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Abstract. The emerging area of carbon-based nanoparticles (NPs) and their increased usage in the biomedical
ﬁeld necessitate checking their biocompatibility and permeation pathway across the cell membrane. In this
study, we explore the permeation pathway of two NPs - a well-studied fullerene (C60) and a pristine carbon dot
(CD) across a model Palmitoyloleoylphosphatidylcholine (POPC) lipid membrane. Both constrained and
unconstrained all-atom molecular dynamics (MD) simulations are carried out to understand their permeation
mechanism. C60 permeates the bilayer via passive permeation and stays inside the hydrophobic core, while the
CD does not show any sign of permeation across the membrane throughout the simulation time window. The free
energy proﬁles for the permeation are calculated using the umbrella sampling method. The huge barrier for the
permeation of the CD is conﬁrmed from the PMF proﬁles, while the free energy minima for the permeation of C60
are located in the bilayer interior. This mode of permeation of C60 can hint at its toxic nature to cell membranes
widely investigated in the past. The structural properties of the bilayer are also analyzed, and on a global scale, it
shows no signiﬁcant mechanical damage to the membrane. Thus, our study details the molecular level interaction
of pristine carbon-based NPs with a lipid bilayer.

Synopsis. In this work, we explored the permeation pathway of two hydrophobic carbon nanoparticles
(NPs) - fullerene (C60) and carbon dot (CD) across a lipid bilayer. We assessed the free energy proﬁle for the
permeation, partition coefﬁcient, permeability coefﬁcient, and effects of the nanoparticles on the membrane
structure.
Keywords. Molecular dynamics; carbon dot; fullerene; lipid membrane; permeation.

1. Introduction
Carbon in different forms has been an engaging
member of the nanomaterial’s family for the past
decades being less toxic, abundantly available, and an
important building block of our body.1–5 Different
forms including carbon nanotubes, graphene oxide,
graphene quantum dots, etc., were gradually introduced to the family of carbonaceous nanoparticles.5–10
11
From the outdated fullerene to the recently added
Carbon Dots (CDs)5,12,13 biomedical ﬁeld ﬁnds strong
applications, like in vivo imaging of biomolecules,
biosensors, drug delivery, tissue engineering, diagnosis, cancer therapy, etc. Fullerenes are comparatively

small carbon nanomaterials, Buckminsterfullerene
(C60) being the most abundant and the most stable. It
has 60 carbon atoms arranged in a spherical form with
a truncated icosahedron shape and * 10 Å in diameter.14 Intrinsic properties like inertness, solubility in
numerous solvents, mechanical and electrical conductivity, indeﬁnitely modiﬁable, small size, etc., have
attracted the scientiﬁc world at a time.15–17 Further
functionalized C60 systems can reach all parts of our
body and even cross the blood-brain barrier.18–20 On
the other hand, CDs are a recently added member less
than 10 nm in size considered a promising member in
the biomedical ﬁeld.21,22 These are quasi-spherical
units of stacked graphene layers, one of the most

*For correspondence
Supplementary Information: The online version contains supplementary material available at https://doi.org/10.1007/s12039-02101968-5.

105

Page 2 of 17

attractive allotropes of carbon. Numerous experimental studies show the non-toxicity of pristine CDs to
cells.23,24
Unlike many hydrophobic moieties, the unique cagelike structure and electron-deﬁcient properties of C60
made them attractive candidates in the biomedical
ﬁeld.25–34 C60 and its different derivatives ﬁnd their
applications in various areas, such as ROS scavenging,35
inhibition of HIV36 and human cytomegalovirus replication,37, etc. Unfortunately, C60 is seen to be toxic to our
bodies.38–41 C60-based entities can induce undulations in
the cell membrane’s structure and water pore formation
in the cell membrane.38 In contrast, the CD is less toxic
and more bio-compatible. Ease of surface functionalization, inherent ﬂuorescence property,5,13,40 and resistance to photobleaching are some of its featured
properties.12,39 CD has found its applications in drug/gene delivery agents of anticancer drugs,41,42 photothermal therapy (PTT),43–46 and photodynamic therapy
(PDT).47–49
The above applications, especially the ones related
to drug/gene delivery and diagnosis, require a detailed
investigation of its interaction with the cell membrane
since the NPs need to penetrate a cell via the cell
membrane. Simulations provide new physical insights
on these interactions at the molecular level to judge
the detrimental effects of these materials. Previous
simulation studies focused on the interaction of different types of nanoparticles with modeled cell
membranes and commented on their toxicity.50–61
62
Deleterious effects of nanoparticles like gold, graphene nanosheets,60 graphene quantum dots,51 graphene oxide,53 on the structure and dynamics of lipid
membrane are reported using simulations and cell
viability analysis based experiments. Much deeper
insights on the permeation mechanism of C60 into a
lipid membrane were given. Both experimental and
simulation studies showed both the energy-dependent
and the energy-independent pathways for translocation
of C60 and its derivatives across the membrane.18,50,63
Some of these studies focused on the C60 induced
modiﬁcations of the structural, elastic, and dynamics
properties of the model cell membrane.38,50 A study by
Zhang et al.64 records in detail the cytotoxic effects of
C60 aggregates on modeled DOPC lipid membrane.
They suggested a more local effect of C60 clusters
rather than a global change. A recent CG study by
Gupta et al.50 also analyzed the undulations of the skin
lipid membrane with increasing concentration of C60
by observing the variations of primary bilayer structural properties, including area per lipid, thickness,
order parameter, membrane curvature, etc. after the
penetration of C60 clusters. Many experimental studies
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characterized the effect of CD on cell membrane
indirectly via cell proliferation, mortality, and cell
viability analysis. It was found that compared to C60,
the CD is much less toxic23,24,65–72 and therefore has
more extensive applications. The cell viability analysis
of pristine CD and its derivatives (modiﬁed with
hydrophilic and hydrophobic substituents) frequently
reports CDs to be non-toxic.23,24 Most of the studies
observed minimum cell death in the presence of these
NPs. These ﬁndings judge CD as a non-toxic NP so
far. However, all those studies indeed ﬁnd a decrease
in cell viability suggesting cell death. However, this is
indirect approach to study the detrimental effect of the
CD on cell membrane. A direct molecular level
investigation is therefore necessary to elucidate the
above effects from fundamental level. All-atom MD
simulations has a proven efﬁcacy to handle this
problem. With careful modeling of the systems, the
simulation study can probe the interaction between the
nanoparticles with the lipid membrane and reveal the
origin of the above damaging effects.
This work attempts to portray a microscopic picture
of the interactions between pristine CD or C60 with fully
hydrated model POPC lipid bilayer via all-atom MD
simulations. While most of the studies deal with the
hydrophilic group functionalized CD, we have considered here the pristine CD for the following reasons. Our
primary focus is on the qualitative comparison between
purely hydrophobic CD and C60 on the interaction with a
lipid membrane. Since we studied earlier the interaction
of hydroxyl-functionalized CD with POPC lipid
bilayer,73 the present results for the pristine CD will also
help in understanding the effect of surface functionalization of CD on the interaction with a lipid bilayer. The
rest of the paper is organized as follows. Section 2
describes the simulation methodology adopted and the
parameterization of the systems. Section 3 details the
results and discussion and concluding remarks are
summed up in section 4.

2. Methods
2.1 Simulation details
We perform the simulations using the GROMACS
2019 version.74 The lipid molecules, pristine CD, and
C60 are modeled with OPLS/AA forceﬁeld.75,76
TIP3P77 water model is chosen for water. The forceﬁeld parameters and the structures of the lipid molecules are parameterized by Kulig et al.76 It was
observed that this force-ﬁeld predicts the structural
and dynamical properties of the lipid membrane in
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good agreement with the experimental data. The study
quantitatively predicted different structural properties
of lipid bilayer simulations. As we will see in Sec. 3,
accurate predictions of the membrane’s structure and
dynamics are also observed in our study. In addition,
the OPLS/AA model of lipid is only compatible with
the OPLS/AA-based model of CD. This justiﬁes the
use of the present all-atom model for the lipid membrane. We adopt the CD force-ﬁeld, which is recently
developed by Paloncýová et al. 78 The repository of
‘‘CD builder webpage’’ provides the equilibrated
structures (after a long 1 ls simulation run) and force
ﬁeld parameters to set up the simulation system.
Pristine CD has a diameter of gyration of * 2.1 nm
with seven graphene like layers stacked one above the
other. Similar to multi-layer graphene sheets the
interlayer dispersion interactions (AB stacking) drive
the stability of the structure and do not require any
external driving force to maintain the positions of the
layers. Therefore, the CD is larger compared to C60.
This size disparity between CD and C60 will naturally
be seen in the results among them. We cannot reduce
the size of the CD more due to the destabilization of
the structure. The planes are placed with a distance of
* 0.34 nm adding up to a dot height of 2.04 nm. The
innermost three layers have a total of 216 carbon
atoms followed by a layer of 150 carbon atoms on
either side and in the end a layer of 96 carbon atoms.
This adds up to 1140 carbon atoms in the CD.
A pre-equilibrated POPC bilayer structure, consisting
of 128 lipid molecules is built initially without adding
CD/C60 as a starting structure. Once the system is energy
minimized using the steepest descent algorithm, we
performed a 250 ns simulation run. Lincs algorithm79 is
applied for bond constraining. A constant temperature
of 300 K is maintained using the Nose-Hoover thermostat.80,81 Semi-isotropic pressure coupling using
Berendsen barostat82 is applied to maintain a pressure of
1 atm. Isothermal compressibility of 4.6910-5 bar-1
and coupling constant of 1 ps is used for the semi-isotropic pressure bath. Newton’s equation of motions is
calculated using the verlet leapfrog algorithm after
every 2 fs. Particle Mesh Ewald method83 computes the
electrostatic interactions. The trajectory is saved after
every 250 fs for analysis. The bilayer is hydrated with
10,400 water molecules. To this pre-equilibrated system, we have added the NPs. Also, bilayer structural
properties are calculated for this system and used as a
reference to analyze the damping effect if any in the
presence of NP. We have simulated two systems: one
with CD and second with C60 solute. In these systems,
the solutes are initially added at the edge of the simulation box while the lipid bilayer is in the middle. This
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Figure 1. Snapshots collected at the end of unconstrained
simulations for (a)C60, (b)CD systems. The NP (CD/C60) is
color-coded with purple, water shown in pink color, head
group atoms nitrogen, phosphorus, and oxygen represented
with VDW beads in green, black and grey color.

ensures the longest distance possible between the
solutes and the bilayer. The lateral dimension of the
system is 7.5 nm 9 7.5 nm 9 13.6 nm. Snapshots of the
ﬁnal structure of both systems are shown in Figure 1.
Both constrained and unconstrained simulations are
performed for both CD and C60 solute systems.
Unconstrained simulation for CD and C60 is performed for 500 ns, respectively. For the C60 system,
a direct permeation is observed where C60 jumps to
the middle of the bilayer showing an energy-independent passive permeation pathway, as reported
previously.56 However, the CD does not show a
direct permeation, which is reminiscent of that
reported for hydroxyl-functionalized CD.73 To detail
more on their transportation mechanism across the
bilayer in quantitative norms via free energy calculations we performed the constrained simulations. For
both the constrained and unconstrained systems of
CD and C60, NPT simulations are carried out at a
temperature of 300 K and pressure of 1 bar. Temperature is maintained using the Nosé-Hoover thermostat with a coupling constant of 0.4 ps. Berendsen
barostat was employed with semi-isotropic pressure
coupling mode with a coupling constant of 1 ps and a
compressibility coefﬁcient of 4.6910-5 bar-1. Electrostatic interactions are governed by the Particle
Mesh Ewald (PME) technique and the trajectory is
saved after every 250 fs.

2.2 Calculations of potential of mean force
(PMF) and permeability coefﬁcient
Permeation pathways of two hydrophobic solutes C60
and pristine CD can be understood in detail via freeenergy calculations. Free energy of permeation is

105

Page 4 of 17

J. Chem. Sci. (2021)133:105

calculated via the umbrella sampling method84,85 and
the
Weighted
Histogram
Analysis
Method
(WHAM)86 where the center of the mass distance
between the bilayer and the solute (CD/C60) is constrained along the bilayer normal z-axis at 38 sample
z-distances ranging from 0.0–3.7 nm with an increment of 1 Å. This ensures an adequate overlap of the
distributions in PMF proﬁles covering the entire
space from bulk water to the bilayer center. The
solute can freely move along the XY plane. Pulling
simulations are carried out using the pull code in
GROMACS. Solute molecules are pulled at a rate of
0.001 nm ps-1 and the reaction coordinate is harmonically constrained with a force constant of 1000
kJ mol-1 nm-2 consistent with previous simulations
of carbon-based nano-particles.18,63,87 In umbrella
sampling simulation the pull rate and force constant
hugely affect the system. Taking care of this fact, our
choices of pull rate and force constant ensure a slow
pulling of the system avoiding any possibility of hard
collision between the NP and the bilayer membrane.
Each of the collected conﬁgurations is then run for a
duration of 100 ns for CD and C60 molecule. From
previous simulation studies, we can conﬁrm that the
simulation time scales are enough to achieve convergence of the PMF proﬁles. The coordinates and
constrained force are stored for every 250 fs and 2 fs,
respectively. The last 50 ns are considered for analyses of various properties. Error analysis is done by
the bootstrap analysis method. Calculated free energy
is replicated for the other side of the symmetric
bilayer.
The permeability coefﬁcient P of various solute
molecules across the heterogenous bilayer system is
quantitatively predicted by the inhomogeneous solubility diffusion model (ISD).88,89 The model calculates the permeation rate by permeation coefﬁcient,
which can be directly compared with experimental
measurements. The permeation coefﬁcient is deﬁned
as,
d=2
1
1
¼ r
dz
P d=2 K ðzÞDðzÞ

ð1Þ

where, d is the bilayer thickness, KðzÞ is the partition
coefﬁcient, and DðzÞ is the z-distance-dependent diffusion coefﬁcient as functions of the reaction coordinate. These are deﬁned as,
DðzÞ ¼

ðRT Þ2
r1
0 DF ðz; tÞDF ðz; 0Þdt

DF ðz; tÞ ¼ F ðz; tÞ  F ðz; tÞ

ð2Þ
ð3Þ

K ðzÞ ¼ eð

dGðzÞ
RT

Þ

ð4Þ

Here, R is the gas constant, T is the temperature of
the simulation, Fðz; tÞ is the force acting on the solute
constrained at a distance and dG(z) is the calculated
potential of mean force (PMF).
We have also calculated the time of permeation
using the following equation.56,73,90
s¼

y
1 3:68nm PMF ð yÞ=kB T
dy r ePMF ðzÞ=kB T dz
r e
DZ 3:68nm
3:68nm

ð5Þ
where DZ is the average diffusion coefﬁcient, kB is the
Boltzmann constant, and T is the temperature of the
simulation.
It was previously reported that the ISD model
breaks down for bigger and rigid NPs like CD giving
erroneous membrane permeability and diffusivity
proﬁles.91 The model behaves more sensitive for
interfacial active NPs. Different assumptions made in
the model break more importantly the diffusion model
which assumes a constant thermodynamic gradient of
free energy over the correlation distance of the NP.
The model also assumes a stationary nature for the
lipid bilayer which deviates in the presence of biggersized NPs that induces undulations in the bilayer
structure. However, it still predicts the parameters
qualitatively to a reasonable accuracy. It was
explained earlier73 in detail the rationale of using the
ISD model for CD also. Moreover, the predicted permeability coefﬁcient and translocation time are only
qualitative estimates.
3. Results and discussion
3.1 Unconstrained simulations
We perform 500 ns unconstrained simulations with
CD in the POPC bilayer and analyzed the induced
changes in the bilayer structure. The CD has been
initially placed at a distance of *5.0 nm from the
bilayer center. Throughout the simulation time, the CD
does not show a passive permeation to the bilayer.
This supports the previously proposed endocytic
transportation of CD from experimental studies.92 Our
previous simulation study, focusing on the permeation
mechanism of the hydroxyl surface-functionalized CD
across model POPC bilayer, also showed similar
behavior for the unconstrained simulations.73 The
larger size of the NP mostly hinders its direct permeation unlike other smaller-sized hydrophobic NPs like
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fullerene. Thus, both surface-modiﬁed, and pristine
CD shows a qualitatively akin nature of permeation
strongly dependent on their size.
The effects of the CD on the primary structural
properties of the lipid bilayer, including area per lipid,
bilayer thickness, and deuterium order parameter, are
shown in Figure 3. This reveals an intact stable bilayer
structure in presence of CD. This happens mostly
because the CD does not enter the bilayer membrane.
Area, thickness, and acyl chain order (for both the
chains sn1 and sn2) show only minor differences from
the pure bilayer system. Thus, the CD does not affect
the membrane structure globally akin to its non-toxicity reported from different experimental studies. The
structural properties of the blank bilayer system show
reasonably good agreement with the experiment.93–95
We have shown the experimental SCD values reported
previously96–98 in Figure 3c and 3d showing good
agreement with our simulation. We also probe for any
local structural impact of CD on bilayer using
g_lomepro99 analysis detailed in Sec. 3.3. We have
analyzed the most probable z-distance of the CD with
respect to the lipid bilayer center using the time-dependent center of mass (COM) distance between the
lipid bilayer and the CD (see Figure 2). The CD does
not approach beyond the bilayer surface and is located

6

z (nm)

z (nm)

mostly in the bulk water unlike what we observed in
the case of the hydroxyl-functionalized CD.73 Since
the pristine CD is completely nonpolar, it does not
have preferential interaction with the polar head
groups near the membrane surface. As the CD
approaches the lipid membrane the unfavorable
interaction repels the CD away from the membrane
surface. The quasi-spherical geometry of CD also does
not favor other interactions with the bilayer head
group atoms.
Similar unconstrained simulations are performed
with C60 added to the POPC bilayer. Initial structures
have fullerene placed far away from the COM of the
bilayer in the bulk water. The fullerene jumps to the
lipid bilayer center after * 380 ns simulation time
and stays there for the rest of the simulation run. This
is observed from calculating the COM distance
between the bilayer and fullerene as shown in Figure 2b. This is consistent with previous ﬁndings,
although the required time for the fullerene’s
translocation is somewhat longer than in previous
studies. The structural properties are calculated
before and after the permeation of fullerene. This
allows us to check whether the solute invades the
lipid bilayer after the permeation globally. Figure 3
shows that before and after the permeation we did
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Figure 2. (a) and (b) shows the z-distance of the NP (black) and lipid head group P atoms (red) from the bilayer center
evolving across the simulation run for the two systems. (c) and (d) shows the probability distribution of the z-distances of
the NP (black) and lipid head group P atoms (red) from the bilayer center for the two unconstrained system.
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Figure 3. (a) Average area per lipid (AL) and (b) bilayer thickness (TL) of the two unconstrained systems. The values are
compared with our blank system. Order Parameter calculated for the two chains of POPC bilayer for constrained simulation
of CD system ((c), (d)) and for C60 system ((e), (f)). The values are compared with the bulk simulation of the POPC bilayer
shown in black squares. For the C60 system, values are calculated before and after the permeation of C60 into the bilayer.
The experimental values for the two chains are presented in the diamond symbol.

not capture a signiﬁcant variation in the structure
when compared with the pure bilayer system. These
minor changes suggest that even after the permeation,
the bilayer structure is not perturbed much globally.
It is also well documented in the literature that a
single fullerene molecule does not perturb the bilayer
structure signiﬁcantly globally.38,64,100,101 Further we
also investigate if there is any local perturbation on

the surrounding lipids of C60 from grid-based analysis using g_lomepro.99

3.2 Constrained simulations
3.2a Potential mean force and permeability
coefﬁcient: To comment on the energy cost of
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Figure 4. (a) Snapshot of the pure bilayer system in the absence of CD/C60 to show different regions of the bilayer.
(b) Free energy proﬁle for the translocation of the CD (blue) and C60 (red) across the lipid bilayer. The zoomed-in image of
PMF proﬁles for CD and C60 showing the huge energy barrier near the membrane surface (c) and the energy proﬁle for C60
at its stabilized position inside the membrane (d) respectively.

transportation of solute across the membrane, the PMF
proﬁles are calculated at 300 K (see Sec. 2.2 for the
methodology). The translocation of fullerene across
the lipid membrane is already observed in the
unconstrained simulation (see Sec. 3.1), which
follows previous simulation studies. The present
PMF proﬁle of C60 shows almost barrier-less
permeation and subsequent stabilization in the
bilayer center by nearly 40 kJ/mol. Passive
permeation of fullerene through the bilayer is highly
supported by its interactions with the surrounding
medium.18 Unlike bulk solvents, the lipid bilayer is an
inhomogeneous medium deﬁned by four characteristic
regions -(I) bulk water, (II) dense head group region,
(III) dense hydrophobic region, and (IV) ﬂuid inner
hydrophobic region as shown in Figure 4a. The PMF
for C60 shows the minima of the PMF proﬁle around
0.5–0.7 nm away from the center which deﬁnes region
III. Thus, we observe fullerene staying near this region
throughout the simulation where it has favorable van
der Waals interactions. A subtle rise of the PMF value
at the center z = 0 nm is observed which is consistent
with the literature. The bilayer center (region IV) is
lined by the end of the acyl chain of the lipid

molecules. Thus, compared to region III which is a
tightly packed hydrophobic membrane region, region
IV is loosely packed. This disfavors the partitioning of
fullerene to this region due to fewer interactions with
the neighborhood. This conﬁrms that fullerene prefers
to stay at a certain distance from the bilayer center as
seen from the unconstrained simulation where
fullerene jumps to the bilayer core and stays at a
distance of * 1 nm from the bilayer center. Thus,
energetically also this is a favorable position for
fullerene. Earlier studies have conﬁrmed similar
ﬁndings.18,63,87
Stark differences are observed in the PMF proﬁle
for CD’s permeation across lipid bilayer compared to
that for C60. A huge barrier (*175 kJ/mol) at the lipid
bilayer/water interface is observed. The larger size of
the CD and the hydrophilic nature of the interface
probably strongly hinder the entry. The size factor
hugely sources a high energy barrier, unlike C60. Here
in our all-atom simulations, the chemical nature of
both C60 and CD are taken into account. Other than the
size factor permeation of C60 from the aqueous phase
to the lipidic core is highly followed by the interactions with its surrounding medium. Unlike
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CD

140

there is no minimum located at the membrane/water
interface. Therefore, the CD does not adsorb on the
surface of the lipid membrane. Therefore, it is highly
unlikely that the CD will enter the cell via the endocytic pathway. On the contrary, the PMF proﬁle of the
hydroxyl functionalized CD73 has one small minimum
at the interface and therefore it adsorbs on the lipid
membrane surface.
For accurately predicting the free energy proﬁles the
solute should sample across all the angles at its different positions along the membrane. Speciﬁcally, for
quasi-spherical NPs like CD, this becomes critical. To
analyze this, we have calculated the two-dimensional
probability density distribution of the distance (between the lipid bilayer center and COM of CD) and the
angle (between the normal of the middle layer of the
CD and bilayer normal). Calculations are performed
using the last 50 ns of the constrained simulations to
get an equilibrium picture and are shown in Figure 5.
All possible coverage of angles suggesting a free
rotation of CD outside the bilayer is observed which
gets restricted as it approaches the bilayer center. The
crowded environment hinders the free rotation of CD
inside the bilayer. A shift of the orientation around
1.5 nm is indicated from the angular proﬁle. Around
the distance of z = 0.0–1.5 nm distance, it shows a
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Figure 5. Two-dimensional probability density distribution of the distance (between the lipid bilayer center and
COM of CD) and the angle (between the normal of the
middle layer of the CD and bilayer normal).

hydrophobic solutes fullerene, a non-polar solute
favors interaction with both the hydrophilic and
hydrophobic regions of the four-region deﬁned bilayer
membrane. This results in an almost barrierless penetration across the membrane unlike any other nonpolar solutes so far simulated. CD is instead quasispherical with less atom density unlike C60 and does
not favor interactions with its surrounding medium.
This huge energy cost validates no permeation of the
CD across the membrane as observed in unconstrained
simulations. In addition, Figure 4c clearly shows that
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Figure 6. (a), (b) the position-dependent diffusion coefﬁcient D(z) and (c), (d) the position-dependent partition coefﬁcient
K(z) of the CD and C60 systems, respectively. The symmetric nature of the lipid bilayer is considered in the proﬁles.
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Figure 7. Equilibrated structures after 100 ns simulation run at six representative positions (between the COM of the CD/C60
and the bilayer center) 3.8 nm (a), (g), 3 nm (b), (h), 2.25 nm (c), (i), 1.5 nm (d), (j), 0.75 nm (e), (k) and 0.00 nm (f), (l). The NPs
are shown in grey color, head group atoms with red, orange and tail group atoms with green color and water with ice blue color.
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perpendicular alignment of the graphene layers with
the bilayer normal (angle between the layer’s normal
and z-axis, h*908). The orientation is visibly seen
from the snapshots in Figure 7. Note that unlike in the
hydroxyl functionalized CD, where the orientations of
the CD at different positions are strongly dependent on
the favorable H-bond interaction, the alignment of the
present pristine CD at different positions is mainly
determined by the steric hindrance.
Further, the efﬁcacy of permeation is quantitatively
shown from the partition coefﬁcient K(z) calculated
using the ISD model (see Sec. 2.2). Figure 6 comments
that a better partitioning of CD is seen at the membrane surface whereas fullerene shows the maximum
partitioning near the bilayer center. Position-dependent diffusion coefﬁcient proﬁles for C60 and pristine
CD are shown in Figure 6. Comparative results with
previously reported values are observed for C60.50 The
qualitative nature of the plots is similar for both C60
and CD. However higher diffusion is seen for smallersized C60 in comparison to the large-sized CD. Maximum diffusion is seen in the bulk water which gradually drops as the particle approaches the lipid
headgroup. The diffusion further drops with the
gradual penetration towards the lipid core and then
0.74

remains almost constant. However, near the bilayer
center, the CD gives a ﬂuctuating diffusion proﬁle,
unlike fullerene. We calculate the permeability coefﬁcient P from the D(z) and K(z) values. We have
calculated the P values of 1.47 9 10-27 cm/s and
30518 cm/s for CD and C60, respectively. A low permeability coefﬁcient of CD is expected from its bigger
size, hydrophobic nature, and geometry. C60 instead
has favorable interactions with the membrane and
shows a direct permeation across the membrane. Previous studies on permeation of differently sized Au
NPs detailed the factors inﬂuencing the permeation
resistance on NPs across the bilayer.56,57
3.2b Effect on the structural parameters: Since the
CDs do not show direct permeation across the lipid
bilayer, we analyze the constrained simulation
trajectories to investigate the effect on the lipid
bilayer’s structure by the inserted CD. Figure 7
presents some snapshots of some of the equilibrated
conﬁgurations after 100 ns simulation runs for some of
the constrained positions of CD in the model POPC
bilayer. Figure 8 presents the structural properties of
the bilayer at different z-positions of the CD with
respect to the center of the lipid bilayer. The changes
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Figure 8. Different structural properties of the lipid bilayer in the presence of CD in constrained simulation (a) The area
per lipid \AL[ and (b) the bilayer thickness \TL[ at each of the constrained positions of CD. Values for the pure lipid
bilayer are shown with a horizontal dashed line. (c) and (d) shows the deuterium order parameter for the sn1 and the sn2
chains of the lipid tail group respectively for six characteristic positions of the CD. The values for the bilayer system in the
absence of CD are shown with black squares.
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Figure 9. Different structural properties of the lipid bilayer in the presence of C60 in constrained simulation (a) The area
per lipid \AL[ and (b) the bilayer thickness \TL[ at each of the constrained positions of C60. Values for the pure lipid
bilayer are shown with a horizontal dashed line. (c) and (d) shows the deuterium order parameter for the sn1 and the sn2
chains of the lipid tail group, respectively for six characteristic positions of the C60. The values for the bilayer system in the
absence of C60 are shown with black squares.

in the structural parameters hint at the possible
changes of the bilayer structure as the CD gradually
approaches the center of the bilayer. As the CD is
gradually permeating the bilayer, we observe an
increase in the area per lipid \AL[ and a decrease in
the bilayer thickness\TL[when the CD is almost half
inside the bilayer. Subsequent relaxations of\AL[and
\TL[ occur as the CD moves more towards the
bilayer center. The order parameter is calculated for
sn1 and sn2 chains separately for the POPC bilayer. As
the CD approaches the bilayer center the order
parameter slightly increases. However, the increase
is too small to have any phase transition.
A series of constrained simulations of the C60 system are performed to detail the transportation mechanism of C60 across the lipid bilayer. Figure 9 presents
the effect of the C60 position on the lipid bilayer’s
structural properties. Unlike in the CD system, \AL[
and \TL[ of the lipid bilayer are not appreciably
affected by the presence of C60. The order parameter
shows that the two chains sn1 and sn2 show gradually
increased ordering as the C60 is penetrated to the lipid
bilayer center. The maximum ordering is observed
when the C60 is *1 nm away from the bilayer center,

approximately where the minima of the PMF arises
(see Figure 4). However, the SCD value does not shoot
up to suggest any phase transition of the lipid.
3.3 Local effect on the membrane
To investigate the local impact of CD and C60 on the
membrane structure we calculate the area per lipid
(APL) and thickness using a grid-based tool g_lomepro.99 The tool uses GridMAT-MD based algorithm102
considering phosphorous atoms (P) to calculate the
area and thickness. It offers a set of tools implemented
in Gromacs allowing fast and efﬁcient calculation of
different local membrane properties including area,
thickness, acyl chain order parameter, and curvature
from the Gromacs trajectory. It assigns the P atoms
into upper and lower leaﬂets according to their z-coordinate and is mapped onto a grid in the calculation.
Thickness is then calculated by considering corresponding cells in the upper and bottom leaﬂets. The
area is estimated by summing the areas of the cells
occupied by each lipid.
Figure 10 shows that C60 has only a minor effect,
while the CD does not have an impact on the
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membrane structure. For C60 area and thickness are
calculated at three characteristic time intervals of
360–370 ns, 400–410 ns, and 450–460 ns narrating the
effect before the permeation, soon after the permeation
time, and long after the permeation. The membrane
shows some undulation near the C60 as seen from
Figure 10 a and c when compared to the pure POPC
bilayer shown in Figure 10 e. Area per lipid proﬁle
does not show many changes in comparison with bulk.
For C60 the proﬁles show regions of both low and high
area value but no characteristic changes in the neighborhood of C60. In the case of CD, the membrane does
not show a visible effect. Also, APL does not show
any difference from that of a pure POPC bilayer.
Lastly, we comment on an important point. Our
previous studies on the permeation mechanism of
hydroxyl functionalized CD investigated the possibility of occurrence of lipid ﬂip-ﬂop events during the
permeation of the hydroxyl functionalized CD across
the bilayer. These are otherwise high-energy events
that get facilitated in the presence of NPs. However,
no such ﬂip-ﬂop events were observed during the
permeation of hydroxyl functionalized CD across the
POPC bilayer. Thus, following the same line, we can
ensure that no asymmetry is generated in the system
with the pulling of hydrophobic CD and C60 across the
bilayer. That study also showed that not much difference is observed in the lateral pressure proﬁles at
different positions of the NPs and characteristic
regions of the pressure proﬁle remain the same with a
pure lipid bilayer.
4. Conclusions
In this work, we have studied the permeation pathways of two carbon-based hydrophobic NPs via both
constrained and unconstrained simulations. The permeation pathways of these NPs across the model
POPC bilayer are examined. Direct permeation is
observed for C60. As expected, the CD(s) are not
seen to permeate across the lipid bilayer system, and
therefore active permeation via the endocytic pathway is suggested. We have also performed the PMF
calculation to have the free energy proﬁle for the
possible permeation of both CD and C60. A very
large free energy barrier at the lipid membrane-water
interface is observed for the permeation of CD, while
for C60 the barrier is almost zero. These explain the
ﬁndings from the unconstrained simulation that
C60 can directly permeate across the lipid membrane
at a reasonably short time, while it is almost
impossible for the CD to directly permeate. The
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above dissimilarity between the permeation pathways
of CD and C60 is probably due to the visible difference in size between the two. We do not expect to
see identical results if we increase the size of C60 or
decrease the size of CD to make the particles identical in size. The spherical geometry of C60 highly
favors its permeation, unlike a quasi-spherical CD.
Thus, the chemical nature of these two solutes will
come into play here. In addition, the surface atom
densities are different. So, the effective interactions
with lipid membrane are different. The permeation
mechanism is highly sensitive to the interaction
between the permeating particle and lipid membrane.
Therefore, a slight change of interaction would
change the permeation pathway. Unlike hydroxyl
functionalized CD, which favorably adsorbs to the
bilayer-water interface, no free energy minima are
observed at the interfacial region. This suggests the
absence of speciﬁc interaction between the lipid head
groups and the CD. Using the ISD model, we report
the position-dependent diffusive proﬁles at different
constrained positions of CD and C60. A diffusive
trend following the deﬁned four region model of the
lipid bilayer is observed here also. We have also
estimated the possible permeability coefﬁcient for the
NPs across the POPC bilayer system. Signiﬁcant
perturbation of the bilayer structure in the presence
of both NPs is not observed from our simulations. Structural properties including area per lipid,
bilayer thickness, order parameter, do not vary
remarkably in the presence of NPs for all the systems
suggesting no visible impact of these NPs on the
bilayer structure. While we don’t expect any visible
change of the bilayer structure in presence of CD,
since the latter does not permeate into the bilayer, we
also do not see any impact of the bilayer even by the
translocated C60. However, it is possible that the
increasing number of C60 can create some noticeable
change to the bilayer structure, which was previously
predicted by a coarse-grained simulation.50
Supplementary Information (SI)
The SI includes Figures (S1) showing the effect of C60 on
the DPPC bilayer from the unconstrained simulation from
the APL@VORO analysis tool and (S2) convergence of
PMF. Supplementary information is available at www.ias.
ac.in/chemsci.
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