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

interactions, shows that graphene oxide sheets, GOS, can pierce through the phospholipid 

membrane and navigate the double layer only if the hydrophilic groups are randomly dispersed 

in the structure. Their behavior resembles that found in similar calculations for pristine graphene 

sheets. If the oxidation is located at the edge of the sheets, GOS hover over the membrane and 

trigger a major re-organization of the lipids. The re-organization is largest when the radius of the 

edge-functionalized sheet is similar to the length of the lipophilic chain of the lipid.  In the 

reorganization, the heads of the lipid chains form dynamical structures that pictorially resembles 

the swirl of water flowing down a drain. All effects maximize the interaction between 

hydrophobic moieties on the one hand and lipophilic fragments on the other and are 
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accompanied by a large number of lipid flip-flops. Possible biological consequences are 

discussed. 

 

INTRODUCTION 

Possible short- and long-term adverse health impact of any new material ought to be 

understood before practical exploitation. This is even more the case when envisaged applications 

include biomedical and sensing devices, drug delivery, and tissue engineering, as is the case for 

graphene and related materials.
1-5

 In particular, graphene oxide, GO, is a promising platform for 

a number of applications because of its ease of processability and low cost. For pristine graphene 

sheets, the reported cytotoxicity was hypothesized to originate from direct interactions between 

graphene and cell membranes that cause serious physical damages to the membranes. 

Simulations provided additional information on the interaction between graphene sheets and 

lipid membranes.
6-12

  

In living cells, GO exhibited dose-and size-dependent toxicity.
13 

GO exhibited bactericidal 

properties on several pathogens even at low doses and was suggested as a bactericide for 

controlling plant diseases.
14-15

 Pseudomonas Putida in contact with GO lost membrane 

integrity.
16 

GO sheets were also highly effective in inhibiting the growth of dental pathogens by 

destroying the integrity of their membrane.
17 

Synthesized GO showed dose-dependent toxicity to 

a yeast, Pichia Pastoris, through cell membrane damage.
18 

In algae, toxic effects of GO were 

observed at concentrations from 10 µg ml
-1.

 Such toxicity was ascribed also to membrane 

damage.
19 

Larger GO sheets entrapped single-celled Chlorella Vulgaris and reduced cell 

permeability.
20 

Rat basophilic leukemia cells showed profound plasma membrane ruffling and 

shedding induced by GO.
21 

SEM images of bacteria after the exposure to laser irradiated 
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graphene oxide showed membrane damage.
22 

Polyamide membranes were imparted strong 

antimicrobial properties by GO functionalization.
23 

In general, it was found that direct contact of 

microorganisms and living cells with carbon nanostructures seriously affects their cellular 

membrane integrity, metabolic processes and morphology.
24 

Even in the reduced form, graphene 

oxide induced cell wall damage and membrane integrity loss.
25 

On the contrary, carboxyl 

functionalized graphene was internalized by cells without causing any toxicity.
26 

The presence of 

wrinkles in GO films increased substantially membrane damage in bacteria.
27 

The effect of GO 

on the morphology, viability, mortality and membrane integrity of A549 cells was considered. 

The results suggested that GO does not enter the cells and has no obvious cytotoxicity. However, 

GO can induce loss of cell viability at high concentration.
28 

GO can also cause a dose-dependent 

oxidative stress in living cells and induce loss of cell viability at high concentration.
3 

Less 

oxidized graphenes were the less cytotoxic while larger and more oxidized graphenes were more 

cytotoxic.
29 

GO can affect red blood cells morphology and membrane integrity in a 

concentration-dependent way.
30 

The size of the GO sheet is important. The antimicrobial activity 

of GO surface coatings increased 4-fold when GO sheet area decreased from 0.65 to 0.01 micron 

squared. The higher antimicrobial effect of smaller GO sheets is attributed to the higher defect 

density of smaller sheets.
31 

An atomic force microscopy study of GO and Escherichia coli 

showed that the interactions of GO and living cells are weak or predominantly repulsive, with 

only sporadic adhesion forces.
32  

In order to simplify the system, the propensity of GO to attach 

to and disrupt model cell membranes was studied using supported vesicular layers of zwitterionic 

1,2-dioleoyl-sn-glycero-3-phosphocholine. The lipid vesicles were disrupted upon attachment of 

GO. When the exposure to GO was terminated, the pores of the lipid bilayers were sealed 

indicating a self-healing ability.
33 
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Molecular dynamics simulations showed that the graphene sheets can be inserted in biological 

membranes.
8 

Local piercing by sharp protrusions initiates membrane penetration.
6 

For larger 

nanosheets, coarse-grained simulations showed that the translocation entails a vesiculation 

process.
9 

Another study demonstrated that edge oxidized graphene nanosheets can pierce the 

bilayer to reach the center of the bilayer or stand upwards across the bilayer, depending on the 

degree of oxidation.
10 

Graphenes covered by a low density of lipid molecules can still pierce into 

the bilayer.
10 

Piercing is hindered if the whole body of graphene is fully encapsulated in a lipid 

micelle.
10 

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.
11 

A 

hemispheric vesicle superstructure was formed through the adhesion of graphene to the top 

surface of the membrane.
11 

Further molecular dynamics simulations showed that when graphene 

oxide is embedded in the membrane, several lipids are pulled out of the membrane to the surface 

of GO, resulting in pore formation and water molecules flowing into the membrane.
34

 

Crucially, the toxicity of GOS is not matched by other 2D materials. In a comparative study, 

nanoclay particles exhibited very low or no toxicity towards Paramecium Caudatum, whereas 

graphene oxide was toxic.
35

 

In this scenario, it appears that GO sheets induce or do not induce loss of membrane viability 

and the effects are strongly dependent on the size of the sheet. It is therefore of interest to 

identify the driving forces for the interactions between GO sheets and lipid membranes.
36-40

 In 

order to achieve a deeper understanding, we decided to use a protocol that we have developed 

before to investigate the interactions of graphene sheets with the phospholipid membrane.
41 

The 

protocol exploits repeated molecular dynamics simulations that allow reaching statistical 

significance.
41 

It showed before that graphene sheets, when sufficiently large, adsorb on the top 
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of the phospholipid membrane and make the chains somersault so that their hydrophobic 

fragment is in contact with the hydrophobic graphene sheet. 
41 

 

In this work, we focus on some unexplored effects of GO sheets of increasing size and 

different hydrophilic functionalization on the structure of the phospholipid bilayer. Pristine 

graphene is insoluble, a feature that hinders technological application. Basal-plane-

functionalization, via chemical grafting or noncovalent adsorption, has been exploited for 

preparing solution-processable graphene sheets.
42 

Alternatively, edge-functionalization is of 

interest since the dangling bonds at the edge of a graphene sheet are more reactive than the 

carbon atoms of the basal plane. Edge-functionalization preserves basal plane integrity,
43 

makes 

edge-functionalized graphene (ef-GOS) dispersable and processable, and ultimately retains the 

physicochemical properties of the pristine graphene. 

 

COMPUTATIONAL DETAILS 

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

coworkers.
44,45 

The equations of motion are integrated using a modified velocity–Verlet 

algorithm.
44 

All calculations were carried out using the suite of programs Culgi 4.0.
46 

 

The parameters 

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

(labeled with the letter H), representing the polar head-group, 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 GOS is modeled as an aggregate of beads (labeled by the letter G), as originally 

proposed by Koelman and Hoogerbrugge.
47
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The interactions between any two particles in the solution are described by the parameters in 

Table 1. The parameters for the phospholipids were taken from the well-validated model of 

Shillcock and Lipowsky
48 

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. For 

the interaction between graphene and phospholipids we used a set of parameters developed to 

reproduce the experimental self-assembly of carbon nanomaterials with amphiphilic 

molecules.
41,49-52 

An additional validation of these parameters is showed in the SI.  

In the simulations, the bead density was set at = 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 98,304. Each of the calculations was run for 2,500,000 steps 

using a time step of 0.05.  

 

Table 1. Parameters for bead pair interactions. Conservative force parameter aij in units of 

kBT/rc. H = Head-group bead, hydrophilic bead on Graphene; T = Tail bead; W = Water bead; G 

= Graphenoid 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 Hook 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.

48 

The spring constant, k2, and unstretched length, l0, are chosen so as to fix the average bond 
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length to a desired value (see Table 2).
48

 Both parameters may be specified independently for 

each bead pair. Chain stiffness is modeled by a three-body potential acting between three 

adjacent beads 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.
 48

 The bending constant, k3, 

and preferred angle, Φ0, may be specified independently for different bead triplets.
 48

 

Table 2. Bond and angle parameters. 

Bond Pair  k2 l0 

H H 128 0.5 

H T 128 0.5 

T T  128 0.5 

Bead Triplets k3 Φ0 

T T T  20 180 

H T T  20 180 

 

Simulated System and Physical Length and Time Scales. For transformation of 

dimensionless time units into physical length and time scales, it is necessary to link simulations 

with experimental data. The center-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 the simulations this value corresponds to 6.955 rc, 

where rc is the unit length in the system. From the above equivalence we determine rc = 5.75 Å. 

Following Groot and Rabone
53 

the physical time scale may be obtained from a comparison of 

the calculated diffusion constant of water beads, Dcalc to the experimental value
54 

Dexp = 2.43 10
-

5
cm

2
/s  
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Nm is the number of water molecules forming a “water bead” and the estimated self-volume for 

a single water molecule is 30 Å
3
. Since a cubic volume of size rc

3
 (190.1 Å

3
) represents ρNm 

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

In the simulations, the diffusivity of a 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.
44 

The diffusion coefficient of each bead is obtained by 

calculating the mean square displacement according to
53

 

     

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

of 88.6 ps. The simulation length corresponds to a physical time of 11 µs. 

RESULTS AND DISCUSSION 

The simulations were carried out using Dissipative Particle Dynamics, DPD,
 
that has found a 

large variety of applications in the investigation of materials and interfaces.
55-64 

Figure 1 shows 

the models of the moieties used in the simulations. Edge functionalization was simulated by 

changing all the hydrophobic beads located at the border of the graphene flake into hydrophilic 

ones.
41 

Random functionalization was simulated by replacing randomly some of the hydrophobic 

beads of the graphene flake (both in the basal plane and at the edges) in hydrophilic beads.
41 

The 

   

t =
NmDcalcrc

2

Dexp
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hydrophilic beads are 30%, a value close to the oxygen content in GO. Edge functionalized GOS 

are labeled ef-GOS; randomly functionalized GOS are labeled rf-GOS.  

Simulations were repeated five times from different initial positions of the sheets in order to 

acquire sufficient statistics. 

 

Figure 1. Description of coarse-grained molecular dynamics models: a) Coarse graining of the 

graphene oxide sheets. (Top) Edge functionalized GOS, ef-GOS; (Bottom) randomly 

functionalized GOS, rf-GOS. Petroleum blue hydrophobic beads of GO, yellow hydrophilic 

beads of GO. From left to right, the sizes are 2.7 nm, 5.2 nm, 8.1 nm, 11.2 nm, 13.3 nm. The size 

of the flakes was obtained by converting the dimensionless physical length of the flakes with the 

conversion factor rc = 5.75 Å, determined as explained in the “Simulated System and Physical 

Length and Time Scales” section. b) Coarse graining of the membrane. On the right side 

representation of the lipids: red hydrophobic beads, white hydrophilic. 

 

Figure 2 provides snapshots of the systems at the end of one of the 11 microsecond 

simulations. The functionalization pattern of the GOS determines its final configuration with 
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respect to the bilayer. Only rf-GOS pierce through the membrane, while ef-GOS hover over and 

adhere to the membrane. 

 

Figure 2. Illustrative snapshots, at the end of the simulations, of GOS of increasing size with two 

different functionalization patterns. From left to right, sizes of 2.7 nm, 5.2 nm, 8.1 nm, 11.2 nm, 

13.3 nm. White: hydrophilic heads of the phospholipids; red: hydrophobic phospholipid tails; 
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petroleum blue: hydrophobic graphene beads, yellow: hydrophilic graphene beads. For clarity, 

water is not shown. Top and bottom pairs of rows are different perspectives of the sheets. 

 

In previous simulations,
41 

pristine graphene sheets, smaller than 5.2 nm, were found to 

navigate inside the membrane. Increasing their size up to 11.2 nm, the sheets crossed the bilayer 

only when a suitable geometric orientation was met, and two entirely different stable structures 

were found in the free energy surface. In the first one, the sheet pierced through, in the second 

one it adsorbs onto the membrane. If larger than 11.2 nm, the sheets were unable to cross the 

membrane. These results confirmed experimental and computational data of size-dependency on 

graphene sheets cellular internalization process.
11,65-67 

The behavior of rf-GOS is somewhat similar to that of GS, but they can pierce through the 

membrane regardless of their size, while ef-GOS consistently behave as larger GS and never 

enter the bilayer. 

In figure 3, the x-axis shows the angle formed by the sheet with the phospholipid bilayer. A 

value of the angle close to 0˚ means that the sheet is parallel to the membrane; a value close to 

90˚ means that it is perpendicular to it. The y-axis is the distance of the center of mass of the 

sheet from the ideal surface that separates the two layers of phospholipids. 

The different behavior of the two types of functionalization is apparent. In the case of the ef-

GOs, the minimum of the free energy is consistently found with the sheets lying on the lipid 

surface. As the size of the sheet increases, the minimum becomes tighter and tighter and exists 

only for truly flat-lying sheets that are sprawled out like a bear skin rug. For smaller ef-sheets, 

the free energy minimum is wider, which implies greater mobility of the sheet. In the case of the 
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rf-GOs, alongside the “bear skin rug” minimum, there is a secondary but still populated 

minimum where the rf-GOs penetrates the membrane.  
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Figure 3. Normalized free energy as a function of the penetration and orientation of the sheet. 

Sizes: (a) and (a’) 2.7, (b) and (b)’ 5.2, (c) and (c)’ 8.1, (d) and (d’) 11.2, (e) and (e’) 13.3 nm. 

Left (a) to (e): ef-GOS; right (a’) to (e’): rf-GOS 

 

The adsorption of pristine graphene flakes triggered translocations from one layer to the other 

of multiple phospholipids. The majority of translocation events occurred as soon as the graphene 

sheet settled on the top of the layer in less than a microsecond. The re-organization was truly 

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

membrane. Table 3 shows the number of flip-flops as a function of the size of the GOS and its 

functionalization. The reference number in the absence of any carbon sheet for simulations of the 

same length is 3.   

 

Table 3. 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 3 

translocation events. 

Nanosheet 

size (nm) 

Number of translocation 

events for graphene 

sheets 

Number of translocation 

events for border 

functionalized graphene 

oxide sheets 

Number of translocation 

events for randomly 

functionalized graphene 

oxide sheets 

2.7 4 8 9 

5.2 8 65 40 

8.1 17 30 21 

11.2 41 36 25 

13.3 46 39 41 
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It is apparent that introduction of hydrophilic fragments increases the number of lipid 

translocations with respect to pristine graphene. The distribution of the displacement has a local 

maximum for small sheets of 5.2 nm. In particular, ef-GOS are extremely efficient at promoting 

migration of lipids from one layer to the other. 

The issue arises of the origin of the increased number of flip-flops and their possible 

consequences. Figure 4 shows the effect of the increased number of flip-flops for small size ef-

GOS.  

 

Figure 4. a) Top view and b) side view of a ef-GOS of 5.2 nm adhering to the phospholipid 

membrane. c) Peeling off the sheet shows that the hydrophobic tails directly interact with 

hydrophobic basal plane of ef-GOS and the hydrophilic functionalization attracts the lipid heads. 

d) Formation of a phospholipid swirl in the membrane induced by ef-GOS adhesion. For sake of 

clarity, on the right, only the lipids heads of the phospholipids are shown.  
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A dynamical swirl of lipid heads forms beneath the GOS. The hydrophilic beads can form a 

stabilizing interaction with the phospholipid heads. The heads re-organize their position to 

maximize the interaction. Edge functionalization introduces order in the interaction for two 

reasons (Figure 4b): on the one hand the hydrophilic beads of ef-GOS attract the lipid heads, on 

the other hand, the hydrophobic chain can adsorb on the lipophylic surface of the ef-GOS. When 

the diameter of the ef-GOS is twice the length of the lipid, a third cause of order is introduced 

since the lipids can arrange radially from the center of the sheet to form a bike wheel-like 

structure (Figure 4d). This structure cannot be sustained throughout the membrane. Indeed, the 

bottom layer of the membrane has to retain as much as possible its lipophilic and hydrophilic 

interactions. In order to do this, the lipids re-organize and the wheel-like structure tapers off. The 

net effect is that the heads form a swirl inside the membrane.  

As in the case of pristine graphene,
41 

the presence of the sheet may affect the overall density 

distribution of the hydrophobic and hydrophilic moieties of the phospholipids. Figure 5 

compares the densities for the perturbed bilayer when the GOS pierced through or adhered to the 

membrane. Random functionalization introduces an asymmetry in the distribution of water, and 

both heads and tails of the lipids. 

A small GOS penetrating the membrane does not affect the overall density distribution of the 

hydrophobic and hydrophilic moieties of the phospholipids, which resembles the distribution of 

an unperturbated membrane. When a large flake penetrates the membrane, some phospholipids 

stick to the GOS and follow its movements. The head beads are no longer excluded from the 

bilayer interior and the two monolayers are no longer properly organized.  
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When GOS adsorbs on the membrane, an asymmetry appears in the membrane bilayer because 

the hydrophobic tails tend to move toward the interface with the GOS as described in the 

previous paragraph. This effect is size dependent. 

 

Figure 5. Density profiles of the phospholipid bilayers. Hydrophilic head beads, H; hydrophobic 

tail beads, T; bulk water, W. a) rf-GOS of 5.2 nm piercing the membrane; b) ef-GOS of 5.2 nm 

adhering to the membrane; c) rf-GOS of 13.3 nm piercing the membrane; d) ef-GOS of 13.3 nm 

adhering to the membrane. The profiles were averaged over 1000 steps. 

 

Biologically, phospholipids re-organization in the cellular membrane can trigger a number of 

events, including recognition and elimination of apoptotic or aged cells.
68 

GOS piercing through 

the membrane may impair cell functioning through disruption of the membrane proteins location 

and 3D spatial arrangement, while GOS adhesion can modify the polarization of the cellular 

membrane and eventually induce cytotoxicity.  
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CONCLUSION 

Graphene and graphene oxides sheets can affect strongly cellular viability. The antibacterial 

properties of GOS have been proved experimentally a number of times. The present simulations 

show that structurally different sheets of graphene oxides interact with the cellular membrane in 

a qualitatively different way with respect to sheets of pristine graphene.  GS navigate the 

membrane when small and adhere to it when large, thereby flipping the lipids underneath them. 

Randomly functionalized GOS still penetrate the membrane when their size is substantially 

greater than that of GS that only adhere to it. The random functionalization therefore improves 

flakes penetration. Edge functionalized GOS always lie on top of the lipid bilayer, confirming 

the importance of the edges in controlling the sheet penetration. Ef-GOS increase the masking 

effect of the graphene flakes; in particular, small ef-GOS profoundly re-organize the 

phospholipid bilayer. Commensurability of a hydrophilic perimeter with the lipid chain length 

drives the re-organization. In other words, the formation of a swirl-like structure made by heads 

of lipids is triggered by the presence of an oxidation pattern where lipids can arrange with their 

polar heads on a hydrophilic moiety of the edge of the GOS, while their tails touch each other. 

These hydrophilic patterns can exist also as a local decoration of larger sheets. 

The effect that arises with the commensurability of a hydrophilic perimeter in GOS with the 

lipid chain length can also be exploited for fabricating new lipid structures and promote new 

patterns of lipid self-assembly. 

 

SUPPORTING INFORMATION 

The Supporting Information is available free of charge on the ACS Publications website. 

Validation of the interaction parameters used in the simulations. 
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