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ABSTRACT: Graphene nanosheets are highly valued in the biomedical field
due to their potential applications in drug delivery, biological imaging, and .- embrane l

biosensors. Their biological effects on mammalian cells may be influenced by  without cholesterols |
cholesterols, which are crucial components in cell membranes that take part in

many vital processes. Therefore, it is particularly important to investigate the

effect of cholesterols on the transport mechanism of graphene nanosheets in the

cell membrane as well as the final stable configuration of graphene, which may

have an impact on cytotoxicity. In this paper, the molecular details of a graphene

nanosheet interacting with a 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine  pppc memprane
(DPPC) membrane with cholesterols were studied using molecular dynamics with 20% cholesterols &
simulations. Results showed that the structure of the graphene nanosheet transits
from the cut-in state in a pure DPPC membrane to being sandwiched between
two DPPC leaflets when cholesterols reach a certain concentration. The
underlying mechanism showed that cholesterols are preferentially adsorbed on the graphene nanosheet, which causes a larger
disturbance to the nearby DPPC tails and thus guides the graphene nanosheet into the core of lipid bilayers to form a sandwiched
structure. Our results are helpful for understanding the fundamental interaction mechanism between the graphene nanosheet and
cell membrane and to explore the potential applications of the graphene nanosheet in biomedical sciences.
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Bl INTRODUCTION passive uptake of amphiphilic nanoparticles into fluid lipid
membranes can be significantly hindered by cholesterols.'®
Lorents et al. found that cholesterol-poor subdomains are
favorable for the translocation of the arginine-rich cell-

The rapid development of nanomaterials in biological
applications, such as therapeutics and diagnostics, requires a
systematic understanding of bionano interactions urgently.'

Bionano interactions are fundamental factors for cellular penetrating peptides across the cell membrane.'””’ Moreover,
biological functions or potential cytotoxicity, which first cholesterol inhibition has molecular selectivity. Cholesterols
occur at the cell plasma membrane. Studies have shown that restrains the uptake of THP but does not influence the uptake
the interaction between nanomaterials and the cell membrane of EPT.*' In tumor therapy, cholesterols contribute to the
is a complex process that can be influenced by many factors, tumor adaptive response upon targeted mitogen-activated
such as the geometric shape and surface chemistry of protein kinase pathway inhibitors.”” Thus, the specific
nanomaterials,” the composition of cell membranes,” and the influence of cholesterols on the function of the cell membrane
environment.® In general, attention is paid to the interaction is complicated and should be analyzed case by case.
mode, the steady configuration, and their effects on cell Graphene nanosheets have become promising candidates in
functions. biotechnology and biomedicine fields, such as drug deliv-
Cholesterols, which are multifunctional lipids unique to the ery,23’24 bioimaging, and antimicrobial and photothermal
eukaryotic membrane, are distributed in various tissues with therapy of tumor or infection.””” At the same time, biosafety
amounts varying from approximately 20 to 50%’ The rigid of carbon nanomaterials is also an issue that cannot be

steroid ring structure of cholesterol restricts the motion of
other membrane lipid tails, which thereby modulates
biophysical properties of mammalian plasma membranes,”
such as membrane thickness,” fluidity,'”"" and flexibility.'>"*
Despite the role of cholesterols in biosystems having been )
reported by a large amount of literature studies,"*'* much Revised:  January 19, 2024
remains unknown about the exact roles of cholesterols and Accepted:  January 29, 2024
their molecular interactions on the membrane function.'®"” Published: February 19, 2024
Based on their effect on the membrane permeability and

molecular transport ability, Canepa et al. reported that the

ignored.”” Potential toxicity may come from the disturbance to
the cell membrane and their hybrid structure, as well as other
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Figure 1. Molecular models of (a) cholesterol (CHOL), (b) pristine graphene nanosheet, and (c) DPPC. (d) The computational system is
composed of a pristine graphene nanosheet and a membrane with DPPC lipids and cholesterols in a water environment. Water molecules are
omitted for clarity. The graphene nanosheet was initially placed vertically above the membrane at a distance of 2 nm.

compositions that closely related to cellular functions.*®
Understanding the intricate interactions of graphene nano-
sheets on cell membranes is fundamental to determining their
potential biomedical use as well as biocompatibility and
cytotoxicity.

The hydrophobic properties and regular two-dimensional
structure of graphene, combined with the rigid steroid ring
structure of cholesterols, result in strong adsorption
interactions between them.”®*” Through the expressed
physical interactions, graphene has been used to reduce the
aggregation of cholesterols in the lysosome.”” The activation of
P,Y receptors has been promoted by an increase in cholesterols
in fibroblasts grown on graphene. Based on these studies, the
biological functions of the graphene nanosheets in the
eukaryotic cell may be affected by cholesterols. For example,
Kitko et al.’' found that graphene increases cell membrane
cholesterols and potentiates neurotransmission. Bernabo et al.
found that graphene oxide is able to extract cholesterols from
the spermatozoa membrane, which positively affects male
gamete function.”® These findings identify cholesterols as a
mediator of graphene’s cellular effects, but their exact role in
driving graphene—membrane interactions remains controver-
sial.

In this study, an atomistic molecular dynamics simulation
was used to investigate the detailed dynamic process of
graphene nanosheets into DPPC membranes with cholesterols
and discuss the underlying molecular mechanism. It is found
that the entry mode of the graphene nanosheet into the cell
membrane will be impacted by cholesterols. Graphene
nanosheets prefer to adopt parallel adsorption and then
vertical insertion into pure DPPC bilayers or with low
cholesterols. Contrarily, graphene nanosheets tend to obliquely
insert into and, at last, be sandwiched between DPPC bilayers
if the cholesterols reach a certain concentration. The intrinsic
mechanism is discussed in detail bellow. These results indicate
that in studying the biological function and potential toxicity of
graphene nanosheets, the changes caused by cholesterol
contents in different tissues should be considered.

B METHODOLOGY

Molecular dynamics simulation was used to verify the specific
interactions of graphene nanosheets and the cell membrane in
the presence of cholesterols. The cell membrane was
assembled by 256 1,2-dipalmitoyl-sn-glycero-3-phosphorylcho-
lins (DPPC)** and cholesterols, which were randomly
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distributed in the DPPC bilayer with a mole percent from
0% to 30% with a GROMOS S$4A7 force field.”**" The
parameters of DPPC and cholesterols are from Berger’s
group.”> The C—C bond of the graphene nanosheet is
harmonic with an equilibrium length of 1.42 A and a spring
constant of 4.00 X 10° kJ-mol™' nm 2. The balanced angles in
graphene are set to 120° with a spring constant 600 kJ-mol™"
rad %, and the balanced dihedral of C—C—C—C is set to 180°
with a spring constant of 3.00 kJ-mol™" rad® The carbon
atoms in the graphene nanosheet are treated electrically
neutral, and their Lennard-Jones parameters are o, = 0.34 nm
and ¢, = 0.36 kJ/mol.*® The SPC model was used for water
molecules.”’

A simulation system with a size of 9.8 nm X 9.8 nm X 18 nm
is hydrated by 14,000 water molecules with periodic boundary
conditions, as shown in Figure 1. After 100 ns run, a graphene
nanosheet was introduced to the aqueous phase vertically at a
distance of 2 nm of the equilibrated membrane. Pristine
graphene samples with the size of 3 nm X 3 nm, 4 nm X 4 nm,
and 5 nm X S nm were used to test their interactions with the
DPPC membrane.

All the simulations were taken at the NPT ensemble with a
constant pressure of 1 atm and a constant temperature of 310
K. Using the Berendsen method, the pressures in x and y
directions were coupled, while that in the z direction was
controlled separately. The temperature of the cell membrane
and other parts was controlled independently by a Berendsen
thermostat. The electrostatic interactions were treated with the
particle mesh Ewald method with the accuracy of 1.0 x 1074
and the van der Waals interaction with a Lennard-Jones
potential was used with a cutoff distance at 12 A. In each
simulation, 300 ns was the total run time with a time step of 1
fs.*> Simulation snapshots were obtained by using visual
molecular dynamics software. All the simulations were
performed using GROMACS S.1.4 (www.gromacs.org) pack-
age, and each condition was tested three times.

B RESULTS AND DISCUSSION

The dynamic interactions between a pristine graphene
nanosheet with a size of 4 X 4 nm and a DPPC membrane
without cholesterols were first investigated using molecular
dynamics simulations. Figure 2a shows the temporal sequence
during the interaction process, in which water molecules were
omitted for clarity. Figure 2b shows the tilt angle of the
graphene nanosheet and the corresponding distance of the

https://doi.org/10.1021/acsomega.3c08236
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Figure 2. (a) Snapshots of dynamic interactions between a 4 X 4 nm
graphene nanosheet and a DPPC membrane without cholesterols. (b)
Evolution of the tilt angle of the graphene nanosheet and the
corresponding COM between the graphene nanosheet and DPPC
membrane (MEM) during the interaction process.

center of mass (COM) between the graphene nanosheet and
DPPC membrane in the z direction during the interaction
process. The tilt angle is defined as the angle between the plane
of the graphene nanosheet and the plane of the DPPC
membrane. At first, the graphene nanosheet was vertically
placed above the DPPC membrane, as shown in Figure 2a at 0
ns (the tilt angle is 90°). Combining Figure 2a,b, we can see
that the graphene nanosheet migrated and rotated randomly in
an aqueous environment before coming into contact with the
DPPC membrane. Once in contact, the graphene nanosheet
was quickly adsorbed onto the surface of the DPPC membrane
(at about 30 ns with a tilt angle at 0°). Here, two small
graphene nanosheets simultaneously appear on one membrane,
as shown in Figure 2a at 30 ns, originating from periodic
boundary conditions. The adsorption process lasted for a long
time (about 90 ns). At about 120 ns, the graphene nanosheet
tend to incline with one corner implanting into the core of the
membrane and at last being vertically inserted into the
membrane. This implanting process is verified by the tilt angle,
which changed from 0 to 90°, again combined with the
decrease of the COM to 0 between the graphene nanosheet
and membrane. This is the same as in the previously studies
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where §raphene penetration is preferentially started at
corners.”” Once one corner of the graphene nanosheet breaks
the surface of the DPPC membrane, the entry process is very
fast, and it only takes about 20 ns before totally cutting in the
membrane, as shown in Figure 2a from 120 to 140 ns. During
the injection process, the graphene nanosheet diffuses
simultaneously along the membrane surface and would
randomly move out of the simulated box. Two fragmented
graphene sheets appear on the cell membrane at the 135 ns,
which is also a result of the periodic boundary condition. After
totally implanting, the graphene nanosheet maintained a
vertical insertion configuration continuously throughout the
subsequent simulations with its base plane parallel to the
DPPC tails. Supplemental 300 ns animation is given in the
Supporting Information. This result is similar to that of pristine
graphene interacting with POPC bilayers.”' ~*

The driving force of graphene insertion comes from the
attractive interaction between graphene and the hydrophobic
lipid acyl chains in the inner region of the membrane. With the
cut-in graphene, the intracellular transmission of signals may
be affected. This result is in agreement with my other studies
where small-sized nanomaterials with a hydrophobic surface
prefer to remain in the hydrophobic core of the lipid bilayer
once they overcome the surface hydrophilic layer of the cell
membrane.** Therefore, nanomaterials decorated with differ-
ent ligands are adopted to realize the transmembrane function
and deliver drugs in experiments.*> In addition, two-dimen-
sional nanomaterials with a large size have shown antibacterial
activity, such as graphene oxide and MoS,. The lipid in the cell
membrane will be destructively extracted by two-dimensional
nanomaterials due to the exceptionally strong dispersion
interactions and will ultimately disrupt the integrity of bacterial
cells.***” In order to avoid such disruption, small graphene
nanosheets are used in this work. But research studies have
demonstrated that both the insertion of blade-like graphene
nanosheets and the destructive extraction of lipid molecules by
the presence of the lipophilic grafhene have been proposed to
cause death of the bacterial cell.”*

It has been studied that the dynamic behavior of graphene
oxide nanosheets on the phospholipid membrane is signifi-
cantly affected by the lipid phase, which is mainly influenced
by the compositions of the cell membrane.”* Cholesterols are
ubiquitous in eukaryotic cells and have been verified to
influence the fluidity and permeability of the cell membrane.
Therefore, the effect of cholesterols on the dynamic
interactions between graphene nanosheets and the phospho-
lipid membrane is necessary to be considered. Here, the
dynamics interactions between a pristine graphene nanosheet
with a size of 4 X 4 nm and a DPPC membrane with 20%
cholesterols are simulated with molecular dynamics simu-
lations. Figure 3a shows the snapshots of the interaction
process, in which the cholesterols are represented by purple
particles with the hydroxyl groups in the head represented by
orange and white atoms. Figure 3b shows the corresponding
tilt angle of the graphene nanosheet and the distance of the
COM between the graphene nanosheet and the DPPC
membrane, defined as previously. We can see that the
graphene nanosheet takes two stages before stabilization as
well: adsorption and implanting. During the first stage, the
graphene nanosheet rotates from an upright state to a
horizontal state as it descends to the surface of the bilayer,
which is the same as that on a pure DPPC membrane. After
adsorption proceeds for a while (at about 60 ns), the graphene
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Figure 3. (a) Dynamic interactions between a 4 X 4 nm graphene nanosheet and a DPPC membrane with 20% cholesterols. (b) Evolution of the
tilt angle of the graphene nanosheet and the corresponding COM between the graphene nanosheet and DPPC membrane during the interaction

process.

nanosheet begins to incline and starts to implant into the
membrane from one corner. Interestingly, after almost
insertion, as shown in Figure 3b at about 100 ns, the graphene
nanosheet begins to lie down again and slides to the middle of
the two DPPC leaflets horizontally to form a sandwiched
superstructure (as shown at 150 ns in Figure 3a). The
multifragmented graphene nanosheets in one simulation box
are a result of the periodic boundary condition. Similar
superstructures have been obtained in POPC bilayers, in which
a graphene sheet is buried in a micelle that is covered by
POPC lipids.”" Both theoretical and experimental studies have
demonstrated that the hybrid superstructure is mechanically
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stable and the natural lipid bilayer structure will rarely be
disturbed by the graphene nanosheet.’® In our study, this
superstructure is stabilized during the entire subsequent
simulations (the animation of the supplementary 300 ns is
given in the Supporting Information). The intramembrane
transport of two-dimensional nanomaterials provides beneficial
medical applications for sensing, transport, and biological
programming.

Here, it must be noted that when the graphene nanosheet
happened to collide vertically with the DPPC membrane while
migrating and rotating randomly in aqueous environments, the
graphene nanosheet will directly cut into the bilayer without

https://doi.org/10.1021/acsomega.3c08236
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adsorption on the membrane surface. In that case, graphene
nanosheets will eventually be vertically inserted into the cell
membrane, unaffected by the cholesterols. Therefore, that case
is omitted in the following discussion.

The lipid—graphene—lipid superstructure is relatively rare in
simulation studies compared to the cut-in state, but it has
indeed been obtained experimentally.”” Arjmandi-Tash et al.
produced a lipid—graphene—lipid assembly by combining the
Langmuir—Blodgett and the Langmuir—Schaefer methods and
confirmed that the hybrid superstructure is mechanically stable
and that §raphene does not disturb the natural lipid bilayer
structure.”® With simulations, Titov et al. observed the
sandwiched graphene—membrane superstructures by forming
micelles of individual graphene flakes covered by phospholi-
pids interacting with the POPC membrane and confirmed that
the graphene monolayer can be stabilized in the hydrophobic
interior of the bilayer membrane at room temperature.”" It is in
agreement with the results obtained by Chen et al. stating that
graphene oxide tends to be sandwiched into the liquid—phase
bilayer (DOPC membrane at room temperature due to the
unsaturated lipids) but forms a vertical configuration in the
gel—phase bilayer (DPPC membrane at room temperature).’”
These studies indicated that the sandwiched structure is a
product of a large disturbance of the top lipid layer, while the
graphene merges with the membrane. That is why graphene
oxide was always used to prepare a sandwiched graphene
membrane in experiments. In addition, the sandwiched
graphene membrane superstructure has nontrivial effects on
membrane properties including roughness, rigidity, and
fluidity, and the transport of the graphene oxides sandwiched
inside the cell membrane varies from Brownian to Lévy and
even directional dynamics. Such sandwiched graphene has
applicability in enhancing the efficiency of membrane-specific
drug delivery.>

Studies have demonstrated that the rigid steroid ring
structure of cholesterols in the membrane restricts the motion
of other lilpid tails and decreases the membrane fluidity and
flexibility."”'" Based on the above results, a graphene
nanosheet, which is similar to a graphene oxide nanosheet,
may follow the same regularity. That is to say, the graphene
nanosheet would be more inclined to vertically insert into the
membrane with cholesterols, with which the membrane fluidity
has decreased. These views are exactly the opposite of our
findings. Therefore, the internal factors that affect the dynamic
interactions between the graphene nanosheet and cell
membrane have to be further investigated.

The relationship between the mode of entry of graphene
into cell membranes, graphene size, and cholesterol concen-
tration was systematically investigated. Three graphene
nanosheets with sizes of 3 X 3, 4 X , and 5§ X 5§ nm are
tested, and the mole percentages of cholesterols are 0, 10, 20,
and 30%. The simulation results are represented by the phase
diagram in Figure 4. We found that the mole percentage of
cholesterols in the DPPC membrane is the key factor affecting
the final state of the graphene nanosheet. As cholesterol
percentage increases, the graphene nanosheet gradually
changes from a cut-in configuration to a sandwiched
superstructure, which is independent of the size of the
graphene nanosheet. In addition, the critical mole percentage
of cholesterols for a graphene nanosheet to change its
configuration is nanosheet size-dependent. When the mole
percentage of cholesterol reaches 30%, graphene nanosheets
are always sandwiched in the middle of the DPPC bilayers.
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nanosheets with different sizes and the DPPC membrane containing
different mole percentages of cholesterols.

The larger the size of graphene nanosheets, the less the amount
of cholesterols required to change the final configuration. Only
10% cholesterols are needed for the graphene nanosheet with a
size of 5 X 5 nm to become a sandwiched superstructure. At a
certain cholesterol concentration, both configurations will
occur, such as 4 X 4 nm graphene nanosheets with DPPC
membranes containing 10 and 20% cholesterols. Figure 4
illustrates that the final configurations of the graphene
nanosheet in the DPPC membrane is not only related to the
mole percentage of cholesterols but also related to the size of
the graphene nanosheet.

To explore the reasons for the different configurations of the
graphene nanosheet caused by cholesterols, the dynamic
process between cholesterols and the graphene nanosheet
was studied. Figure 5 gives the density distribution evolution of
cholesterols in the DPPC membrane (upper row) and carbon
atoms in the graphene nanosheet (down row) during the
adsorption process in Figure 3, in which the size of the
graphene nanosheet is 4 X 4 nm and the mole percentage of
cholesterols is 20%. The densities are separately counted in
three stages with a time interval of 10 ns in each. The three
stages are the initial stage (0—10 ns), adsorption for a while
(25—35 ns), and before implantation into the membrane (50—
60 ns), respectively. We can see that after adsorption of the
graphene nanosheet on the surface of the DPPC membrane,
the location of the cholesterols and graphene nanosheet is
gradually synchronized over time. It means that during the
adsorption of the graphene nanosheet, the cholesterols in the
DPPC membrane are inclined to aggregate beneath the
graphene nanosheet, or the graphene nanosheet is inclined
to move to the areas with more cholesterols. This may be due
to the stronger dispersion interactions between cholesterols
and the graphene nanosheet than with DPPC lipids. Studies
have shown that cholesterols prefer to adhere to the surface of
the graphene nanosheet in the cell membrane or in an aqueous
environment when they are encountered.”” Our study shows
that the mutual attraction between cholesterols and graphene
nanosheets is already effective before they are contacted.
Therefore, there is a significant change of local composition in
the cell membrane beneath the graphene nanosheet.

In order to explore the interference of the graphene
nanosheet with the order of the cell membrane during the
interaction process, the inclination angles of DPPC tails in
cholesterol-containing and cholesterol-free cell membranes
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Figure 6. Averaged inclination angles of DPPC tails near graphene nanosheet and the corresponding COM between the graphene nanosheet and
DPPC membrane. (a) The case of a 4 nm X 4 nm graphene nanosheet interacting with a pure DPPC membrane in Figure 2. (b) The case of a 4 X
4 nm graphene nanosheet interacting with a DPPC membrane containing 20% cholesterols in Figure 3.

were calculated, respectively. Figure 6 shows the average
inclination angle of the DPPC tails within the 1 nm range
around the graphene nanosheet as well as the corresponding
COM between the graphene nanosheet and DPPC membrane
in z direction during the entering process of the graphene
nanosheet. The inclination angle ¢ is defined as the angle
between the normal vector of the membrane and the vector
from the last carbon atom in each DPPC tail to the ester group
that connects the two tails. Therefore, the larger the averaged
inclination angle of DPPC tails, the greater the interference of
graphene with DPPC lipids.

Figure 6a shows that the pure DPPC lipids in the membrane
were affected after a short period of adsorption of the graphene
nanosheet. With the adsorption of the graphene nanosheet on
the membrane surface, the tails of DPPC lipids beneath the
graphene nanosheet start to jump out of the bilayer and adhere
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to the lower surface of the graphene nanosheet, which seriously
affects the orientation of the lipid tails, as shown with
magnification in Figure 2a at 120 ns. Thus, the inclination
angles of DPPC tails have a large increase. With the insertion
of the graphene nanosheet into the DPPC membrane from one
corner (at about 140 ns in Figure 2a), the locally disturbed
DPPC reassembled to a regular bilayer structure synchronously
and the inclination angles of the DPPC tails recovered to the
original state quickly. Upon a closer observation, we found that
after the insertion of the graphene nanosheet, the averaged
inclination angles of the DPPC tails become even smaller than
in the initial state, which means that the graphene nanosheet
with a cut-in state makes the local membrane more regular.
Although the packing state of lipids has been greatly changed,
transmembrane leakage is not observed during that process in
our simulations. This should be attributed to dispersion
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Figure 7. Snapshots of the adsorption of cholesterols on both sides of the graphene nanosheet during the implanting process.

interactions of graphene and DPPC tails, as well as the
structural matching between the regular two-dimensional
structure of graphene and the saturated double chain tails of
DPPC in the bilayer state.

Figure 6b is the evolution of the averaged inclination angles
of DPPC tails during the entering of a 4 X 4 nm graphene
nanosheet into a DPPC membrane with 20% cholesterols. Due
to the facts that cholesterols are more easily adsorbed on the
surface of graphene than on the DPPC tails, graphene
nanosheets on the surface of cell membranes are more likely
to extract some cholesterols. In that case, the amount of DPPC
tails adsorbed on the lower surface of graphene is smaller than
that in a pure DPPC membrane, which makes graphene less
disruptive to the cell membrane containing cholesterols. With
the implanting of the graphene nanosheet, the averaged
inclination angle of DPPC tails changes from about 35 to 30°
and is continuously maintained at that degree, which is still
larger than that when undisturbed (averaged inclination angle
at 25°). This may be due to the continuous adsorption of
cholesterols on the surface of graphene. Compared to that in
the pure DPPC membrane, the DPPC tails cannot adsorb
regularly to the uneven surface of graphene-adsorbed
cholesterols. Instead, they can only partially be adsorbed on
cholesterols and partially be adsorbed on the surface of
graphene. Therefore, the averaged inclination of the DPPC
tails must be larger than that without cholesterols. That is to
say, cholesterols adsorbed on the surface of graphene reduce
the order of DPPC tails during the implanting process,
together with graphene, instead of increasing the orderliness of
the DPPC tail in a stable cell membrane.

To further analyze the effect of cholesterols on the
implanting process of graphene nanosheets more clearly, the
behavior of cholesterols near graphene nanosheets is
investigated. Figure 7 gives the snapshots of the adsorption
of cholesterols on the upper surface (top row) and lower
surface (bottom row) of the graphene nanosheet during its
rotation from an inclined cut-in state to a sandwiched state, as
shown in Figure 3. To see the adsorbed cholesterols more
clearly, we observed it from the upper and lower surfaces of the
graphene nanosheet, respectively. The red dot represents the
last carbon atom to enter the DPPC membrane. It shows that
the cholesterols are first adsorbed on the lower surface of the
graphene nanosheet. During the implanting process of
graphene into the DPPC bilayer, the surrounding cholesterols
continuously adsorb onto the lower surface of graphene, while
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some quickly adsorb onto the upper surface of graphene.
Cooperative reorientation of cholesterols on the graphene
surface was observed to maximize hydrophobic interactions
with the graphene surface. The adsorption of cholesterols on
both sides of the graphene nanosheet further perturbs the
DPPC tails, which makes it difficult to see a decrease of the
average inclination angle of DPPC tails during the implanting
process. That is to say, the increase in the local disturbance of
the DPPC tails is a result of adsorption of cholesterols along
the surface of graphene, and the low order of DPPC tails
results in graphene adopting a sandwiched configuration. It
coincides with the mechanism proposed in ref 52.

As for the membrane model composed of DOPC and
POPC, whose tails are unsaturated, the order of the membrane
is naturally lower than that with DPPC lipids. In that case, a
sandwiched graphene-membrane may be obtained by a small
additional disturbance, such as lower cholesterol concen-
tration, partially oxidized graphene, and even other geometri-
cally mismatched molecules. Based on this analysis, it is not
difficult for us to discover that in the experiment, graphene
oxide nanosheets are usually used to prepare the sandwiched
graphene—cell membrane superstructure rather than the
pristine graphene nanosheet.>

Figure 8 gives the angular distribution of the 20%
cholesterols before the adsorption of the 4 X 4 nm graphene
nanosheet and after the final adsorption of the graphene
nanosheet with a sandwiched configuration. The angle f is
defined as the angle between the cholesterol molecular
orientation and the normal direction of the cell membrane.
It shows that without the graphene nanosheet, cholesterols
prefer to mix with phospholipid molecules in an upright state
(P tends to 15°). After the implanting of the graphene
nanosheet with a sandwiched structure, the cholesterols are
divided into two states, adsorbed horizontally on the surface of
the graphene nanosheet (f tends to 90°) and standing upright
freely (f tends to 15°) in the DPPC membrane. The inset in
Figure 8 is the magnified configuration of the sandwiched
structure. It shows that the thickness of the cell membrane at
the sandwiched structure exhibits an increase.

Based on the above discussion, cholesterols are important
factors that influence the dynamic interactions between the
graphene nanosheet and the DPPC membrane. To verify the
reason for obtaining different final configurations with the
same cholesterol concentration, such as 4 nm X 4 nm graphene
nanosheet entering the cell membrane containing 20%
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Figure 8. Angular distribution of cholesterols before the graphene
nanosheet enters the membrane and after graphene forms a
sandwiched structure with the cell membrane. The insertion is a
snapshot of cholesterols and the graphene nanosheet with a
sandwiched configuration.

cholesterol, the amount of cholesterols on the surface of the
nanographene nanosheet during the implanting processes in
the two cases are calculated, as shown in Figure 9. The tilt
angles of graphene nanosheets in both cases are provided to
distinguish these two processes and the final structure. We can
see that the number of cholesterols adsorbed on the graphene
nanosheet with the final cut-in state (in Figure 9a) is much less
than that on the final sandwiched state (in Figure 9b). This
result further indicates that the adsorption amount of
cholesterols on the surface of the graphene nanosheet is the
key factor affecting the final state of the graphene nanosheet.

Combined with the results in Figure 6, we can see that the
amount of adsorbed cholesterol affects the order of the DPPC
tails and ultimately affects the state of the graphene nanosheet
in the cell membrane. Therefore, the graphene nanosheet is
prone to form sandwich structures in cell membranes with high
cholesterol percentage as high percentages of cholesterols are
more suitable for adsorption onto the graphene nanosheet.
Meanwhile, a low cholesterol percentage is required for a large
graphene nanosheet to become a sandwiched superstructure.

Because cholesterols are easier to accumulate on large surfaces
of graphene. In the phase diagram in Figure 4, we can see that
only 10% cholesterols are needed for the graphene nanosheet
with a size of S nm X S nm to become a sandwiched
superstructure. Furthermore, a large graphene nanosheet is
inherently inclined to be hosted in the hydrophobic interior of
biological membranes and form a sandwich superstructure to
achieve maximized hydrophobic interactions. In the following,
properties of the cell membrane with the graphene nanosheet
sandwiched in the core of bilayers will be investigated in
details.

So far, much effort has been invested in exploring the
functions of nanomaterials and the potential harm for their
applications in biomedical engineering. Nanoparticles with
different properties and two-dimensional flakes, such as
graphene, boron nitride, and black phosphorus nanosheets,
are research hot spots. Due to the complexity, attention is paid
to the mutual interactions between nanomaterials and the cell
membrane with different lipids. In fact, membrane proteins
and cholesterols that are much different from the amphiphilic
lipids may have a greater impact on their interactions, such as
the phenomenon in this work.

In summary, in this paper, the effect of cholesterols on the
dynamic interactions between the graphene nanosheet and
DPPC membrane is studied using molecular dynamics
simulations. It showed that due to preferential adsorptions
between cholesterols and the graphene nanosheet, cholesterols
are swiftly adsorbed onto the surface of the graphene
nanosheet once it enters the DPPC membrane. The adsorbed
cholesterols disturb the local order of the DPPC membrane
and transform it from a gel-like phase to a liquid-like phase.
Therefore, the graphene nanosheet is inclined to form a
sandwiched superstructure in the cell membrane with enough
cholesterols. It is opposite to our ordinary cognition that
cholesterols increase the order and rigidity of the cell
membrane and maintain the cell membrane integrity. Our
studies elucidate that in studying the transport capacity or
toxicity of nanomaterials, cholesterols are an essential factor
that cannot be ignored, and they may provide some
explanations for conflicts between experiments and theoretical
studies. With the sandwiched superstructures, graphene
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nanosheets may be useful in intracellular signal transmission
and drug delivery.
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