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ecently discovered graphene mono-

layers with superb material proper-

ties could yield unprecedented ap-
plications,' such as graphene-based
electronic nanodevices.2* The atomically
thin graphene monolayers have very high
strength and rigidity, due to covalent bind-
ing of carbon atoms via planar sp?-orbitals.”
Their semi-metallic electrical conductivity is
provided by massless Dirac electrons in hy-
bridized unsaturated , molecular orbitals.®
Electronic properties of graphene can be
tuned by doping”® and chemical
functionalization.>'® It would be particu-
larly attractive to stabilize graphene-based
electronic materials directly inside biologi-
cal cells.”

Although graphene is not soluble in po-
lar solvents, it forms stable dispersions in or-
ganic solvents upon chemical functionaliza-
tion.'? Carbon nanotubes (CNT)'*'* and
fullerenes'® form stable assemblies with
lipid bilayers in cellular membranes, com-
posed of layered 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine phospholipids
(POPCQ). Planar graphene monolayers could
provide better hybridization with the two-
dimensional cellular membranes. Poten-
tially, these graphene layers, electrically iso-
lated by the POPC layers from physiological
solutions inside the cells, could be electroni-
cally activated and connected with other
biological structures.

In this work, we use molecular dynam-
ics (MD) simulations to test if these super-
structures could be formed. Since the self-
assembly of such composite systems can
take hundreds of nanoseconds,'®"” we re-
sort to coarse-grained molecular dynamics
(CGMD) simulations.'® 2% We use the Martini
2.0 force field,?" implemented in the NAMD
package.?? ?* Coarse graining of the POPC
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ABSTRACT We demonstrate by molecular dynamics simulations that graphene sheets could be hosted in the

hydrophobic interior of biological membranes formed by amphiphilic phospholipid molecules. Our simulation

shows that these hybrid graphene —membrane superstructures might be prepared by forming hydrated micelles

of individual graphene flakes covered by phospholipids, which can be then fused with the membrane. Since the

phospholipid layers of the membrane electrically isolate the embedded graphene from the external solution, the

composite system might be used in the development of biosensors and bioelectronic materials.
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molecules is performed through a four-to-
one atom-mapping procedure,'® where ev-
ery four non-hydrogen atoms in the lipids
are modeled as a single bead. The amine
and phosphate head groups of POPC are
represented by the Qo- and Qa-type beads,
respectively.?! The coarse-grained (CG) hy-
drophobic tails are represented by the C1-
type beads.?' Similarly, every four water
molecules are united into a single P4-type
bead. The honeycomb structure of
graphene is reduced to a triangular lattice
of CG beads, where every three carbons in
the all-atom graphene are modeled as a
SC4-type bead and the nonbonded interac-
tions between the beads are defined in the
Martini 2.0 force field (see Simulation De-
tails).!

Parametrization of the nonbonded inter-
actions is important for a proper descrip-
tion of this hybrid system, characterized by
the interplay between the lipid—lipid and
lipid—graphene interactions. Recent experi-
ments have demonstrated that noncova-
lent adsorption of amphiphiles on CNTs pre-
serves the electronic structure of the tubes
and provides their superior solubility.'325-%7
CGMD modeling of the self-assembly of de-
tergents and lipids on CNTs'>?° can be well
matched to these experiments.'>?” We use
the same approach, but the aromatic
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Figure 1. Equilibrated superstructure of graphene sheet hosted inside the phospholipid bilayer membrane formed by POPC
lipids. Polar heads of the POPC lipids are shown with green beads, hydrophobic hydrocarbon chains and the graphene sheet
are shown with thick blue and brown lines, respectively (water beads hidden).

carbons of graphene are approximated slightly differ-
ently. The area per CG carbon particle equals ~13.49
and ~11.42 A in our and the latter models, respectively.
Instead of a simple “hydrophobic apolar” bead C, we
use a SC4-type bead, which describes benzene mol-
ecules in the Marrink’s force field.?' In this way, the
graphene—lipid tail interaction per bead is 14% smaller
than the lipid—lipid tail interaction, but the average
area per CG carbon in our graphene model is 18% larger
than in the CG CNT." The robustness of this approach
has been verified earlier by varying CNT—lipid interac-
tion while keeping the lipid—lipid interaction the
same.'”

RESULTS AND DISCUSSION

Once we establish the model parameters, we simu-
late equilibration of the CG graphene monolayer in-
side the CG bilayer membrane. In Figure 1, we show
the rectangular graphene sheet (size of =5.9 X 6.2
nm?) with 271 SC4-type beads equilibrated inside the
bilayer membrane, formed by 637 POPC lipids. The
composite system is modeled as an NPT ensemble,
with periodic boundary conditions applied, the pres-
sure of P = 1 atm and temperature of T = 310 K. We
use the Langevin Piston method,?® where the Langevin
damping coefficient is 1 ps~' and the simulation time
step is t = 8 fs. The membrane is kept under zero lat-
eral tension, which reproduces well the experimentally
observed density of POPC lipids of 1 lipid per 0.65
nmZ2.2° The graphene monolayer is initially placed be-
tween the two membrane layers, and the system is
equilibrated for T > 100 ns. The simulations show that
the thickness of the lipid bilayer is almost not affected
by the incorporation of the graphene monolayer. Over
the time, the graphene monolayer slowly diffuses in the
membrane interior, but the composite system stays
stable.

Next, we investigate how the graphene monolayers
could be inserted inside the bilayer membranes and po-
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tentially stabilized to form the composite systems. We
first prepare a micelle formed by the above graphene
monolayer covered from both sides by 91 POPC lipids.
The micelle is equilibrated and placed close to the
membrane, as shown in Figure 2a. As the micelle slowly
merges with the top lipid layer, some lipids become
trapped below the attached micelle (Figure 2b). At t =~
100—120 ns, the lipids that belonged to the micelle
start to form a neck-like protrusion to the bottom
part of the bilayer (Figure 2c). This initiates fusion
of the graphene into the membrane at t = 300—360
ns when the graphene monolayer starts to enter
the interior of the lipid bilayer in an energetically fa-
vorable tilted fashion, as shown in Figure 2d,e. This
process progresses until the graphene is stabilized in
the center of the bilayer membrane at t = 516 ns
(Figure 2f). We expect that the graphene self-
insertion should be faster at higher temperatures,
but the process might take longer for larger sheets
(experimentally available).

Once the composite system becomes locally stabi-
lized, at Figure 2f, an unequal number of lipids would
stay on both sides of the membrane. This is because the
once-trapped lipids remain predominantly at the top
layer of the membrane. In natural systems, phospholip-
ids diffuse relatively fast on each side of the mem-
brane. They are also randomly transferred with the
rate of 107 s from one side of the membrane to the
other side by flippase and floppase proteins.3%*' In our
small simulation cell, we model the transversal equili-
bration of the POPC lipids by pulling every 2 ns a ran-
domly chosen lipid from one side of the membrane to
the other.

It is important to estimate the stability of the com-
posite systems formed. Here, we calculate the work in-
vested into removing the equilibrated graphene mono-
layer from the membrane. We pull the monolayer (=5.9
X 6.2 nm?) out of the membrane (=13.5 X 13.5 nm?)
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Figure 2. Self-insertion of graphene monolayer inside the phospholipid membrane. In the displayed process, a graphene
micelle merges with the membrane and releases the monolayer, which penetrates the membrane. The snapshots are taken
att,_¢ = 2.9, 52.4, 120.0, 299.2, 356.4, and 516.4 ns, respectively.

composed of 546 POPC lipids. During the simulations,
we spatially fix 26 polar heads of POPC lipids on the
edges of the bottom phospholipid layer, in order to
keep the membrane in place. In Figure 3, we plot the
equilibrium vertical displacement of the graphene edge
to which a static vertical force F is applied. The depen-
dence is monotonous, but at F = 0.17 nN, we can see a
small nonlinearity in the displacement caused by rup-
turing of the top layer in the membrane (thin vertical
line in Figure 3). At larger forces, the dependence of h
on F is practically linear.

By integrating the force and the differential displace-
ment, we can calculate the approximate binding en-
ergy of the graphene to the membrane

Himax

AE(hyg) = [ Fh)dh (1)
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Figure 3. Dependence of the equilibrium elevation of the
graphene sheet (~5.9 X 6.2 nm?) above the membrane (546 lip-
ids) upon application of a static vertical force F. (Inset) Snapshot
of the equilibrated structure for total force F = 0.22 nN.
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Figure 4. (Top to bottom) Equilibrated composite structures with three
and eight graphene monolayers (~5.9 X 6.2 nm?), as well as a verti-
cally oriented graphene sheet (~4.3 x 5.9 nm?), with two-edge func-
tionalizations by the polar heads of POPC lipids, all stabilized inside
the POPC bilayer membrane.

Here, hna is the final displacement of the graphene,
which depends on the total force F applied to it. From
eq 1, we obtain the graphene binding (extraction) en-
ergy of AE ~ 41.7 kcal/mol (66.9 kT) if we slowly in-
crease the total force from F = 0 to the chosen maxi-
mum value of Fr.,x = 0.35 nN. In the linear regime, we
can obtain the graphene binding energies of AE ~
1.13 kcal/mol per nm? These values confirm that
graphene monolayers can be stabilized in the hydro-
phobic interior of the bilayer membrane at room
temperature.

Finally, we briefly investigate if other composite
systems can be formed. First, we study superstruc-
tures with several stacked graphene monolayers in-
corporated inside the bilayer membrane, as dis-
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played in Figure 4. The equilibrium thickness of the
lipid bilayer of w,, = 4.3 nm changes on average by
Aw,, = 0.9 and 2.6 nm in the case of three- and
eight-stacked graphene monolayers hosted in the
membrane, respectively. We also test if graphene
stripes can be hosted vertically in the membrane.
This could, for example, serve the purpose of con-
trolling molecular traffic in the membrane. We pick
a graphene stripe (=~4.3 X 5.9 nm?) of a width simi-
lar to the membrane thickness (w,, = 4.3 nm). Two of
its opposite sides are functionalized by polar ligands
of the same type as used in the POPC lipids. The
equilibrated composite superstructure is shown in
the bottom of Figure 4. Although we have not tested
the self-insertion of all these structures, we believe
that they can be spontaneously stabilized as in Fig-
ure 2f, due to minimization of their Gibbs energies.

Our computational study of lipid bilayer is limited
to a small number of components. These results would
be mostly valid on pure phospholipid membranes pre-
pared in vitro. The graphene encapsulation into multi-
component cellular membranes in vivo, with its com-
plex nature and uncertainty in structure of lipid
bilayer,3>3* would need further investigation. The inser-
tion might be hindered by membrane trafficking pro-
cesses, changes in the lipid composition, the presence
of cholesterol molecules, and various membrane
proteins.34~38

CONCLUSIONS

In summary, we have introduced composite sys-
tems formed by graphene monolayers sandwiched
inside phospholipid membranes. These unique su-
perstructures could serve as a platform for
graphene-based nanomaterials integrated inside
biological membranes. Several examples demon-
strating bioconjugation with graphene have been
recently reported. The combination of graphene
with biocomponents at the micrometer scale has al-
lowed the preparation of a single bacteria graphene
sensor and a DNA transistor.?® Biosensing of glu-
cose on graphene and specific CNT binding to
a-chymotrypsin, regulating its enzymatic activity,
have also been demonstrated.*®*! Analogously, elec-
tronic circuits might potentially be made when
graphene is integrated into biological membranes
since the phospholipid molecules could isolate the
embedded graphene layers from the electrically con-
ducting physiological solutions present inside bio-
logical systems. Similarly to CNT—lipid
assemblies,'®%20 such composite systems could be
used for the development of biosensors and bioelec-
tronic nanomaterials. With the wider availability of
graphene, the verification of our findings should be
straightforward, and the discussed exciting possibili-
ties might be experimentally realized in the near fu-
ture.*?
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SIMULATION DETAILS

The graphene is modeled with a triangular lattice of the SC4-
type beads, where the angular force constants and equilibrium
angles are given by Kangle = 700 kcal mol™" rad 2 and 6, = 60°, re-
spectively. The dihedral angle force constants, multiplicity, and
potential minima are defined as K, = 3.1 kcal mol~', n = 2, and
8 = 180°, respectively. Our CGMD simulation time flows about
four times faster than the all-atom MD simulation time.'®

Proper modeling of the graphene elasticity is important for
the consistency of the CGMD simulations, even though
graphene sheets inside the lipid bilayers are not likely to be sub-
jected to large stretching deformations. We calibrate the Young's
modulus in our CGMD model to the experimentally found elas-
ticity of graphene. Experiments on bulk graphite give ~1 TPa for
the in-plane Young's modulus,*® while the Young's modulus in
graphene varies between 0.5 and 1.0 TPa.*#>

To compare Young's modulus with the macroscopic values,
we keep one edge of the graphene sheet (~5.9 X 6.2 nm?) fixed
and apply a constant force to the opposite edge. The normal
stress is found as

o= _nF )
Wgtg

where n is the number of CG beads with applied tensile force F,
Wy is the width and tg is the thickness of the graphene (separa-
tion of graphene layers in graphite), respectively. In classical me-
chanics the Young's modulus is defined as

E 3)

=9
Al/l

where I and Al are the equilibrium length of the graphene sheet
and its change with the applied force, respectively. Our initial all-
atom model of graphene yields its Young’s modulus of £ ~ 0.9
TPa, where the used bond and angular constants are 322.5 kcal
mol~" A=2 and 53.35 kcal mol~" rad~?, respectively. We have re-
alized that, in order to have a similar Young’s modulus in the
CGMD model, we need to adjust these constants to 700 kcal
mol~" A =2 and 700 kcal mol~" rad~?, respectively. When we
stretch this system in simulations and use eqgs 2 and 3, we ob-
tain Ecovp = 928 GPa for the graphene sheet with n = 9, wy =
5.9 nm, t; = 0.34 nm, F = 69.47 pN, and Al// = 0.00034. How-
ever, the stiffness of the model graphene is less important for the
behavior of the described composite planar systems, as con-
firmed in our modeling.
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