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Translocation of a hydroxyl functionalized carbon
dot across a lipid bilayer: an all-atom molecular
dynamics simulation study†

Shakkira Erimban and Snehasis Daschakraborty *

The major applications of carbon dots (CDs) (e.g. bio-imaging and targeted drug delivery) necessitate

the latter to permeate across the lipid bilayer membrane. Unfortunately, the mechanism of permeation

is poorly understood. Between the two possible routes for permeation of a nanoparticle like CDs—an

endocytic pathway and direct passive permeation—the endocytic path is known to be more common,

despite the fact that the passive permeation is preferred over the endocytosis for targeted drug delivery.

Here, we have focused on the direct permeation of a hydroxyl functionalized CD across the POPC lipid

bilayer membrane using all-atom MD simulations. We have estimated the free energy profile for the

translocation of the CD across the lipid bilayer, with a barrier height of B170 kJ mol�1 situated at the

lipid bilayer center (z = 0 nm). Using the free energy profile, we have calculated a negligible permeability

coefficient value, which strongly suggests that it is almost impossible for a CD to penetrate directly

across the lipid bilayer. The possible impact on the lipid bilayer structure by the CD is also investigated.

Although the CD does not affect the bilayer structure up to a certain degree of penetration, the impact

increases substantially when entered into the bilayer interior.

1. Introduction

CDs are one of the new and widely studied members of
carbonaceous nanomaterials. These are quasi-spherical entities
of diameter less than 10 nm (typically 2–3 nm) with multiple
graphene layers arranged one over the other. CDs are known to
be much less toxic than traditional metal-based quantum dots
but bear resemblance to the latter in fluorescence properties.1–7

Their low toxicity renders high biocompatibility in comparison
to many other nanomaterials.7–12 Many of their unique features,
including ease of surface functionalization with hydrophilic
(carbonyl, carboxylic, amine, etc.) groups, several facile synthesis
routes, excellent water solubility, intrinsic fluorescence properties,
and less toxicity, make them a promising candidate for several
diagnostic and therapeutic applications, such as targeted delivery
of drugs/genes to cells, bioimaging, etc. Also, CDs have lower
cytotoxicity than other carbon nanoparticles,1,13–19 like fullerenes,

carbon nanotubes, graphene, graphene oxide, graphene quantum
dots, etc.

Various experimental and simulation studies addressed
the interaction of various carbon nanomaterials with different
biomolecules.20–33 In major applications, permeation of the
nanoparticles through the lipid bilayer membrane is the key
process. The mechanism and rate of the translocation of the
carbon nanoparticles are extensively studied. Two different
mechanisms are put forward for the passage of carbon nano-
particles across the cell membrane.34–36 While endocytosis is the
key path, direct passive permeation through lipid bilayer is also
feasible for some nanoparticles. The application of an external field
(e.g., electric field) is also known to assist passive penetration
through the lipid membrane.37–43 In addition, the physicochemical
properties of the nanoparticle—size, shape, etc.—influence the
permeation mechanism across the cell membrane.

Several surface functionalizations are often introduced on
CDs to modify its physicochemical properties such as the bio-
compatibility, solubility, and permeability through the cell
membrane.7,44–50 Cladding of CDs with amphiphilic groups—
like phospholipid, polyethylene glycol (PEG), ionic liquids,
oligomeric polyethyleneimine, etc., improve its applications in
various fields.7,45,48,50–53 Another motivation for surface func-
tionalization of CDs is to reduce the cytotoxic properties.
Experimentally, cytotoxicity is estimated by cell proliferation,
mortality, and viability gauged through several techniques
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including MTT assay, fluorescence imaging of dead cells,
etc.7,45,49,51–58 Several experimental studies have reported less
toxicity for different functionalized forms of CDs where it is
seen that the cell structure remains the same even after several
hours of incubation with the CDs.5,7,45,51,52,59,60 CDs, functiona-
lized with –OH (hydroxyl), –PEG (polyethylene glycol), and –NH2

(amine), are tested for their toxic issues in living HeLa cells using
fluorescence-based cell viability tests.50 While all the three types
were reported to be less detrimental the one functionalized with
–PEG is shown to be the least cytotoxic. Therefore, this study
showed the role of passivating agents in the cytotoxicity asso-
ciated with the CDs, also reported previously.50,61,62

Despite the emerging applications of CDs, summarized
above, the fundamental mechanism and the rate of perme-
ability of the same through a lipid membrane—the essential
requisite for the applications—are poorly understood. There
are only a handful of experimental studies available which
focus the effect of surface passivation on the cellular uptake
and translocation of CDs.7,45,51,53,54 A study investigating
the luminescence imaging property of a CD, passivated with
PPEI-EI (propionyl ethyleneimine-co-ethyleneimine), in breast
cancer cells reported an endocytic pathway of permeation for
CDs.2 Also, the incorporation of the CDs into the cell is strongly
temperature-dependent. While the CD does not permeate
inside the cell at 4 1C, permeation occurs at a higher tempera-
ture (37 1C) and that too via the endocytic pathway.

Despite the fact that the above studies provided some insight
into the translocation pathway of the CD inside the cell, they
neither put forward a molecular picture for the translocation nor
address the cytotoxic behavior of the functionalized CDs in
molecular detail. At this point, the MD simulation can give a
molecular-level understanding of the pathway of permeation of
CDs across the lipid membrane and comment on the underlying
cytotoxicity issues. Unfortunately, to the best of our knowledge,
no MD simulation study has yet been carried out focusing the
above, apparently because of the unavailability of a suitable
force-field of CDs. Recently, Paloncýová et al.63 built the force
field and provided a repository of prerequisites for performing
an all-atom MD simulation of a functionalized CD dissolved in
aqueous solution. This has motivated us to perform the present
MD simulation work, which focuses on the mechanism of
permeation of a hydroxyl (–OH) functionalized CD across POPC
lipid bilayer and investigates the cytotoxicity. The rationale of
using the hydroxyl functionalized CD is the following. Synthe-
sized CDs typically contain oxygen-enriched surface functional
groups. Therefore, we choose CDs having any one of the four
surface functional groups (OH, CO, COOH, and COO�), for
which the parameterized all-atom force field is available. Out
of these four types of functionalized CDs, the OH functionalized
one showed the highest stability as the undulation of the
simulated OH-functionalized CD layer is the least.63 In addition,
some studies50,64–66 reported significantly low cytotoxicity of
hydroxyl-functionalized CDs. This justifies the choice of hydroxyl-
functionalized CD for understanding the possible direct
permeation of the hydroxyl functionalized CD across the lipid
bilayer.

2. Methods
2.1. MD simulation details

All the simulations are performed using the GROMACS 2016
version.67 While the lipid molecules are modeled using the
OPLS/AA force field,68,69 the TIP3P force field70 is used for
modeling the water molecules. We have adopted the force-field
for the CD from ref. 63, where the refined OPLS/AA force-field
has been used (refinements are done on the nonbonded
Lennard-Jones parameters of carbon atoms). Also, here the
hydroxyl groups functionalized on the CD surface are chosen
in consonance with the local chemistry from a regular OPLS/AA
force field. The CD structure (the last configuration of 1 ms long
simulation) and the force-field parameters are directly taken
from the repository of the ‘‘CD builder webpage’’.71 The CD
consists of seven layers made of benzene rings with a diameter
of gyration of 2.5 nm. The spacing between the two successive
layers is 0.34 nm, and sums up to a dot height of 2.04 nm. The
CD is functionalized with 72 hydroxyl groups on the surface. The
middle three layers consist of 216 carbon atoms, followed by a
layer of 150 carbon atoms on both sides and finally a layer of
96 carbon atoms summing up to a total of 1140 carbon atoms.

To construct the lipid bilayer, we have first simulated
128 POPC lipid molecules fully hydrated in water without
adding the CD. The system is energy minimized using the
steepest descent algorithm. This is followed by a 250 ns long
simulation. The LINCS algorithm was used for constraining all
bonds. The simulation was performed at 300 K, ensuring the
occurrence of the fluid phase (the temperature of melting for
the POPC lipid bilayer membrane is 270.5 K72) and maintained
using the Nosé–Hoover thermostat.73,74 A pressure of 1 bar is
taken in the lateral and normal directions (semi-isotropically)
and maintained using the Berendsen barostat.75 An isothermal
compressibility of 4.6 � 10�5 bar�1 and a coupling constant of
1 ps are applied for a semi-isotropic pressure bath. The
equations of motion were solved using the Verlet leapfrog
algorithm every after 2 fs. Electrostatic interactions have been
computed by the Particle Mesh Ewald method.76 We have saved
the simulation trajectory every 100 steps (200 fs). The above
simulation serves two purposes. Firstly, the structural properties of
the lipid bilayer calculated from the above simulation in the
absence of the CD can act as a reference for studying the impact
of CDs on the lipid bilayer. Secondly, this simulation provides the
equilibrated structure of the lipid bilayer, which is considered for
the simulation of the lipid bilayer in the presence of CDs. The
details of the simulation including CDs are given below.

The simulation system consists of the lipid bilayer (obtained
from the previous simulation), 10.4 � 103 water molecules, and
1 CD surface functionalized by hydroxyl groups. While the
water molecules have been randomly placed on both sides,
the CD has been placed at one side of the bilayer. The initial
dimension of the simulation box is 7.5 nm� 7.5 nm� 13.6 nm.
The starting configuration of the simulated system is shown in
Fig. 1. The other simulation parameters are the same as the
previous simulation detailed in the preceding paragraph. We
simulate the system for 250 ns time, during which we have
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monitored the position of the CD in the simulation box and
calculated the z-distance between the COM of the CD and the
lipid bilayer center. The CD is not seen to permeate across
the bilayer. Therefore, for free energy calculations, we have
collected samples by forced pulling of the CD into the bilayer.
The details of the free energy calculation are given below.

2.2. Potential of mean force (PMF) calculation

To estimate the energy cost for the CD permeation across the
lipid bilayer, we have performed the PMF calculations via the
umbrella sampling method.77–79 The initial starting configura-
tions are generated using the pull code in GROMACS by pulling
the CD across the bilayer along z distance with a harmonic
force constant of 1000 kJ mol�1 nm�2 and a pulling rate of
0.001 nm ps�1. A total of 41 positions spanning up to z = 4.0 nm
from the bilayer center with a spacing of 0.1 nm are chosen as
the starting configurations for the z-constrained simulations.
The spacing is chosen to ensure adequate overlaps between any
two neighboring distributions. The z-distance between the
COM of the CD and the lipid bilayer center is considered as the
reaction coordinate. In each of the 41 independent simulation
trajectories, we have harmonically constrained the z-distance
between the lipid bilayer center and the COM of the CD with a

force constant of 1000 kJ mol�1 nm�2 similar to some of the
previous simulations of fullerene NPs.28,30,80 Each of these
systems is then simulated for 100 ns. (A sample GROMACS
mdp file is presented in Section S5 of the ESI.†) PMF calculations
are done for the last 50 ns using the Weighted Histogram
Analysis Method (WHAM)81 as incorporated in the GROMACS
package as the first 50 ns duration is considered for equilibration.
We have checked the convergence of PMF by investigating the time
development of PMF shown in Section S2 of the ESI.† Error analysis
is performed by the bootstrap analysis method.82 Furthermore, to
elucidate the details of thermodynamic factors governing the
barrier height, the PMF is decomposed into the enthalpic (H(r))
and the entropic (S(r)) terms by implementing the finite difference
method (FD).78,83–88 The method is used to calculate the entropy
associated with the phenomena, �S(r) from the temperature
derivative of the free energy profile G(r), at each of the sampled
distances r given as follows,

�S rð Þ ¼ Gðr;T þ DTÞ � Gðr;TÞ
DT

(1)

The free energy is expressed as a function of both temperature
T and the z-distance between the COM of the CD and the lipid
bilayer center r. In our study, the entropy is calculated for

Fig. 1 (a) Initial starting configuration of the simulated system consisting of 128 POPC lipid molecules, 10 400 water molecules, and 1 CD. For clarity, the
hydrogen atoms of the lipid molecules are not shown. The lipid head group atoms (P and N) are shown as beads in cyan and magenta color. The water
molecules are shown as lines in ice blue color. (b) and (c) All-atom molecular structures of the CD and the POPC lipid molecule, respectively.
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T = 300 K with DT = 20 K. This temperature gap ensures
accurate calculations from the FD approach.78,83–88 We calcu-
late the enthalpic contribution at temperature T from S(r) and
G(r) using the following equation.

H(r) = DG(r) + TDS(r) (2)

Now, we discuss an important point regarding the possibility
of mechanical stress due to forced pulling of the CD across the
lipid bilayer to get sample points and how the above method can
tackle the issue. Forced pulling of CDs with a biased potential
may indeed impart possibilities of mechanical stress that can
profoundly impair the bilayer structure. However, our simulation
protocol may somewhat tackle this issue. Firstly, the pulling
simulations of the CD across the lipid bilayer are performed
following the previously used protocols for translocation of
differently sized and shaped nanoparticles.89–92 Since this is
‘‘Umbrella Pulling’’, both the pulling rate and the force constant
affect the pull rate. The pulling simulation actually changes the
minima of the simple harmonic restraint potential well (of a
user-defined force constant) at a certain pull rate. While the pull
rate measures how fast the minima of the potential well is
changing, the force constant measures how fast the particle is
coming down to the changing equilibrium position. Therefore,
along with the pull rate, the force constant will also measure how
hard the CD will collide with the lipid bilayer. We used the biased
potential, with a harmonic force constant of 1000 kJ mol�1 nm�2

and a pull rate of 0.001 nm ps�1. While the low pulling rate ensures
sufficiently slow pulling of the CD, the above force constant of the
restraint potential will somewhat cut the chance of hard collision
between the CD and the lipid bilayer. Note that the present force
constant is B4 times less in comparison to that used in previous
studies (usually in studies of pulling NP across the bilayer a force
constant of 10 kcal mol�1 Å�2 is used).89,90 Therefore, the above
pulling also ensures sufficiently lower pressure on the bilayer and
therefore the pulling-induced undulation and asymmetry are some-
what reduced. Secondly, the artificially created tension on the
bilayer structure can be taken care of from the periodic boundary
conditions in all-atom MD simulations.93 Thirdly, we have simulated
the system sufficiently long enough to ensure a suitable equilibration
(50 ns equilibration) and some relaxation from the artificial pertur-
bations, if any, created from the forced pulling. However, as seen in
Section S4 of the ESI,† the asymmetry of the lipid bilayer still
remains. The pull-force and the pull-distances are shown in Fig. S5
of the ESI† for four different positions of the CD. The convergence is
clearly visible with time. Therefore, 50 ns equilibration time is good
enough for the relaxation of stress created. Finally, a detailed
discussion was provided on membrane breakdown potential in a
study allowing the direct permeation of a cationic gold nanoparticle
across the DPPC bilayer with the application of an electric field.39,94

The study reported a breakdown potential of 210 mV for DPPC
vesicles, which when applied causes membrane disruption. After
equating this electrical energy to our elastic harmonic potential
applied in pulling, we see that our force of pulling is B2.5 times
less compared to the force needed to disrupt the lipid bilayer by the
application of the electric field. This also adds up to our reasonable

choice of the biased potential which is small enough to cause large
undulations in the bilayer structure. However, the forced penetration
of the CD in the lipid bilayer will create asymmetry in the system. We
will discuss these later in detail.

2.3. Calculation of permeability

The molecular mechanism and kinetics of the translocation of CDs
across the lipid bilayer are unraveled quantitatively by the numerical
value of the permeability coefficient P. This defines the rate at which
the solute crosses the barrier. Calculations are done using the
inhomogeneous solubility diffusion (ISD) model,95,96 which incor-
porates the heterogeneous characteristics of the lipid bilayer.

1

P
¼
ðd=2
�d=2

1

KðzÞDðzÞdz (3)

Here, P is the permeability coefficient, d is the bilayer thickness,
and K(z) and D(z) are the partition coefficient and the diffusion
coefficient respectively as a function of the z-distance. The
inverse of the permeability coefficient defines the resistance
offered by the lipid bilayer R(z). The position-dependent diffusion
coefficient D(z) is calculated from the autocorrelation function of
the fluctuations of the constrained force, F(z,t)—acting on the CD
constrained at a distance z from the bilayer center—over the time-
averaged force hF(z,t)i. The constrained force, F(z,t), are obtained
from the z-constrained simulations, as discussed in Section 2.2.

D zð Þ ¼ RTð Þ2Ð1
0 DFðz; tÞDFðz; 0Þh idt

(4)

DF(z,t) = F(z,t) � hF(z,t)i (5)

Here, R is the gas constant, and T is the temperature of the
simulation.

The partition coefficient K(z) is calculated from the PMF
(dG(z)) using the following equation,

K zð Þ ¼ e

�dGðzÞ
RT

� �
(6)

The specific time taken for the permeation of the bigger solutes across
the bilayer cannot be predicted precisely from MD simulations.
Usually, the average/meantime is reported for the NP diffusing across
the bilayer from the PMF profiles by the following equation,97,98

th i ¼ 1

DZ

ð3:68nm
�3:68nm

e
PMFðyÞ
kBT dy

ðy
�3:68nm

e
�PMFðzÞ

kBT dz (7)

where DZ is the average diffusion coefficient, kB is the Boltzmann
constant, and T is the temperature of the simulation. Here, DZ is
assumed to be independent of z-distance. Note that DZ is not much
sensitive to the position of the CD (see Fig. 6a) and therefore the
above approximation is valid. Also, the lipid bilayer is considered as
symmetrical on both sides.

3. Results and discussion
3.1. Free energy analysis

Fig. 2 presents the PMF as a function of z-distance between the
lipid bilayer center and the COM of the CD at 300 K and 320 K.

Paper PCCP

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

Pa
tn

a 
on

 3
/5

/2
02

0 
3:

23
:2

4 
PM

. 
View Article Online

https://doi.org/10.1039/c9cp05999g


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys.

Six snapshots at the end of six 100 ns constrained simulations,
shown in Fig. 3, represent the structure of the system at 6
different positions of the CD in the range of z = 0.0–4.0 nm. The
PMF has been calculated with respect to the value at z = 4.0 nm
distance from the bilayer center when the PMF value levels off.
The PMF profile has been symmetrized at both sides of the
bilayer. The calculation of an accurate PMF along the z-axis
principally requires the orientation of the CD sampling all
angles as it is important for the permeation of other solutes,
like alcohol,99 across the membrane. However, a free rotation is
not possible when the CD penetrates across the lipid bilayer.
Specific interactions (hydrophobic and H-bonds between the
hydroxyl group and the lipid head group) will not allow the CD
to rotate freely. In addition, the crowded environment exerts
friction on the rotating CD. We have presented, in Fig. S1 of the
ESI,† a two-dimensional probability density distribution of the
distance (between the center of mass of the CD and the lipid
bilayer center) and the angle (between the normal of the middle
layer of the CD and z-axis). We have used the last 50 ns
trajectory for each position of the CD for the above calculation.
Therefore, this is an equilibrium picture. Fig. S1 (ESI†)
indicates that the free rotation of the CD is possible when it
is in the aqueous environment. However, as the CD is moved
further inside the bilayer specific orientations are observed. In
the range of z = 1.5–3.5 nm distance, where the CD interacts
with the lipid head group, there is more probability of having

an orientation of the CD where the graphene layers are parallel
to the bilayer surface (angle between the layer’s normal and
z-axis, y B 1801). This specific orientation is visible in Fig. 3b–d.
Maximizing the number of H-bonds with the head group is the
most probable reason for this particular orientation. But as
the CD is further inserted into the bilayer center a shift of the
orientation is visible. As the distance increases from the interface,
the CD retains some H-bonds with the lipid head group by
orientating at angle yB 1001. This orientation is visible in Fig. 3f.

As the CD approaches the lipid bilayer center, the free
energy steadily rises up to B1 nm z-distance between the
bilayer center and the COM of the CD and then remains largely
constant. Since the radius of the CD is B1 nm, the free energy
becomes almost invariant once the surface of the CD crosses
the bilayer center. Conversely in hydrophobic carbon nano-
particles, like graphene and carbon nanotubes, the free energy
decreases with decreasing z-distance and reaches a minimum
at the bilayer center.100,101 The height of the PMF barrier,
centered on z = 0 (bilayer center), is B170 kJ mol�1 at 300 K
temperature. This barrier height is much larger compared to
that for the permeation of smaller hydrophilic molecules, like
water (B25 kJ mol�1) and methanol (B15 kJ mol�1). One order
of magnitude difference in PMF barrier height probably stems
from the B10 times larger size of the CD compared to the
smaller polar molecules. The hydrophilic functionalization at
the surface of the CD also plays a crucial role in the formation
of such a large barrier. In a simulation study—focusing on the
consequence of varying the amphiphilic polymer coating on a
nanoparticle for the translocation of the latter through a lipid
membrane—it is suggested that the translocation is a free
energetically uphill process if the hydrophilic part of the ligand
is exposed outside.102 A more recent study, focusing on the
effect of elasticity and surface hydrophobicity of a nanoparticle
on the free energy barrier height for penetration into the bilayer
interior, proposed that for the hydrophilic NPs, permeation
capacity can be reinforced by increasing their stiffness, at the
same time for the hydrophobic NPs, their permeability is
weakened by causing an increase of the particle stiffness.103

The PMF profile at 320 K temperature has some differences
from the one at 300 K temperature. The barrier height at 320 K
temperature is B107 kJ mol�1, which is B63 kJ mol�1 less than
the barrier height for 300 K temperature. The qualitative nature of
the PMF profile at 320 K temperature is also different from that at
300 K temperature. The free energy slightly decreases below z =
1.8 nm, which is approximately half bilayer thickness. Therefore,
once the COM of the CD crosses the bilayer surface, the PMF value
decreases slightly. At both the temperatures, a very shallow mini-
mum, of depth B�2.0 kJ mol�1 at 300 K and �4.0 kJ mol�1 at
320 K, shows up at z B 3.5 nm. The inset of Fig. 2b shows the close
proximity of the CD near the lipid bilayer surface for z B 3.5 nm.
This provides a clear signature of weak adsorption of the CD on the
lipid bilayer–water interface. This adsorption of carbon nanomater-
ials on the lipid bilayer surface is quite common.104 However, the
adsorption of CDs is much weaker than the other nanoparticles.

The above characteristics of PMF can be somewhat con-
firmed from the 250 ns long unconstrained simulation of the

Fig. 2 (a) Snapshot of the system to show different regions of the bilayer.
(b) Free energy profile for the translocation of the CD across the lipid
bilayer at 300 K (red) and 320 K (blue) temperatures. The shallow dip has
been observed at a distance of 3.5 nm. The position of the CD with respect
to the bilayer for 3.5 nm z-distance is shown in the inset. (c) The entropic
(�TS) (red) and the enthalpic (H) (blue) terms obtained after the decom-
position of PMF. The PMF, the entropy, and the enthalpy profiles are
symmetrized on both sides of the lipid bilayer.
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CD in the lipid membrane. The details of the unconstrained
simulation are provided in Section 2.2. We have not considered
the first 50 ns trajectory in the calculation but analyzed the last
200 ns trajectory. Fig. 4a presents the time evolution of the
z-distance between the bilayer center and the COM of the lipid
head phosphate group of one leaflet. The z-distance fluctuates
over z B 1.8 nm, which is approximately half-width of the lipid
bilayer. We plot, in Fig. 4a, the z-distance between the bilayer
center and the COM of the CD. Clearly, the CD moves all
around the water phase and no penetration is seen across the
bilayer. This is in accordance with the large free energy barrier
height observed at the bilayer center. The z-distance distribu-
tions of the ‘‘P’’ atoms of the lipid and the CD are shown in
Fig. 4b, where we see a clear separation between the above
two distributions. While the peak of the distribution for the
P atoms is centered around 1.8 nm distance, the one for the CD
is centered around 3.5 nm. Therefore, the CD spends most of
the time near the surface of the bilayer. The weak adsorption of
the CD on the lipid bilayer interface is thus consistent with the
shallow minimum observed at z B 3.5 nm distance from the
lipid bilayer center.

Now, we turn our focus on explaining the large barrier
height of the PMF. For that, we have decomposed the PMF
into the entropic (�TS) and the enthalpic (H) terms using the
FD method (eqn (1) and (2)), detailed in Section 2.2. As we have
obtained the PMFs at two different temperatures 300 K and
320 K, DT = 20 K in eqn (1). In Fig. 2c, we have plotted H and
�TS as a function of z-distance. As the CD is translocated into
the lipid bilayer center, the negative value of the entropic factor
�TS and the positive value of enthalpy H increases. Therefore,
the translocation is enthalpically unfavorable but entropically
favorable. The increase of enthalpy partly emanates from the
decrease of the total number of hydrogen bonds (H-bonds) as
the CD gradually penetrates into the bilayer center. Note that
there are four different types of H-bonds present in the system:
(i) water� � �water, (ii) lipid� � �water, (iii) water� � �CD, and
(iv) lipid� � �CD. Table S1 of the ESI† presents the CD position-
dependent number of the above four types of H-bonds. While
the number of the first two types varies only slightly on the
position of the CD, the number of H-bonds of the last two types
(water� � �CD and lipid� � �CD) is heavily influenced by the posi-
tion of the CD. We have plotted, in Fig. 5a, the total number of

Fig. 3 Snapshots collected at six different z-distances (between the COM of the CD and the bilayer center) (a) 3.8 nm, (b) 3 nm, (c) 2.25 nm, (d) 1.5 nm,
(e) 0.75 nm and (f) 0.00 nm.
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H-bonds between CD� � �water/lipid and CD� � �lipid against the
z-distance. While the number of CD� � �water/lipid H-bonds
increases, the number of H-bonds between CD� � �lipid
decreases with increasing z-distance between the COM of the
CD and the bilayer center. Fig. 5b presents the enthalpy as a
function of the total number of H-bonds, formed by the CD.
A clear correlation is observed between the enthalpy and the
total number of H-bonds. Therefore, the overall decrease in
the number of H-bonds formed by the CD is responsible for the
massive increase of enthalpy as the CD penetrates the bilayer
center. It is interesting to note that the number of H-bonds
between the CD and water is surprisingly high even if the CD is
situated at the center of the membrane where no water mole-
cules are supposed to be present. This gives a somewhat clear
signature of water pore formation in the lipid membrane due to
the insertion of the CD into the membrane. We will return to
this point in Section 3.3 with more details.

3.2. Permeability of the CD across the lipid membrane

We now calculate the permeability of the CD across the lipid
membrane using the inhomogeneous solubility diffusion
(ISD) model,105–109 detailed in Section 2.3. Position dependent

diffusion-coefficients D(z) at two different temperatures are
calculated from eqn (4) and plotted in Fig. 6. Clearly, the
obtained D(z) values for CDs are approximately two orders of
magnitude less than many other smaller polar molecules, like
water, methanol, etc.110–114 The bigger size of the CD may be
the prevalent factor for the decreased diffusion coefficient.
Despite the difference of the numerical values of D(z) from
the smaller polar molecules, the z-dependent profile looks very
similar and can be explained qualitatively by the four-region
ISD model.95,110

Broadly, we don’t see a moderate change in the diffusion
coefficient due to different positions of the CD at both the
temperatures. As reported in a previous study by Evans et al.,115

the lipid core can behave like a continuum region in the case of
the permeation of a bigger solute. This can explain the weak
z-dependence of the D(z) value. As expected, higher diffusion
coefficients are seen in the bulk water region (z 4 3.5 nm)
which decreases sharply as the CD enters into the bilayer.112

D(z) remains almost the same as the CD further enters the
bilayer interior. However, the profile appears highly scattered
in this region. In accordance with the previous studies,112,116

the ordered tight-packed lipid core causes the drop of D(z) in
this region. The above picture of z-dependence on the D(z) value
is also applicable for the 320 K temperature, as shown in
Fig. 6c.

A solute’s efficacy in permeation across the lipid bilayer
center is decided by the ability to cross the bilayer and is
quantified by the oil/water partition coefficient K(z).117–120

Barring the physiological action, K(z) is a crucial specification
for drug design. The partition coefficients of CDs across the
bilayer normal are calculated using eqn (6) and shown in
Fig. 6b and d for 300 K and 320 K temperatures, respectively.
Qualitatively similar profiles are obtained for both tempera-
tures. The K(z) value decreases very rapidly to an extremely low
value at the lipid bilayer core, which indicates insignificant
partitioning of the solute in the hydrophobic core. The trend is
observed for both temperatures as the PMF profiles show a
progressive increase in the barrier height in these regions for
both temperatures. In accordance with the lower barrier height
of the PMF at 320 K, a higher partition coefficient is observed at
320 K. A peak is observed at a z-distance of B3.5 nm between
the bilayer center and the CD’s COM. As discussed in Section
3.1, the PMF shows a shallow minimum at z B 3.5 nm and the
CD stays most of the time at this position in the unconstrained
simulation trajectory. These confirm z B 3.5 nm away from the
bilayer center is the most favored location of CDs.

The values of permeability coefficient P at two different
temperatures are then calculated from the D(z) and K(z) values
using eqn (3). The numerical value of P is equally sensitive to
both the diffusion coefficient and free energy profiles. We have
obtained the P values of 3.09 � 10�31 cm s�1 and 9.99 �
10�22 cm s�1 at 300 K and 320 K, respectively. Therefore, our
calculation predicts the negligible permeation of the CD across
the POPC lipid bilayer. Furthermore, using eqn (7), the average
translocation time is calculated. As expected from extremely
low permeability values, we obtained the times of permeation

Fig. 4 (a) The evolution of the z-distance of the CD (black) and lipid head
group P atoms (red) from the bilayer center. (b) The probability distribution
of the above z-distances. These are obtained from the unconstrained
simulations of 250 ns duration.
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as hti of 4.895 � 1022 seconds and 1.74 � 1014 seconds at 300 K
and 320 K temperatures, respectively.

Finally, we discuss an important point regarding the validity
of the ISD model for calculating the permeability of the CD in
the present system. The breakdown of the ISD model for rigid
and bigger sized NPs has been explained in a recent study,121

where an overprediction of membrane permeabilities and
erroneous diffusivity profile are reported. Mainly, for hydro-
philic and interfacially active NPs, erroneous values are pre-
dicted from the model. Out of the several assumptions made in

the ISD model, the most questionable one is the validity of
the diffusion model, which assumes that the thermodynamic
gradient (free energy) should be constant over the correlation
distance of the NP. From the PMF profiles, we see that the
maximum change of PMF values occurs when the CD is inserted
from 2.4 to 1.2 nm z-distance from the bilayer center which is
about 2.46 kcal mol�1. A correlation time of 295 ps is calculated
at this separation. The diffusion coefficient gives a correlation
distance of 3.8 � 10�6 Å at this position. Along this distance, the
change in free energy is only B9.38 � 10�6 kcal mol�1, which is

Fig. 5 (a) The number of H-bonds between CD� � �lipid (blue) and CD� � �(water + lipid) (red) as a function of the z-distance between the COM of the CD
and the bilayer center. The dashed line indicates the total number of H-bonds formed between the CD and water in the absence of the lipid bilayer as
obtained from the simulation of CD in water. (b) The correlation between H for the permeation and the number of H-bonds between the CD and (water +
lipid). The blue dashed line is a linear fit of the scattered points.

Fig. 6 (a and c) The position-dependent diffusion coefficient D(z) of the CD at 300 K and 320 K, respectively. (b and d) The position-dependent partition
coefficient K(z) at 300 K and 320 K, respectively. The bilayer is assumed to be symmetric on both sides of the bilayer center.
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very much less than the thermal fluctuation kBT. This indicates
that the classical diffusion model can be applied to CDs similar
to many of the other smaller sized NPs. However, the increased
undulations of the membrane due to the disruption of the local
and global shape of the lipid membrane by the bigger sized NPs
removes the stationary component nature of the lipid bilayer.
The systematic correlations between the global displacement
and membrane undulations may result in the breakdown of the
ISD model. Therefore, the above-calculated value of permeability
is only a qualitative estimation. Further, the ISD model over-
estimates the permeability for the bigger solute. Therefore, the
actual permeability will be higher than the estimated one.
Therefore, this study predicts the maximum permeability limit
of the CD in the lipid bilayer.

Finally, we take a look at how much different is the permea-
tion of CDs from those of a different carbon nanoparticle
through the lipid membrane. It is found that a solid-like
fullerene enters into the lipid membrane interior in the micro-
second time scale, and this permeation is thermodynamically
favorable.30,80,122–125 The aggregated fullerene molecules in the
aqueous phase disaggregate spontaneously after entering the
hydrophobic membrane interior. Note that the hydrophobic
character of the fullerene makes the above permeation possible.
Another simulation study28 showed that although a pristine C60

fullerene molecule can spontaneously translocate into a lipid
bilayer center, the C60(OH)20 molecule (hydroxyl-functionalized
fullerene) can barely penetrate. The C60(OH)20 molecule can diffuse
to the bilayer interior slower than the pristine C60 fullerene
molecule by several orders of magnitude. This indicates the role
of hydrophilic functionalization of the carbon nanoparticles in the
permeation mechanism. The size is another determining factor for
the permeation mechanism. Our CD is approximately twice larger
than a fullerene molecule. Therefore, many more lipid molecules
need to be displaced from the translocation path of the CD. Based
on the above discussion, we can conclude that the permeation
across the lipid bilayer strictly depends on the size and the surface
functionalization of a carbon nanoparticle.

3.3. Effect of CDs on the lipid bilayer structure

Several experimental studies report negligible cytotoxicity of CDs and
many of their derivatives via cell viability analysis.1,7,45,51,52,54,126–129

The emerging application, based on the translocation across the
lipid bilayer, demands more detailed molecular-level analysis of
the impact of the CD’s direct permeation on the structure of the
lipid bilayer. Even though the direct permeation of the CD across
the lipid bilayer is practically impossible, the application of an
external force (e.g., electric field and ultrasound) can facilitate
the direct permeation.40,55,130–135 The forced permeation of CDs
across the lipid bilayer may cause the rupture of the latter.
Therefore, it is essential to verify the bilayer structure at various
constrained positions of the CD. It is worth mentioning that
many of the nanoparticles while translocating through the
bilayer induces overt transient hole formation.136 This, in turn,
causes membrane polarisation and stimulates the passage of ions,
several molecules, reactive oxygen species (ROS), etc.80,137,138 It was
observed that the properties of a NP—like size, charge, and surface

functionalization—are of paramount importance in inducing the
cytotoxic effects for the NP.139–141 The term ‘hole’ can be interpreted
as partial loss of a portion of the lipid bilayer and thereby
engenders several structural changes in the membrane, thereby
allowing the NP to pass through. Thus, such details on the
interaction of the CD with the lipid bilayer can assist the design
of many of the CD-based nanodevices. Here, we have analyzed
some of the primary structural properties including area per lipid
hALi, bilayer thickness DHH, acyl chain order parameters SCH, and
electron density profiles (EDPs) of the lipid bilayer at various
positions of the CD. Furthermore, we have scrutinized the water
penetration via hole formation, strictly by calculating the number
of water molecules entering the hydrophobic interior at different
locations of the CD.

Average area per lipid. The average area per lipid hALi is a crucial
property defining the structure of a lipid bilayer. hALi is calculated
by dividing the average area of the lateral dimension of the
simulation box by the number of lipid molecules present in each
leaflet nl. Here, we have calculated the hALi values at various
positions of the CD. In order to obtain the reference, we have
calculated hALiB 0.69 nm2 for the pure lipid bilayer in the absence
of the CD from a separate 150 ns simulation. This is consistent with
previously reported experimental142–144 and simulated69 values.
Fig. 7a plots hALi as a function of the z-distance between the
COM of the CD and the bilayer center at 300 K temperature. The
hALi value starts approximately from B0.68 nm2, which is very
close to the value in the absence of the CD, and remains almost
constant up to z = 2.5 nm distance. The hALi value gradually
increases below 2.5 nm z-distance and reaches B7.4 nm2 when
the CD is in the bilayer center. However, the above B9% increase
does not necessarily indicate the disruption of the bilayer structure.
Subtraction of the CD area from the total lateral dimension of the
bilayer results in hALi B 6.8 nm2 for z = 0 nm. Therefore, the
increased hALi with gradual translocation of the CD into the lipid
bilayer does not increase the actual area per lipid molecule.

We have also calculated the Voronoi diagrams145,146 for the
projected area per lipid as shown in Fig. S2 of the ESI† for three
specific positions of the CD in the lipid bilayer. The result from
the pure lipid bilayer simulation is also included for compar-
ison. Three key atoms, the carbon atom of two carbonyl groups
and one carbon of the glycerol moiety of the lipid, are chosen
for the construction of the Voronoi cells. A clear disruption of
the bilayer in the presence of CDs is observed from Fig. S2(a)
(ESI†). In the regions of defects, the area goes to a very high
value of up to 0.9 nm2. But when we analyze the plot erasing out
these defected regions the area actually decreases. This can be
due to the extraction of the lipid molecules by the CD in that
position. This trend is seen when the CD approaches towards
the bilayer. When present in the bulk such deformations are
not seen from the Voronoi plot. This indicates the chances of
lipid extraction by the CD when interacting with the bilayer.

Electron density profiles and bilayer thickness. We have now
calculated the electron density profiles (EDPs) of the lipid
bilayer along the bilayer normal to investigate the impact of
the lipid bilayer structure on the CD’s location. Fig. 7b presents
the EDPs for the entire system at six representative positions of
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the CD. An additional peak is observed around the CD position.
The peak gradually moves towards lower z-distance as the CD
enters the bilayer. Unfortunately, this EDP profile does not
provide details on the definite impact on the lipid bilayer
structure by the translocation of the CD. Therefore, it is
important to study the perturbation of the lipid bilayer only.
Fig. 7c presents the EDPs for the lipid bilayer at six representa-
tive positions of the CD. Clearly, we do not see a substantial
change in the bilayer structure until the CD penetrates entirely
into the bilayer. However, the effect is nominal even after the
complete penetration.

To see the change in elasticity in the lipid bilayer, we have
calculated the lipid bilayer thickness DHH for different positions of
the CD. Here, we have defined DHH as the head-to-head distance
in the EDP. Fig. 7d plots DHH as a function of the z-distance
between the bilayer center and the COM of the CD. As presented
in the figure, the permeation does not heavily influence the
bilayer thickness. Broadly, a slight increase of DHH is observed
once the CD enters inside the bilayer. The additional space
occupied by the CD inside the bilayer results in the expansion
of the membrane region and thereby increases the thickness.

We have also analyzed the 2D bilayer thickness profile by
considering the simple key atom model.145 Here, we considered the
phosphate group of the lipid for the calculation. The difference
between the average distances between the phosphate groups of

two leaflets of the lipid gives the thickness. Fig. S3 (ESI†) shows the
thickness profiles for three characteristic positions of the CD i.e.
when it is in bulk when approaching the lipid bilayer and one at
the bilayer center. In the bulk, many defects on the bilayer are not
seen from the profiles. However, as it approaches the bilayer the
thickness significantly reduces in some regions indicating the
presence of defective regions. The thickness reduces to 1 nm range
in the regions of destruction as seen from Fig. S3 (c) of the ESI†
where the CD is situated in the bilayer center.

Acyl chain order parameter. To confirm that no phase
transition has occurred during the translocation of CDs across
the bilayer, we have calculated the order parameter SCD for the
hydrophobic acyl chain of the lipid bilayer. SCD is an important
parameter characterizing the structural order of the lipid
bilayer as it deals with the internal ordering of the lipid.147

Therefore, the SCD values for different positions of the CD can
provide information about the possible structural transition.
The SCD values for the sn1 and sn2 chains for the lipid and
comparison with the simulation of the lipid are shown in
Fig. 8a and b. Minor structural variations are observed for both
the chains where the SCD value increases from the bulk order
parameter. A similar trend for the increased order parameter is
previously reported for fullerene insertion.80,124 The plausible
explanation can be that the space occupied by the big NP
causes lower mobility of the lipid tail groups and thereby

Fig. 7 The variation of different structural properties of the lipid bilayer as the CD is translocated across the lipid bilayer. (a) The area per lipid hALi at every
position of the CD. The horizontal dashed line shows the numerical value of hALi for the pure lipid bilayer, in the absence of CD. (b) and (c) shows the
electron density profiles (EDP) for the entire system and the lipid at six representative positions. (d) The bilayer thickness DHH as the CD is translocated.
The DHH value for the lipid bilayer in the absence of CD is shown by the horizontal dashed line.
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induces constrained motions and more ordering. However, the
values do not cross SCD = 0.25, the upper bound for the fluid
phase. This ensures the fluid phase of the lipid bilayer even
after the penetration of the CD inside the lipid bilayer center.

Water pore formation. It is important to study the formation
of the pore, if any, across the lipid bilayer when the CD is at
different positions across the lipid bilayer. Pore formation in
the cell membrane is fatal because of the increased and
uncontrolled permeation of water, ions, many toxic ions, reactive
oxygen species, etc. Such formation of water pores is previously
reported for many nanoparticles (both carbon nanoparticles and
metal nanoparticles)124,148–152 coining the term ‘nanotoxicity’.

This is a potential issue associated with NP assisted imaging
and drug design. Even though in the previous subsections we
have not found definite evidence of CD-induced damage in the
lipid bilayer structure, it is worth searching for water pore
formation in the lipid bilayer and investigating its effect on
the permeation of water.

Fig. 9 presents snapshots for three different positions of the
CD, obtained from the last configurations of the respective
constrained simulation trajectories. Characteristic pore formation is
observed when the CD enters into the bilayer. The two-dimensional

density contour plots for water, CD and the phosphate group of
the lipid molecules further clarify the average positions of the
pore and the surroundings and the CD presented. These are
presented in Fig. 10. It is clear from these figures that the water
pore is propped up by the polar head group of the lipid
molecules and the hydrophilic surface of the CD. This confirms
the hydrophilic nature of the pore. A recent study94 on electric
field-induced permeation of ligand coated gold NPs found water
pore formation when the NP is made to pass from the upper
leaflet to the lower leaflet of the lipid bilayer. The gradual
development of the water pore following the NP is observed,
which aids the deformation of the bilayer and thereby develops
pores in the lipid membrane. The applied electric field was less
than the membrane breakdown potential which corroborates the
dependence of the formation of a pore in the presence of the
gold NP. We have counted the number of water molecules
present in the hydrophobic core of the lipid bilayer using the
water density profile across the transmembrane positions.
Fig. 11a plots the number density of water as a function of
z-distance from the bilayer center for four different positions of
the CD as representative ones. The increase of water density
around z = 0 positions in the case of the bilayer interior location

Fig. 8 The deuterium order parameter for the tail region of the lipid bilayer for the sn1 (a) and the sn2 (b) chains for six representative positions of the CD.
The order parameter values for the bilayer system in the absence of CD are also shown in black squares.

Fig. 9 Snapshots showing the system configurations at three different COM positions of the CD (a) z = 3.5 nm, (b) z = 1.44 nm, and (c) z = 0.00 nm,
which are the z-distances between the COM of the CD and the bilayer center.
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of the CD indicates the growth of the water permeation. The
number of water molecules, situated within 1 nm z-distance
from the center of the bilayer, is plotted in Fig. 11b as a function
of the z-distance of the CD from the lipid bilayer center. These
water molecules are hereby termed as core water. When the CD
is far away from the lipid bilayer (z 4 2.5 nm) the number of core
water molecules is similar to the case where no CD is considered
in the simulation. This suggests that there is no substantial
increase in water permeation when the CD slightly enters into
the bilayer (mainly in the hydrophilic region). However, the

number increases when the CD further penetrates into the
hydrophobic tail region of the lipid bilayer. We see large fluctua-
tions in the number of core water molecules in the region,
0.7 nm o z o 1.5 nm, with the maximum 600 core water
molecules at z = 1.44 nm. The fluctuation decreases as the CD
further penetrates below 0.7 nm z-distance, which is a pure
hydrophobic region. The number of water molecules becomes
slightly less than 300 when the CD is located at the center. The
difference in the degree of fluctuation at different transmembrane
positions can stem from the inhomogeneity of the bilayer along the

Fig. 10 Time-averaged two-dimensional density maps for the (a) CD, (b) headgroup atoms, and (c) water. The overlaying of all density maps is shown in
(d). This shows that the CD forming the water pores is surrounded by the hydrophilic atoms of the headgroup inside the hydrophobic core region.

Fig. 11 (a) The number density profiles for water at six different positions of CD showing the change in the water profiles as the CD enters the bilayer and
(b) the number of penetrating water molecules calculated within a z-distance of 1 nm around the bilayer center inside the hydrophobic core. The
horizontal dashed lines show the number of penetrating water molecules for the lipid bilayer system, where the CD is absent.
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bilayer normal. Representative hole formation in the lipid bilayer,
for the z = 0 position of the CD, is shown in Fig. 12. This confirms
that some lipid molecules get extracted from the bilayer system by
CDs. The phosphate group of the lipid head group region is being
carried away with the CD. The pore formed is lined by the
hydrophilic atoms of the head group. The pore formation can be
because of the stress/tension raised by the CD on the bilayer.
Similar pulling of the pure hydrophobic CD through the lipid
bilayer does not cause any water wire/water pore formation (results
are not shown here). This suggests that the water molecules
accompanying the CD are rather a natural process instead of a
mere artifact. The hydrophilic character of the functionalized CD
may facilitate the formation of such water pores when enforced to
permeate. This suggests that if the CD is forced to permeate directly
across the lipid bilayer, there is a high chance that it will induce
pore formation in the bilayer and therefore may be cytotoxic.
However, as the free energy profile suggests direct permeation
without an external force is almost impossible, the endocytic
pathway is the only possible route for permeation of the CD across
the lipid bilayer as reported in previous studies.

Finally, we have analyzed the asymmetry of the lipid bilayer
caused by the forced permeation of the CD. For that, we have
counted the flip-flop events and the number of lipid molecules
lost from one leaflet of the bilayer. We have also calculated the
lateral pressure profile of the lipid bilayer at four different
constraint positions of the CD. The method and the results are
presented in Section S4 of the ESI.†

4. Conclusions

In this study, the direct permeation of the hydroxyl functiona-
lized CD across the POPC lipid bilayer membrane has been
examined in molecular details. We have estimated a consider-
able free energy barrier height for the translocation of the CD
into the bilayer center, and the barrier is enthalpic driven. A
significant reduction of the H-bond number is the plausible
reason for the steep uphill translocation process. A closer
view of the free energy profile and the analysis from the
unconstrained simulation indicate that the CD prefers to get

adsorbed in the bilayer interface rather than penetrating into
the hydrophobic core. Furthermore, we have calculated the
diffusivity of the CD at various constrained positions. In line
with previous findings, a decreased diffusive trend is captured
as the CD approaches the bilayer center. Finally, we have
investigated the impact of the CD on the lipid bilayer by
analyzing some basic structural properties of the lipid bilayer,
namely area per lipid, electron density profile, bilayer thickness,
and deuterium order parameters. Only slight changes in the
lipid structure are witnessed in these analyses. The cytotoxicity
issue is further examined in more detail via analyzing the water
pores formed as the CD permeates inside the hydrophobic core.
Water perforation is estimated by calculating the number of
water molecules around the bilayer center. Evidence of extrac-
tion of lipid headgroups along with the CD has been found.

It should be noted that the disruption of the bilayer structure
occurs only when the CD is forced for the direct permeation across
the lipid bilayer. No visible impact has been observed when the CD
is adsorbed near the bilayer interface. Therefore, as long as the CD is
not translocated into the lipid bilayer by some external force, the CD
is not cytotoxic. Also, the steep barrier height does not allow the CD
to cross the bilayer naturally. However, the direct translocation via
applying some external force can be detrimental for the lipid bilayer
membrane. This study, therefore, strongly suggests that the endocy-
tic pathway is the key option for the permeation of the CD. A full
apprehension on this is still buried and should be investigated
thoroughly via experimental and simulation studies. Taking into
account the emerging applications of CDs a thorough understanding
of this is inevitable. Further studies concentrating on the endocytic
pathway for the cellular intake of CDs should be done to further
explore the usefulness of the budding pioneering member of carbon
nanomaterials.
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