GO and GOCU complexes were studied

on a 3T3 fibroblast cell line, using a commercial CellTiter-Bluew

cell viability assay (Promega, WI, USA). Unless otherwise speci-

fied, all chemicals and reagents used in this section were

obtained from Sigma (Milan, Italy). Mouse 3T3 fibroblasts

(Swiss albino mouse cell line—Istituto Zooprofilattico, Brescia,

Italy) were cultured at 378C in a humidified environment (CO2

5%) in DMEM supplemented with 10% fetal calf serum,

500 units ml– 1 penicillin, 10 mg ml21 streptomycin and 20 mM

L-glutamine. In toxicity assays, cells (1 � 104) in basal medium

(200 ml) were seeded in individual wells of a 96-well tissue

culture plate to a sub-confluent monolayer. Cell synchronization

was performed, culturing the cells in a serum-free medium for

24 h. Cellular viability was evaluated after 24 and 48 h upon

addition of GO or GOCU solutions for a final GO concentration

of 50 mg ml21 for each sample. The fluorescence (560Ex/590Em)

of the solution was determined using an automatic microplate

reader (Glomax, Promega, WI, USA). The readings were per-

formed after an incubation of 2.5 h at 378C with the reagent.

Each experiment was performed in triplicate.

2.8. Haemolytic activity of graphene oxide and
curcumin-conjugated graphene oxide

Human whole blood was obtained by venepuncture of 10

healthy volunteers at the Policlinico Gemelli of Rome in accord-

ance with the institutional bioethics code. Whole blood (1 ml)

was diluted and centrifuged at 500g for 5 min to isolate red

blood cells (RBCs) from serum. To test the haemolytic activity,

0.2 ml of diluted RBC solution was added to 0.8 ml of GO and

GOCU and allowed to interact at 378C for 3 h. RBCs in ddH2O

or in saline buffer were used as positive and negative control,

respectively. After incubation, the samples were centrifuged,

the supernatant haemoglobin measured spectrophotometrically

(540 nm) and the percentage of haemolysis was calculated as

reported previously [27].

2.8.1. Oxidative stress measurement
Glutathione (GSH) oxidation by GO and GOCU was measured

in acellular conditions using a method described previously

[33]. Reduced GSH (0.4 mM) was exposed to GO/GOCU

(50 mg ml21) in a total volume of 10 ml of 50 mM bicarbonate

buffer (pH 8.6). Samples were exposed at room temperature

for 3 h in the dark. The amount of non-oxidized GSH was

quantified spectrophotometrically using Ellman’s reagent
(5,50-dithiobis(2-nitrobenzoic acid), DTNB), which reacts with

thiol groups of GSH. The reaction medium was filtered

(0.45 mm), then 900 ml of the filtered reaction mixture was

added to 1.57 ml Tris–HCl buffer (pH 8.3) to which 30 ml of

100 mM DTNB was added. The amount of thiol remaining in

the reaction medium was quantified by measuring TNB

absorbance at 412 nm, using an extinction coefficient of 14

150 M21 cm21. Samples without GO have been used as negative

controls, while diamide (TMAD, Sigma) has been used as the

positive control for complete oxidation of GSH [34].
3. Results and discussion
3.1. Characterization of graphene oxide and

curcumin-conjugated graphene oxide
In figure 1, the characterization of GO and GOCU-2 materials is

reported. From representative TEM images, it is clearly visible

how GO sheets have a smooth surface and a smaller size

(figure 1a) compared to the rougher and larger GOCU-2

sheets (figure 1b). Atomic force microscopy (AFM) profiles

and images shown in figure 1c confirm this evidence with an

average sheet height of approximately 0.87 nm for GO com-

pared to approximately 1.65 nm for GOCU-2 (figure 1d). The

curcumin is uniformly distributed on the GOCU-2 surface

that displays an RMS of approximately 0.6 nm compared to

approximately 0.2 nm for GO (figure 1d). The increase in the

thickness and roughness of the GOCU sheets (when compared

with the GO alone) is attributed top–p attachment of curcumin

molecules on the GO surface, as previously demonstrated for

curcumin [20] and other aromatic molecules [35], such as gin-

seng [36], vitamin C [37], melatonin [38] and polyphenols of

green tea [39].

Using DLS measurements, the mean hydrodynamic

radius (RH) of bare GO is approximately 540 nm, compared

to the approximately 3.4 mm for GOCU-2, indicating that cur-

cumin molecules on the GO surface cause the bridging of

multiple sheets. The presence of curcumin shielding the GO

surface is demonstrated by the values of zeta potential of

approximately 231.4 mV for GO and of approximately

224.6 mV for GOCU-2 (figure 1d ).

To quantify the amount of curcumin per GO sheet, we used

its UV–Vis absorption properties after desorption of curcumin

molecules from the GO surfaces in ethanol as previously

reported in the literature [23,40]. The curcumin (in ethanol)

and GO (in water) adsorption spectra at different concen-

trations are reported in figure 2. The shape of GO spectra has

typical decay due to the particle light scattering without

adsorption peaks at wavelengths investigated (figure 2a). On

the other hand, curcumin shows an absorption peak at

430 nm that has been used for calibration curve tracing and

quantification (figure 2b). In the insets, the calibration curve

and fitting equation obtained from adsorption at 430 nm for

GO (figure 2a) and curcumin (figure 2b) are shown.

Since in the water environment curcumin and thus GOCU

fluorescence is quenched [41], to precisely quantify the amount

of curcumin bound to GO sheets, we diluted GOCU samples in

ultrapure ethanol prior to analysing the intensity peaks at

430 nm [23]. As expected, the amount of curcumin bound to

GO is proportional to the initial curcumin concentration.

Final curcumin concentrations and loading efficiency in each

sample are reported in figure 2c.
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From the measured curcumin concentration, we calculated

the amount of GO surface covered by this compound as pre-

viously reported for lipid-covered GO [42]. The theoretical

surface area of pristine graphene is 2630 m2 g21. Our GO con-

tains approximately 45% of oxygen, so the maximal area

available for molecule binding is 1.58 m2 mg21 if we consider

both sides of the GO flakes [42]. However, because RH

measurements obtained by DLS show a multilayered structure

of GOCU, GO sheets in solution are sandwiched between

hydrophobic curcumins. For this reason, we consider only

one side of the GO surface is available. The surface area of a

curcumin molecule is 0.931 nm2 and the final calculated

adsorption on the GO surface goes from 28.9% (GOCU-1) to

88% (GOCU-3) (figure 2d ). The GOCU stability over time

was measured by optical density at 600 nm and is reported

in figure 2e.

3.2. Antibacterial activity of graphene oxide and
curcumin-conjugated graphene oxide

The loss of viability of MRSA was evaluated calculating

the CFUs after exposure to GO or GOCU in water and by

analysing MIC and MBC [43].

As shown in figure 3a, significant differences were found

in MIC values of GO compared to GOCU. In the case of GO,

there is no inhibition of the bacterial growth below

37.5 mg ml21. This result is in good agreement with other

studies focused on GO activity on MRSA, where GO alone

was not effective below 60 mg ml21 [15,16].
In contrast, GOCU displays a significant inhibition of bac-

terial growth in a concentration-dependent manner. The MIC

values obtained for GOCU-1, GOCU-2 and GOCU-3 are

2.8 mg ml21, 1.42 mg ml21 and 1.06 mg ml21 respectively (cur-

cumin content) and 18.75 mg ml21, 4.7 mg ml21 and

2.35 mg ml21 respectively (GO content). Considering that the

MIC of curcumin alone against MRSA ranges from 125 to

256 mg ml21 [8], our results indicate a synergistic activity of

GO and curcumin.

There have been several explanations on how curcumin

kills the bacteria; the main hypothesis relies on the curcumin

interaction with FtsZ (prokaryotic homologue of eukaryotic

tubulin), and inhibition of protofilament formation and of

bacterial cell proliferation. However, binding to peptidogly-

can and perturbation of the bacterial membrane integrity

have also been proposed as possible mechanisms [8].

As shown by zeta potential measurements, curcumin cre-

ates a corona around GO sheets that creates a less negative

zeta potential, which makes GOCU more likely to bind to

the negatively charged membrane of the S. aureus cells.

By analysing microscopy images, we can hypothesize a

double action of GO and GOCU against MRSA membranes,

resulting in disruption with debris visible after GOCU treat-

ment (figure 3e). The GO alone seems to simply wrap MRSA

cells, which appear intact, as in the control (figure 3d and

figure 3c, respectively). This wrapping effect of GO has been

already reported in the literature for several species [13] and

can explain the high difference between MIC and MBC values

observed for GO. The MBC/MIC ratio offers information
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about the nature of the antibacterial activity: if MBC/MIC is

between 1 and 2, the drug is bactericidal, while if MBC/MIC

is higher than 2, the antimicrobial substance can be classified
as a bacteriostatic [16]. We therefore can conclude that while

GOCU acts as a bactericidal of MRSA, GO alone is simply

bacteriostatic through a wrapping-based mechanism.
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3.3. Cytotoxicity and oxidative stress mediated by
graphene oxide and curcumin-conjugated
graphene oxide

To examine the in vitro toxicity, we tested GO and GOCU at a

fixed concentration of 50 mg ml21 of GO on 3T3 fibroblasts and

evaluated cell vitality after 24 or 48 h of exposure (figure 4a).

Cell vitality is reduced by 50% in the presence of GO and

GOCU-1, but is higher when GOCU-2 (approx. 70% of vitality

after 48 h) or GOCU-3 (approx. 90% of vitality after 48 h) are

administered, indicating that the increase in curcumin concen-

tration decreases the GO-mediated cell mortality. Oxidative

stress and generation of reactive oxygen species can be

involved in the toxic effects of GO [44]. We evaluated the

GSH oxidation mediated by different materials with a concen-

tration of GO of 50 mg ml21, because GSH has a critical role in

protecting cells from oxidative damage [45]. We observed that

after administration of GO or GOCU-1, approx. 25% of the

GSH is oxidized. This percentage is greatly reduced when cur-

cumin concentration increases with approx. 13% of oxidation

with GOCU-2 and approx. 3% of oxidation with GOCU-3.

As shown in the inset in figure 4b, there is a linear relation

between cell vitality and GSH oxidation. The presence of curcu-

min, a known radical scavenger and oxidation inhibitor,

restores the reduced form of GSH and probably recovers the

cell vitality. However, is also possible that the GO functionali-

zation with curcumin limits the interaction of sharp GO edges

with membranes: molecular dynamics simulations and bioi-

maging experiments revealed a direct bilayer penetration that

begins with localized piercing at sharp corners or at protru-

sions along graphene edges as the mechanism of uptake of
graphene sheets in mammalian cells [46]. The presence of cur-

cumin in GOCU therefore could shield the edges of GO sheets

and impede membrane puncturing. However, because the RH

of all GOCU tested is larger than that of GO sheets alone, the

decrease in cytotoxicity with increase in curcumin concen-

tration in each sample is more probably attributed to

oxidation inhibition.

Following administration, the GO and GOCU nano-

materials may interact with blood components with a

haemocompatibility determined by surface chemistry. It has

been demonstrated that GO possesses a strong haemolytic

activity that is reduced when a protein corona is absorbed

on its surfaces due to the shielding of the extremely sharp

edges of the GO sheets [27]. We quantified the haemolytic

activity of GO and GOCU to test if the curcumin on the

GO surface can avoid cutting of RBCs (figure 4c).

The incubation of GO samples with RBCs revealed a

very high haemolytic activity of bare GO, as shown in

the histogram of haemolysis in figure 4c. The GO has the

highest haemolytic activity with over 90% haemolysis

above 125 mg ml21, which decreases with decreasing con-

centration, from approximately 48% at 62.5 mg ml21 to 25%

at 31.25 mg ml21. With regard to the GOCU samples,

haemolytic activity reduction is proportional to the curcumin

loaded on graphene. At concentrations below 15 mg ml21

the GO and GOCU samples caused a low haemolysis

of approximately 10% without significant differences

between samples.

In summary, as demonstrated by other studies on human

serum and albumin, the corona adsorbed on a GO surface can

markedly decrease haemolysis and enhance biocompatibility.

http://rsfs.royalsocietypublishing.org/
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4. Conclusion
Multidrug resistance has widely increased worldwide and

the most commonly used antibiotics became no longer

effective in controlling infections. MRSA infections represent

a global health challenge because the annual frequency of

deaths from MRSA has rapidly increased and has surpassed

deaths caused by human immunodeficiency virus/acquired

immune deficiency syndrome [47]. A renewed interest on

natural compounds like curcumin against MRSA has devel-

oped due to the high risk of side effects and development

of resistance to conventional antibiotic therapies [8].

In this paper, we demonstrate the applicability of a compo-

site based on curcumin-loaded graphene sheets (GOCU) as a

highly effective antibacterial nanomaterial against MRSA.

GOCU has a MIC of 1 mg ml21 (curcumin concentration) and

the MBC/MIC ratio of GOCU indicates a definite bactericidal

action compared to the bacteriostatic wrapping of GO alone

[16]. The use of curcumin in synergistic activity with GO is a

promising strategy to fight defences developed during millions

of years of microbial evolution. On the one hand, GO possesses

a high surface area and high efficiency of drug loading to
deliver the poorly soluble curcumin against MRSA cells. On

the other hand, the sharp GO edges, which would cause hae-

molytic effects, are shielded by curcumin molecules, reducing

the cytotoxicity of this material. These features open new appli-

cations of GOCU in antibiotic-resistant infections treatment via

the systemic route and for the development of antifouling

surfaces for healthcare applications.
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