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ABSTRACT. Molecular dynamics -coarse grained to the level of hydrophobic and hydrophilic 

interactions- shows that small hydrophobic graphene sheets pierce through the phospholipid 

membrane and navigate the double layer; intermediate size sheets, pierce the membrane only if a 

suitable geometric orientation is met; larger sheets lie mainly flat on the top of the bilayer where 

they wreak havoc with the membrane and create a patch of upturned phospholipids. The effect 

arises in order to maximize the interaction between hydrophobic moieties and is quantitatively 

explained in terms of flip-flops by the analysis of the simulations. Possible severe biological 

consequences are discussed. 
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INTRODUCTION 

With the development of various forms of nanotechnology, there is a need to understand their 

hazardous effects. Graphene and its derivatives, in particular, have potential for a wide variety of 

biomedical applications.1 Possible short and long-term adverse health impacts must be 

considered in the design of graphenes for drug delivery, tissue engineering, and sensing 

devices.2-5 The relatively limited data available suggest that graphene materials can be either 

benign6-8 or toxic to cells.9-29  

A recently proposed set of rules for the use of graphenes entailed:30 (1) use of small, individual 

graphene sheets that macrophages in the body can efficiently internalize and remove from the 

site of deposition; (2) use of hydrophilic, stable, colloidal dispersions of graphene sheets to 

minimize aggregation in vivo; and (3) use of excretable graphene material or chemically-

modified graphene that can be degraded effectively.  

It has been suggested that the biological response depends on the number of layers, lateral size, 

stiffness, hydrophobicity, surface functionalization, and, perhaps obviously, dose.3,10-31 The 

hydrophobic surface area of graphene may produce significant interactions with membrane 

phospholipids either causing direct physical toxicity or causing indirect toxicity.9-35 

Despite the common carbon composition, graphene differs remarkably from another allotrope 

of carbon, namely carbon nanotubes. Graphene sheets have a lower aspect ratio, larger surface 

area, and better dispersibility in most solvents than nanotubes. Importantly, graphenes are not 

fiber-shaped. Most of these features of graphene appear advantageous in terms of safety over 

inhomogeneous dispersions of fiber-shaped carbon nanotubes.30 
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The issue arises of how and why cellular uptake of graphene nanosheets depends on size, 

shape, elasticity and surface structure. It would be desirable to know the effect of the size on 

receptor-mediated endocytosis, the effect of elastic stiffness on cell-particle interactions, and if 

different geometrical patterns of ligands on a sheet can be designed to control the rates of uptake 

by the cells.36 The cytotoxicity of graphene nanosheets is hypothesized to originate from direct 

interactions between graphene and bacteria cell membranes that cause serious physical damages 

to the membranes. Simulations can provide important information on the interaction between 

graphene sheets and lipid membranes. 20,21,32-35  

Molecular dynamics simulations showed that the graphene sheets can be hosted in the 

hydrophobic interior of biological membranes formed by amphiphilic phospholipid molecules.32   

MD and coarse grain simulations revealed the uptake process of graphene in cellular 

membranes. The entry was initiated at corners or asperities that were abundant along the 

irregular edges of graphene materials. Local piercing by these sharp protrusions initiated 

propagation along the extended graphene edge to achieve full penetration.20  

Dissipative particle dynamics simulations showed the role of size and edges in the 

translocation of graphene nanosheets across a lipid bilayer membrane. The permeation of small 

sheets was driven by trans-bilayer lateral pressure. For larger nanosheets, the translocation 

underwent a vesiculation process. Circular sheets with smooth edges showed faster translocation 

than square ones.33 Another study demonstrated the effects of graphene thicknesses 

(single/multi-layered graphene), oxidation, and lipid coating on the graphene entry. Pristine and 

few-layered graphene nanosheets could spontaneously insert into the bilayer and reach the centre 

of the bilayer.34 Alternatively, edge oxidized graphene nanosheets could pierce the bilayer to 

reach a final state that was located at the center of the bilayer or stood upwards across the 
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 4

bilayer, depending on the degree of oxidation.34 Graphenes covered by a low density of lipid 

molecules could still pierce into the bilayer, initiating by one of the bare corners.34 However, 

piercing could be hindered if the whole body of graphene was fully encapsulated in a lipid 

micelle. In the latter case, cell entry required fusion of a graphene encapsulated micelle and the 

bilayer.34 

Very recently, simulations provided a systematic study of the interactions of graphene 

nanosheets, characterized by various sizes and oxidization degrees, with a simple model of lipid 

bilayer membrane. The detailed translocation pathways of these materials across the cellular 

membrane was obtained together with a phase diagram in the space of oxidization degree and 

particle size.35 More importantly, a new state of the graphene-membrane interaction was 

identified: a hemispheric vesicle superstructure was formed through the adhesion of graphene to 

the top surface of the membrane.35 

In addition, the simulations allowed to explain some experimental results by identifying two 

main mechanisms for graphene toxicity: i) the sharpened edges of graphene nanosheets may act 

like ‘blades’, which can insert and cut through the cell membranes of bacteria;20 ii) the graphene 

nanosheet can extract phospholipids from the bilayers and accumulate them on its own 

surfaces.21 The disruptive extraction of phospholipid molecules, caused by strong pulling forces 

from the graphene nanosheet, eventually led to the loss of cell membrane integrity. 

In this work, we focus on the unexplored effects of a graphene sheet of increasing size on the 

structure of the phospholipid double layer. Small hydrophobic graphene sheets easily pierce 

through the phospholipid membrane; intermediate size sheets pierce the membrane only if a 

suitable geometric orientation is met, while larger sheets adsorb on the top of the bilayer where 

they modify the membrane and create a patch of upturned phospholipids. Both a static and a 
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 5

dynamic description of the system is provided. The final equilibrium configuration in the bilayer 

is expressed in terms of normalized free energy and by means of the phospholipids order 

parameter. The perturbation caused by the presence of the graphene sheet is quantified in term of 

phospholipid translocation (flip-flop). 

COMPUTATIONAL DETAILS 

While other descriptions are possible, for the present purposes, Dissipative Particle Dynamics, 

DPD, is a thermostat, and a clever one to boot.37 It complies with Newton’s laws and satisfies 

fluidodynamics. The cost to pay is two-fold. The first compromise is that a Brownian component 

is explicitly included in the description of the motion, as is the case in Langevin’s dynamics. The 

second concession to practicality is the necessity to introduce a relationship between Brownian 

and dissipation components of the nanoparticles motion. Under these conditions the time step 

used in the integration of the equation of motions can be made (much) longer than that used in 

standard molecular dynamics. Long time-steps, however, can be of little or no use if the weight 

of a particle is small. Light particles, such as atoms, vibrate at a high frequency. A long time step 

may encompass several oscillations and therefore introduce great instability in the algorithm that 

integrates the equations of motion, regardless of the fact that the thermostat would allow its use. 

The use of the DPD thermostat becomes efficient with particles heavier than atoms, which entail 

low frequency motions. The coarse graining of the atomistic structure can be achieved in many 

different ways. The choice here, as in many DPD applications, is to use soft sphere potentials.38 

These potentials can be traced back to Hildebrand’s theory of real solutions39 or, to Flory-

Huggins theory of polymers.39 They describe hydrophilic and hydrophobic interactions, which 

are at the core of the interaction between graphenes and phospholipid bilayer membranes. 
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 6

It is possible to consider them as the convolution of many particles (atoms) interacting with 

many other particles (atoms). Each one of the two sets of atoms are then represented by a single 

particle or bead. This coarse graining has an important consequence. In a van der Waals system, 

the attractive interaction is a function of rij
−6 , with i and j the interacting atoms. In the many 

atoms interacting with many atoms picture, the total energy becomes  rij
−6

i∈A
j∈B

∑ with A and B the 

two moieties that become beads. If a sufficiently large number of atoms are present inside each 

moiety that becomes coarse grained, the sum can be replaced by an integral and the power of -6 

becomes less negative. 

This very qualitative description does not consider that every rij
−6  has its own coefficient, but 

it should suffice to justify a (strong) departure from the van der Waals description. As the 

number of atoms represented by the beads changes, their overall interaction may be modified. 

The approach allows to reduce drastically the computer times. The gain is more than 4 orders of 

magnitude. In practice, the calculations can either be extended over longer times, or to larger 

systems, or can be repeated many times to acquire sufficient statistics, if needed. The 

momentum-conserving thermostat of DPD, along with the implementation of soft repulsive 

interactions and coarse graining, makes it possible to simulate 1) the formation of architectures 

with a morphology resulting from solvophobic interactions (micelles, vesicles, and membranes), 

and 2) the dynamics of colloidal particles (nanoparticles) and their mutual interactions40-49 

The DPD model used in this work is based on the approach introduced by Groot and 

coworkers.50,51 The equations of motion are integrated using a modified velocity–Verlet 

algorithm.50 All calculations were carried out using the suite of program Culgi 4.0.52  

DPD Parameters 

rij
−6
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 7

In this study, a phospholipid molecule consists of three linearly connected hydrophilic beads 

(labeled with the letter H), representing the polar headgroup, to which two tails of six 

hydrophobic beads (labeled by the letter T) are jointed. The water particle is labeled by the letter 

W.  The GS is described as a colloidal particle and the soft-core colloid is modeled as an 

aggregate of soft-core beads (labeled by the letter G), as originally proposed by Koelman and 

Hoogerbrugge.53 

The interactions between any two particles in the solution are described by the parameters in 

Table 1. In the simulations, the bead density was set at ρ = 3. A cubic simulation box of 

dimension 32 rc x 32 rc x 32 rc was used and periodic boundary conditions were applied.  

The total number of beads was 98304. Each of the calculations was run for 2500000 steps using 

a time step of 0.05τ.  

 

Table 1. Bead pair interaction parameters. Conservative force parameter aij in units of kBT/rc . 

H = Headgroup bead; T = Tail bead; W = Water bead; G = Graphene bead 

aij H T W G 

H 25 50 35 50 

T 50 25 75 30 

W 35 75 25 75 

G 50 30 75 25 

 

 

Phospolipids are constructed by tying beads together using Hookean springs with the potential: 

U2 (i, i+1) = 1/2 k2 ( | ri,i+1 | - l0)
2 where i, i+1 represents adjacent beads in the phospolipids. The 
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 8

spring constant, k2, and unstretched length, l0 , are chosen so as to fix the average bond length to 

a desired value. Both parameters may be specified independently for each bead pair, allowing a 

bond strength to vary along its length. Chain stiffness is modeled by a three-body potential acting 

between adjacent bead triples in a chain, U3 (i-1,i,i+1)  = k3 [ 1-cos (Φ - Φ0) ]  

where the angle Φ  is defined by the scalar product of the two bonds connecting beads i-1, i, and 

i, i+1. The bending constant, k3, and preferred angle, Φ0, may be specified independently for 

different bead triples. 

 

Table 2. Hookean springs force constants.  

Bond Pair  k2 l0 

H H 128 0.5 

H T 128 0.5 

T T  128 0.5 

Bead Triples k3 Φ0 

T T T  20 180 

H T T  20 180 

 

Transformation of DPD Units 

For transformation of dimensionless DPD units into physical length and time scales, it is 

necessary to link simulations with experimental data. The center-to-center distance between 

polar head group (PH) layers in cellular membranes is typically in the range of 40 Å (30 Å 

hydrophobic core (HC) domain, plus 5+5 Å for each half of the PH domain). In DPD simulations 
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 9

this value corresponds to 6.955 rc, where rc is the unit length in the DPD system. From the above 

equivalence we determine rc = 5.75 Å. 

 

Following Groot and Rabone54 the physical time scale may be obtained from the comparison of 

the calculated diffusion constant of water beads, Dcalc with the experimental value55 Dexp=2.43 

10-5 cm2/s  

       

Nm is the number of water molecules forming a “water bead” and the estimated self-volume for a 

single water molecule is 30 Å3. Since a cubic volume of size rc
3 (190.1 Å3) represents ρNm water 

molecules, with  ρ=3 being the number of DPD beads per cubic rc
3
 it follows that Nm=2.1. 

The diffusivity of a DPD particle is a dimensionless parameter that characterizes the fluid. It may 

be regarded as the ratio between the time needed by the particle to diffuse out to a certain 

distance and the time necessary for the hydrodynamic interactions to reach steady state 

conditions over comparable distances.50 The diffusion coefficient of each bead is obtained by 

calculating the mean square displacement according to54 

     

The resulting value of Dcalc = 0.31 substituted into the above equation yields a final DPD unit 

time of 88.6 ps.   

The typical DPD simulation length of 2,500,000 steps, with a time step of 0.05τ that corresponds 

to a physical time of 11 µs. 

 

RESULTS AND DISCUSSIONS 

τ =
NmDcalcrc2

Dexp
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 10

DPD calculations were carried out using a system composed of water, phospholipids and 

graphene nanosheets, GS, of different sizes. Figure 1 shows the coarse grained models for the 

representative entities used in the DPD simulations. A phospholipid is represented by three 

linearly connected hydrophilic soft beads that represent the polar headgroup, two tails of six 

hydrophobic soft beads join the polar head, following the Shillcock and Lipowsky model.56 

Amphiphiles possessing two hydrophobic tails require three or more head beads to shield the 

tails from the surrounding solvent, and form a well-ordered bilayer.56 DPD parameters for the 

phospholipids were taken from the accurate model of Shillcock and Lipowsky56 that is capable of 

reproducing the structural properties and the stress profile of bilayers. The stretch modulus and 

the bending rigidity of the membrane simulated with these parameters are comparable to 

experimental values for typical phospholipid bilayers.56 For the complete discussion, please see 

Ref 56. Water particles are represented by a single bead.  
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 11

 

Figure 1.  Description of coarse-grained molecular dynamics models for the representative 

entities used in the simulations. a) Coarse graining of the GS. b) Coarse graining of the 

membrane. The model of amphiphilic phospholipid is constructed by a head group with three 

hydrophilic beads (white) and two tails consisting of six hydrophobic beads (red).  

 

For the GS we used a set of parameters developed by us to reproduce the experimental self-

assembly of carbon nanomaterials with amphiphilic molecules.40-43 DPD runs were repeated five 

times to acquire sufficient statistics. A self-assembled and equilibrated bilayer was present in the 

simulation box with every GS positioned randomly at five different starting position. 
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 12

Figure 2 provides snapshots of the GS/phospholipid bilayer interaction at the end of the 

simulations. The particle size of the GS determined its final configuration in the bilayer.  The 

five smaller sheets pierced through the membrane. The four larger sheets can adhered to the 

membrane, a deed that is not done by the two smaller sheets. Sheets smaller than 5.2 nm were 

also able to navigate the membrane (vide infra). Increasing their size and up to 11.2 nm, they 

crossed the bilayer only if a suitable geometric orientation was met and, correspondingly, two 

minima were found in the free energy surface (Figure 3). In the first minimum, the GS pierced 

through, in the second one it adsorbed on the membrane. If larger than 11.2 nm, the sheets were 

unable to cross the membrane. Assumptions are necessary when comparing experimental and 

MD results. The small size GS used in most experiments are larger than or similar to the largest 

sheets of the current MD study. We present an idealized system with a single graphene sheet 

where the formation of aggregates is neglected. Experiments are usually carried out with 

suspension of graphene derivatives. However, these results are in line with the size-dependency 

on GS cellular internalization process.17,18,28,29,31,35 
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 13

 

Figure 2. Illustrative snapshots, at the end of the simulations, of six graphene nanosheets of 

increasing size. From left to right, sizes of 0.9, 2.7, 5.2, 8.1, 11.2, and 13.3 nm. White: 

hydrophilic heads of the phospholipids; red: hydrophobic phospholipid tails; petroleum blue: 

graphenes. For clarity, water is not shown. Top two rows are different perspectives of the six 

sheets, as are the bottom two rows. Only the five smaller sheets pierce through the membrane. 

The four larger sheets adhere to the membrane. Situations not observed in the simulations are 

indicated by X. 

 

The preferred orientation of the GS was also size dependent. In figures 3 the x-axis shows the 

angle of the sheet with the phospholipid bilayer. A value of the angle close to 0˚ means that the 

sheet was parallel to the membrane; a value close to 90˚ means that it was perpendicular to it. 
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The smaller the sheet, the more freely it diffused inside the membrane. Small sheets 

preferentially align with the phospholipid hydrophobic tails and maintained a perpendicular 

orientation. Sheets greater than the membrane thickness moved to smaller angles, arranged 

themselves across the membrane to be embedded as much as possible in the hydrophobic part of 

the bilayer. Even greater sheets only adhered to the external surface of the membrane. 

 

Figure 3. Normalized free energy of the systems as a function of the graphene penetration and 

orientation. Sheet sizes a) 0.9 nm, b) 2.7 nm, c) 5.2 nm, d) 8.1 nm, e) 11.2 nm and f) 13.3 nm. 
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 15

The presence of the sheet affected the overall density distribution of the hydrophobic and 

hydrophilic moieties of the phospholipids. Figure 4 compares, the densities for the unperturbed 

membrane (Fig. 4a) and for the perturbed bilayer when the graphene flake (size 11.2 nm) pierced 

through (Fig. 4b) or adhered (Fig. 4c) to the membrane.  When graphene penetrated the 

membrane (Fig 4b), some phospholipids stuck to graphene and followed GS movements (Fig. 

5a). The head beads were no longer excluded from the bilayer interior and the two monolayers 

were not any longer properly interdigitated. When GS adsorbed on the membrane an asymmetry 

was induced in the membrane bilayer (Fig 4c) because the hydrophobic tail beads tended to 

move toward the interface with the GS nanoparticle (Fig 5b). 

 

Figure 4. Density profiles of the phospholipid bilayers. Hydrophilic head beads, H, hydrophobic 

tail beads, T, bulk water, W (a) unperturbed membrane; (b) bilayer pierced by the graphene 

sheets (c) adhesion of the graphene to the membrane. The profiles were averaged over 1000 

steps. 
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Figure 5. Two views of the interaction of GS with the membrane are depicted corresponding to 

a) piercing through, and b) adsorbing onto the membrane. The z-axis color code corresponds to 

the position of the phospholipids heads. The graphene flake locally affects the membrane 

structure. The empty spaces are occupied by the tails. Phospholipids are displaced with respect to 

the z-average position. Water molecules are not shown. 

 

The order parameter, S =
3

2
cos2 θ −

1

2
, allows a more quantitative evaluation of the 

orientational order (or disorder) induced by the sheets in the phospholipids of the membrane. The 

angle, θ, is formed by an axis perpendicular to the membrane and the long axis of each molecule. 

An unperturbed membrane is characterized by S=0.73. Table 3 compares the global (all the 

phospholipids are considered) and the local (only the phospholipids within the range of 1.5 rc, 

roughly 8.6 Å, from the GS were considered) order parameters of the phospholipids, averaged 

over 100 steps of the equilibrated systems.  
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Table 3. Global versus local (dis-)order induced by graphene sheets piercing through or adhering 

to the membrane.  

Nanosheet size (nm) GS piercing through the membrane GS adhering to the membrane  

 Slocal Sglobal Slocal Sglobal 

0.9 0.72 0.69 -- -- 

2.7 0.72 0.69 -- -- 

5.2 0.77 0.68 0.03 0.66 

8.1 0.34 0.65 -0.16 0.59 

11.2 0.10 0.57 -0.16 0.52 

13.3 -- -- -0.13 0.45 

 

Small GS piercing the membrane did not perturb, both globally and locally, the order of the 

membrane and could easily enter the cell. The higher cellular uptake for ultra-small GS57 can be 

explored to make them ideal nanocarriers for drug delivery systems. Increasing the size of the 

GS (> 5.2 nm) strong local perturbations of the membrane were observed. The global order of 

the membrane was more or less maintained for piercing GSs.  On the contrary, an adhering sheet 

induced a substantial disorder. Larger sheets induced local anti-alignment (S is negative for anti-

alignment).  

The question arises of whether the anti-alignment is related to the presence, in itself puzzling, 

of a hydrophobic GS that adheres to the top of a membrane, which is hydrophilic. Peeling off the 

nanosheet revealed that the phospholipids of the layer directly under the sheet capsized and 

interacted with the sheet with the hydrophobic tail (Figure 6). The anti-alignment was therefore 

truly related to the hydrophobic-hydrophobic interaction that allowed the sheet to adhere to the 

membrane.  Importantly, the overturned phospholipids could impair cell functioning and disrupt 
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the functioning of the membrane proteins. They may explain the cytotoxic activity of adhering 

GSs, the so-called masking effect.18,19,28 Experimentally availability of the basal planes of 

graphene determines whether it is cytotoxic.27 Notice that size-dependent GS toxicity and 

changes in the toxicity mechanisms are well-known experimentally17-20,28,29 and 

computationally.20,33,35  

 

Figure 6. Left, a sheet adhering to the phospholipid membrane; right, peeling off the sheet shows 

that the hydrophobic tails directly interact with hydrophobic graphene. 

 The adsorption of the graphene flake triggered the translocation from one layer to the other of 

multiple phospholipids (Table 4). Liu et al. demonstrated that the migration of lipids in living 

cells could be facile under physiological conditions, also in the absence of a protein-mediated 

process, on the second timescale. In the presence of GS, the majority of translocation events 

occurred as soon as the graphene sheet settled on the top of the layer, figure 7, in less than a 

microsecond. During the rest of the dynamics the number of flip-flops remained constant, within 

statistical fluctuations. 
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Table 4. Average number, over five dynamics, of flip-flops during 11 microseconds of dynamics 

for different sheets sizes. An unperturbed membrane is characterized by an average number of 

translocation events equal to 3. 

Nanosheet size (nm) Number of translocation events 

0.9 3 

2.7 4 

5.2 8 

8.1 17 

11.2 41 

13.3 46 

 

 

Figure 7. Phospholipid translocation for the largest GS: solid red line, the phospholipid drifts 

from the unperturbed leaflet to the graphene interface; dashed dotted blue line, the phospholipid 

wanders from the perturbed leaflet to the opposite layer. 

The spontaneous translocation of a phospholipid in the membrane usually involves 3 steps 

(Figure 8a). In the first the phospholipid desorbs from a layer, in the second it re-orients itself, in 

the third it accommodates in the opposite layer.  
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Figure 8. Spontaneous translocation of a phospholipid in the membrane. For sake of clarity, only 

the flip-flopping phospholipid and the graphene flake are shown. The two layers of the 

membrane are represented as continuous fields. a) Spontaneous translocation of a phospholipid 

in a membrane; b) translocation with re-orientation in the presence of a GS; c) translocation 

without re-orientation in the presence of a GS. 

 

The largest GS is taken as a representative case. Only in the 34.8% of the cases (80 out of 

46*5=230), the phospholipid reoriented in the starting layer and subsequently diffused to the 

opposite layer (Figure 8b). This mechanism was mostly observed when the translocating 

phospholipid was located at the interface with graphene. In 65.2% of the cases (150 out of 230), 

a new mechanism was observed. The phospholipid did not somersault and reached the opposite 

layer without reorienting. In more detail, the translocations observed during the dynamics 
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belonged to three types. The first type was the detachment of a phospholipid from the layer 

further away from the graphene sheet. The phospholipid subsequently accommodated itself in 

the other layer at the interface with the GS. The path started from the unperturbed region and 

reached the perturbed area. The second type followed the opposite path. There was a detachment 

of a phospholipid from the layer perturbed by the graphene sheet with its subsequent 

accommodation in the opposite layer. The third type of translocation was the reversible 

accommodation of a phospholipid at the graphene interface. The phospholipid desorbed from the 

unperturbed layer, travelled to the opposite one and then drifted back to the initial membrane. 

The percentage of events of the first type was 74.3 % (171 out of 230); of the second type was 

11.3% (26 out of 230); of the third type was 14.3% (33 out of 230). The global motion of the 

phospholipids, induced by the GS, generated an asymmetric density distribution (Figure 4c). The 

layer closer to the graphene sheet was enriched by the translocations, while the layer further 

away was impoverished. Biologically, translocation of phospholipids to the external side of the 

membrane triggers a number of membrane associated events, including recognition and 

elimination of apoptotic or aged cells.59 Apoptosis in macrophages can be triggered by pristine 

graphene.60 The translocation mechanism discussed here can also modify the polarization of the 

cellular membrane and induce cytotoxicity. 
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CONCLUSION 

Some of the properties of carbon nanoparticles and graphene in particular bear on biomolecular61-

70 and cellular interactions.11-31 We have shown how different graphene sheets navigate different 

regions of the phospholipid bilayer and its surroundings and we have quantitatively investigated 

the re-organization of the bilayer induced by the presence of larger sheets. Small sheets entered 

the membrane without affecting the order of the phospholipids. Larger sheets adsorbed on its top 

strongly affecting the order and to a lesser, but noteworthy extent, the density and the 

distribution of the phospholipids. The most common type of events induced by a GS was the 

translocation of phospholipids that occurred from the unperturbed layer to the perturbed one 

without inversion of polarity. The insertion of new phospholipids formed a patch of upturned 

molecules with their hydrophobic tail interacting directly with the hydrophobic graphene sheet. 

These events could induce cytotoxicity by modifying the membrane polarization and trigger 

apoptosis by externalization of phospholipids. 
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