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Coarse-Grained Modeling of Polystyrene-Terminated

CNTs and Their Interactions with Lipid Bilayers 

Gulsah Gul,*,† Roland Faller,† Nazar Ileri-Ercan*

*Department of Chemical Engineering, Bogazici University, Bebek, Istanbul, Turkey

†Department of Chemical Engineering, University of California, Davis, CA, United States

Abstract

In the present work, we describe Martini3 coarse-grained (CG) models of polystyrene (PS) and

carboxyl-terminated  polystyrene  (PSCOOH)  functionalized  carbon  nanotubes  (CNTs)  and

investigate  their  interactions  with  lipid  bilayers  with  and without  cholesterol  (CHOL) using

molecular dynamics (MD) simulations. By changing the polystyrene chain length and grafting

density at the end ring of the CNTs at two different nanotube concentrations, we observe the

translocation of nanoparticles as well as changes in the lipid bilayer properties. Our results show

that all developed models passively diffuse into the membranes without causing any damage to

the  membrane  integrity  although  high  concentrations  of  CNTs  induce  structural  and  elastic

changes in lipid bilayers.  In the presence of CHOL, increasing CNT concentration results in

decreased rates of CHOL transmembrane motions. On the other hand, CNTs are prone to lipid

and polystyrene blockage which affects their  equilibrated configurations,  and tilting behavior

within  the  membranes.  Hence,  we  demonstrate  that  polystyrene  functionalized  CNTs  are

promising  drug-carrier  agents.  However,  polystyrene  chain  length  and  grafting  density  are

important factors to consider to enhance the efficiency of drug delivery.
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Statement of Significance

Coarse-grained Martini3 models of PS and PSCOOH functionalized CNTs were developed and

their interactions with lipid bilayers were investigated. Our results show that:

 High concentrations of CNTs induce structural and elastic changes in lipid bilayers. Yet,

all  models  passively  diffuse  into  the  membranes  with  no  damage  to  the  membrane

integrity. 

 Increasing CNT concentration results in decreased CHOL transmembrane motion rate. 

 CNTs  are  prone  to  lipid  and  polystyrene  blockage  affecting  their  equilibrated

configurations and tilting behavior within the membranes. 

Introduction

Single-walled carbon nanotubes (SWCNTs) have attracted much attention due to their superior

electronic, optical, and mechanical properties along with their chemical stability.1-5 In particular,

the ability of CNTs to readily cross the cell membrane together with their capacity to transport a

large number of molecules has triggered the design of nanotube-based delivery systems.6-8 In

these systems, CNTs have been used as antitumor therapeutics and molecular carriers to the cells

through the addition or loading of drugs,9-11 genes,12 and proteins.13,14 The efficient delivery of

such systems into cells requires low cytotoxicity, high solubility, and a long blood circulation

lifetime.  However,  CNTs are  insoluble  in  most  common solvents,  including  water,  and  the

hydrophobic nature of CNTs limits  their  use as carriers  due to  their  aggregation in aqueous

media under physiological conditions. The accumulation of CNTs in cells, tissues, or organs can

result in harmful effects such as toxicity.15 To overcome this, CNTs have been covalently or

noncovalently  functionalized  with  amphiphilic  or  hydrophilic  molecules  including  lipids,

proteins, surfactants, and polymers.16-20

Previous  experimental  and  computational  studies  have  mainly  focused  on  the  polyethylene

glycol (PEG) modification of nanotubes.21 Both covalent conjugation with PEG and non-covalent

wrapping  with  PEGylated  lipids  have  provided  a  long  blood  circulation  half-life,  delayed

clearance, and low toxicity  in vitro and in vivo.22-25 To increase the circulation lifetime and the

organ uptake and to decrease the accumulation of nanotubes, the length and the density of PEG

chains were optimized, and relatively low accumulation in the reticuloendothelial system was

recorded with the optimal blood circulation half-life of 12-13 h for SWCNTs.26 Similarly, by



coating CNTs with polymers, ultralong blood circulation of about 22 hr was obtained in mice.24

Computer  simulations,  on  the  other  hand,  have  played  a  significant  role  in  studying  the

energetics and mechanics of how nanotubes penetrate through the cell membrane and the impact

on  lipid  structures,  CNT properties,  and  surface  functional  groups.27-32 PEG modification  of

CNTs has been investigated both by atomistic and coarse-grained molecular dynamics (CGMD)

simulations in terms of polymer chain length and grafting density.33,34 It has been revealed that

PEG chains exhibit similar conformations as experimentally observed, i.e., mushroom-to-brush

transition, in agreement with the Alexander−de Gennes theory.34 

Studies  on  polystyrene  functionalization  of  CNTs  have  demonstrated  that  polystyrene

modification  increases  the  solubility  of  CNTs  in  various  solvents  and  facilitates  their

dispersion.35-38 Furthermore, the mechanical properties, such as Young's Modulus, shear stress,

etc., significantly improve by the dispersion of CNTs in polystyrene matrices.36,  39,  40 However,

polystyrene-coated  CNTs have rarely  been  studied  for  their  toxicity,  despite  their  improved

performances.  To our knowledge,  the only study conducted  in  this  context  involved coating

multi-walled carbon nanotubes (MWCNTs) with polystyrene-based polymers, which has shown

that polystyrene-functionalized MWCNTs reduce oxidative stress and inflammation both in vitro

and  in vivo and do not lead to pulmonary toxicity.41 Similarly, we found by data mining42 and

atomistic MD simulations43 that polystyrene coating could be an alternative route for the safe and

efficient delivery of drugs via CNTs. Now, we extend our observations by developing the CG

Martini3 models of pristine SWCNTs and functionalized SWCNTs through MD simulations and

examine  the  effect  of  polystyrene  functionalization  as  well  as  the  carboxyl  termination  in

polystyrene on the translocation of SWCNTs. Our models have been validated by the free energy

partitioning behavior of the nanotubes observed in all-atom simulations and experiments and

give an insight into the interactions  of polystyrene-modified CNTs with lipid bilayers in the

absence and presence of CHOL.

Methods

We used CGMD simulations to study the interactions between pristine/functionalized CNTs and

lipid bilayer systems. Lipid membranes were formed from 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and CHOL. Free energy simulations were performed with GROMACS

2020 while other MD simulations are performed with GROMACS 2021.3.44 Visual Molecular

Dynamics (VMD) software45 was used for visualization purposes.

1. Coarse-Graining Methodology



Atomistic  Reference  Simulations:  Initial  configurations  were  generated  in  the  CHARMM-

GUI46 and a detailed setup procedure was described previously.43 SWCNTs with the chirality of

(18,0) were in ~1.4 nm diameter and ~3 nm C-to-C length, and polystyrene chains consisted of

29 monomers (~3 kDa) in atactic form. Polystyrene was covalently attached to CNT with an

amide linker as described in experimental studies.37,38,47,48 CHARMM-compatible INTERFACE

(IFF) force field49 was used for the nanotube model while CGenFF 4.550 was used for the linker.

The partial charges and bonded parameters of modified CNT can be found at the Supporting

Material. The pristine and functionalized nanotube systems were solvated in TIP3P water and

included 6673 and 27561 water molecules,  respectively.  After the steepest descent algorithm

minimization, the constant particle number, volume, and temperature (NVT) equilibration was

applied  for  5  ns  with  1  fs  timestep.  The temperature  was maintained  at  310 K by velocity

rescaling thermostat51 with a time constant of 1.0 ps. Non-bonded interactions were cut off at the

1.2 nm distance and van der Waals interactions were switched off between 1.0 and 1.2 nm by the

force-switch modifier.  The long-range electrostatic  interactions were treated with the particle

mesh Ewald (PME) algorithm.52  Pressure was controlled at 1 bar in an isotropic fashion by the

Parrinello–Rahman barostat53 with a coupling constant of 5 ps and a compressibility factor of 4.5

x  10-5 bar-1.  The  system  with  pristine  CNT  was  simulated  for  50  ns,  while  the  one  with

polystyrene functionalized CNT was simulated for 100 ns with 2 fs timestep in the constant

particle number, pressure, and temperature (NPT) ensemble. During the simulations, hydrogens

were constrained through the LINCS algorithm54.

CG Modelling of CNT: In CGMD simulations, especially for phospholipid membrane systems,

Martini  force field  parameters  have been widely  used.55 Recently  a  new version  of  Martini,

Martini3, has been proposed with significant improvements in bead types and interaction levels

which make more versatile and accurate predictions of realistic systems.56 Therefore, we adopted

the  Martini3  parameterization  procedure  for  the  CNT.57 By  using  our  atomistic  reference

simulation  results,  we  applied  2-to-1  mapping  to  consecutive  C  beads  in  the  same  ring  of

SWCNTs via the CGBuilder tool (https://jbarnoud.github.io/cgbuilder/).58 Thus, end group beads

(H-bonding) were represented with TC5 bead type (which corresponds to benzene ring beads)

while  others  are represented with TC5e (which corresponds to naphthalene ring beads).  The

bonded interactions between neighbor beads were obtained from atomistic simulations and force

constants  of  50000 kJ  mol-1  and 1500 kJ  mol-1  rad-2  (which  were  obtained by trial-and-error

procedure) were used to capture the equilibrium bond lengths and bond angles,  respectively.

Also, the stiffness of the SWCNTs was provided through improper dihedral angles between two

https://jbarnoud.github.io/cgbuilder/


intersecting  planes  with  a  force  constant  of  1000  kJ  mol-1  rad-2.  The  mapping  scheme  is

demonstrated in Figure 1 with bonded interactions.

Figure  1.  Martini3  coarse-grained  modeling  of  CNT  (18,0).  The  end  rings  of  tubes  are

demonstrated in TC5 bead type while inner rings are TC5e. The bonded parameters, i.e., bonds,

angles, and dihedrals are color-coded.

CG  Modelling  of  PS  and  PSCOOH  functionalized  CNT:  For  the  CG  model,  Martini3

parameters  of polystyrene were obtained from the  polyply.py script.59 Polystyrene chains  are

covalently linked to the end ring of the nanotube by an amide linker, which was represented by

one bead. Carboxyl modification was applied to the open end of the polystyrene ring. The amide

linker and carboxyl group were represented with a polar P3 bead. However, only for the carboxyl

bead,  the  Lennard-Jones  interaction  parameter  (epsilon)  was  reduced  (with  a  trial-and-error

procedure) to 3.0 kJ/mol between P3 and W beads to obtain correct  free energy partitioning

behavior.  Two bonds and three angles were defined between the nanotube-linker-polystyrene

beads at the connection point. The bonded parameters reflected the atomistic symmetry, and the

mapping scheme is  demonstrated  in  Figure 2.  However,  it  should  be noted that  the  bonded



parameters change with respect to the CNT diameter and polystyrene chain length, and therefore,

optimization may be required for different systems. The bonded parameters between the PS and

carboxyl  group,  on  the  other  hand,  were  assumed  to  be  the  same  as  the  parameters  of  a

continuing chain of PS 60 as shown in Figure S1. The corresponding force field files are available

at the Supporting Material.

Figure 2.  Martini3  coarse-grained modeling  of  PS-functionalized  CNT (18,0).  The linker  is

demonstrated by the P3 bead type, and the bonded parameters at the connection point are listed

on the left.

CG Simulation Parameters: The mapped SWCNT configuration was solvated with SPC water

in a box where the solute-to-box edge distance is 4 nm.  After the steepest descent minimization,

equilibration was done for 30 ns with 10 fs timestep in the NPT ensemble to relax the system.

During equilibration, isotropic pressure coupling was applied to keep the pressure at 1 bar with

Berendsen barostat61 with a coupling constant of 5 ps. The temperature was maintained at 310 K

by velocity rescale thermostat51 with a time constant of 1.0 ps. Non-bonded interactions were cut



off at a 1.2 nm distance. The Lennard-Jones interactions were shifted with the Potential-Shift-

Verlet modifier while the Coulomb potential was modeled using the Reaction Field scheme62,63

with a permittivity constant of  εr = 15. The pressure of the system was set to 1 bar using a

Parrinello–Rahman barostat53 with a coupling constant of 5 ps and a compressibility factor of 3 x

10-4 bar-1. NPT production runs took 1 μs and half the simulation time was used for the analysis.

Free  Energy  Simulations:  Free  energies  of  solvation  were  calculated  through  the

thermodynamic integration (TI) method using Bennett’s Acceptance Ratio64 which is based on

the numerical integration of the derivative of Hamiltonian with respect to the coupling parameter

λ:65 

∆ G=∫
λ=0

λ=1

⟨ ∂ H (λ)
∂ λ ⟩λ

dλ (1)

Then the free energy of transfer was calculated from the difference in the free energy of solvation

values in water and octanol solvents:

∆ Gtransfer=∆G octanol−∆ Gwater (2)

To reduce the simulation costs, a small CNT with (6,0) chirality and ~1.5 nm length was used

with 5 monomers of PS (~0.5 kDa). For pristine SWCNTs, only van der Waals interactions were

coupled between λ = 0 (interactions were off) and λ = 1 (interactions were on) since SWCNT has

no partial charges. For functionalized SWCNTs, both van der Waals and Coulomb interactions

were coupled sequentially. The λ values were equally spaced and identical in each simulation.

Therefore, we obtained 10 and 20 runs for pristine and functionalized SWCNTs, respectively. In

the all-atom run, 1 ns of NVT and 4 ns of NPT equilibration were applied before a 50 ns NPT

production  run.  The  stochastic  dynamics  integrator  with  2  fs  of  timestep  was  used  in  all

simulations and the temperature was set to 298 K. The pressure was controlled at 1 bar by using

Parrinello-Rahman barostat53 with a time constant of 1 ps. Non-bonded interaction cutoff values

were set to 1.2 nm. The PME algorithm52 was used for the calculation of long-range electrostatic

interactions with a sixth-order spline interpolation and a 0.12 nm grid spacing. To remove the

singularity in the potentials, a soft-core potential was used66 with the soft-core parameter of 0.5

and the soft-core power of 1. For CG simulations, the same parameters in the ‘CG Simulation

Parameters’  section  were  used  with  the  pressure  coupling  constant  of  4  ps,  and  1  μs  of

production run followed 50 ns of equilibration with the stochastic integrator at 298 K. 



Potential of Mean Force (PMF) Simulations: PMF calculations were performed to investigate

the transfer  of CNT across the lipid bilayer  by the umbrella  sampling method.67 In all-atom

simulations, the POPC bilayer which consists of 128 lipids was used with our smaller nanotube

model (D = ~0.5 nm, L= ~1.5 nm). The nanoparticle was placed ~3.75 nm away from the z-

coordinate of the bilayer center-of-mass (COM). Once the system was equilibrated for 5 ns, the

nanoparticle  was  pulled  through  the  center  of  the  bilayer  at  0.1  nm intervals.  The  distance

between the COM of the nanoparticle and the membrane was restrained in the z-direction with a

harmonic  potential  force  constant  of  1000  kJ  mol-1.  Each  all-atom  umbrella  window  was

simulated for 50 ns (10 ns extracted for equilibration) under the NPT ensemble at 310 K with a

total  simulation  time  of  ~2  μs  for  38  independent  windows.  For  CG simulations,  the  same

procedure was followed with CNT (6,0) over 256 lipids of POPC. Each CG umbrella window

was simulated for 1  μs (200 ns extracted for equilibration) under the NPT ensemble at 310 K

with a total simulation time of ~40 μs. Other simulation parameters are given in the ‘Atomistic’

and ‘CG Simulation  Parameters’  sections.  The pressure was coupled  semi-isotropically.  The

analysis  of  the  umbrella  simulations  was  performed  using  the  weighted  histogram  analysis

method (WHAM).68,69

2. Interaction of CNTs with Lipid Bilayers at CG Level

CNT (18,0) was covalently linked to PS or PSCOOH, which has 29 (~3 kDa), 48 (~5 kDa), or 96

(~10 kDa) monomers. The grafting density in the end ring of CNT was determined as zero, one,

or evenly distributed two, four, or six chains of PS/PSCOOH with 29 monomers (c.f. Figure S2).

Two  model  membranes,  POPC  only  and  POPC  with  30  %  CHOL,  were  constructed  by

CHARMM-GUI.46 To reflect the realistic biological environment, 2048 lipids were solvated in

48401 and 49571 CG waters for POPC and POPC/CHOL systems, respectively, in 0.15 M NaCl.

Each membrane system was simulated in the absence of nanoparticles, and the presence of 1 and

5 nanoparticles. Initially, the nanoparticles were equilibrated in water for 1  μs under the NPT

ensemble, then the resultant configurations were placed vertically about ~2 nm away from the

headgroups of the equilibrated bilayer in the z-direction. After a short equilibration, the systems

were simulated in the NPT ensemble for 10 μs with a 20 fs timestep using Martini3 parameters.56

Validation of CHOL Parameters: The preliminary version of the Martini 3 CHOL model was

provided  by  Dr.  Paulo  C.  T.  Souza  and  can  be  obtained  upon  request  from  him

(paulocts@gmail.com) or from Dr. Siewert J. Marrink (s.j.marrink@rug.nl). We validated this

model by comparing it with atomistic and Martini2 parameters after changing the CHOL content

mailto:s.j.marrink@rug.nl


between 0-50 % in POPC lipid systems. Results for the area-per-lipid (APL), bilayer thicknesses,

and order parameters are available in Figure S5 and Figure S6.

MD Analysis:  The  membrane  properties  and  the  interactions  of  pristine  and  functionalized

CNTs with  the  membrane  were  evaluated  through the  APL,  lipid  bilayer  thickness,  density

distribution,  lipid  tail  order  parameters,  diffusion  constants,  and  CHOL flip-flop  rates.  APL

values were obtained through Voronoi Tessellation by FATSLIM script.70 The bilayer thickness

was found by calculating the center-of-mass distance of PO4 beads in the z-direction from the

upper  leaflet  to  the  lower  leaflet.  This  calculation  is  done by using  both  gmx distance and

LiPyphilic71 module of Python72 which are based on the mean distance in between PO4 beads in

the upper and lower leaflets. However the results are listed in a single column as both produced

the same results. To characterize the orientation of the lipids, the lipid tail order parameter was

calculated by the do-order-gmx5.py script which is based on the equation:

S=
3
2 ⟨cos2 θ ⟩−

1
2 (3)

where θ is the angle between the bilayer normal and the vector along a particular bond in a lipid

tail.  Here,  S  =  1,  −0.5,  and  0  indicate  perfect  alignment  with  the  bilayer  surface,  an

antialignment, and random orientation, respectively.73

The lateral mean square displacement (MSD) of lipids was extracted for PO4 and ROH beads of

POPC and CHOL, respectively.  After removing the system center  of mass motion,  diffusion

coefficient values were calculated on MATLAB74 by fitting the MSD versus time to the linear

region of the line: MSD(t) = 4Dt + c where the constant c shows the offset at t= 0.73

To identify CHOL flip-flops, the translocation of ROH beads between the leaflets was monitored

by the LiPyphilic71 module of Python.72 A CHOL molecule was assigned to a leaflet based on its

minimum distance to the leaflet and if the distance is within 1 nm of neither or both leaflets, it

was assigned to the midplane. A flip-flop event was defined as successful if the translocation

from one leaflet  to another  follows by residing in the second leaflet  for at  least 100 frames

(which corresponds to 10 ns simulation time). To calculate the flip-flop rate of CHOL, the total

number of successful flip-flop events was divided into the number of CHOL and total simulation

time.



Results

Validation  of  CNT  Models: Martini2  CG  models  of  CNT  were  previously  developed  by

different groups,31,75 but recently Martini3 force field has been introduced,56 where the structural

and thermodynamic properties of molecules are better represented. Therefore, we adopted the

Martini3 small molecule parameterization procedure57 to obtain more reliable models of pristine

and functionalized CNTs. This parameterization relies on the distributions of bonded interactions

in atomistic simulations, while non-bonded interactions are tuned to reproduce the free energies

of transfer of the target molecules between aqueous and organic phases. The mapping strategy is

based on the center-of-geometry (COG) approach, which takes into account the hydrogen atoms

in  addition  to  heavy atoms,  i.e.,  carbon,  oxygen,  and nitrogen.  The bonded parameters,  i.e.,

bonds, angles, and dihedrals of CNTs, are derived from atomistic reference simulations and the

distributions between AA and CG models are presented in Figures S3 and S4. 

The  non-bonded  interactions  obtained  from atomistic  and  CG simulations  are  compared  by

calculating the free energy of solvation values and partition coefficients.  Partition coefficient,

which  is  represented  as  logP,  is  proportional  to  the  free  energy  of  transfer  between  two

immiscible solvents and found by:76



logP=
−∆ Gtransfer

RTln (10)
(4)

where R is the gas constant, and T is the temperature, 298 K in this work. 

From Table 1, the transfer free energy of -115.1 kJ/mol shows good agreement with less than 5

% error compared to the atomistic case. In literature, hydration, and solvation free energies of

CNTs have been calculated by MD simulations77,78 but the values are not comparable due to

different sizes and configurations. Furthermore, the partitioning behavior of CNT from water to

octanol  has  been  previously  modeled  with  its  chiral  vector  by  using  solubility  data.79,80 We

extracted the partition coefficient values from these proposed models and obtained less than a 10

% difference with a similar-sized CNT (6,0).

Table 1. Free energies of CNT (6,0) in water and octanol with calculated partition coefficients

for all-atom (AA) and coarse-grained (CG) simulations. Reference partition coefficient values

were calculated by the proposed models based on chiral vectors in the corresponding articles.

ΔGwater (kJ/mol) ΔGoctanol (kJ/mol) ΔGtransfer (kJ/mol) logP logP ref

AA -48.9 ± 0.7 -168.9 ± 0.6 -120.0 21.0 18.7 toropov,

19.2 torrensCG -54.9 ± 0.0 -170.0 ± 0.0 -115.1 20.2

For PS or PSCOOH functionalized CNTs, the free energy of transfer values are listed in Table 2.

The negative  estimates  of  free  energies  are  in  line  with  our  previous  findings  and the  high

negative free energy of CNTs indicates the increased affinity of CNTs for water with functional

groups.

Table  2. Free energies  of  transfer  of  PSCNT and PSCOOHCNT in water  and octanol  with

calculated partition coefficients for all-atom (AA) and coarse-grained (CG) simulations.  Here

CNT is 1.5 nm in length with (6,0) chirality and the polystyrene chain consists of 5 monomers.

ΔGtransfer (kJ/mol) logP



PSCNT AA -153.5 26.9
CG -144.8 25.4

PSCOOHCNT AA -155.1 27.2
CG -144.2 25.2

 

To further validate the Martini3 CNT model,  we calculated the PMF for a single CNT as a

function of the distance from the center of the POPC bilayer (cf. Figure 3). The depth and the

location of the free energy minimum, the free energy of the system when CNT is at the center of

the bilayer (~-105 kJ/mol for AA and ~-120 kJ/mol for CG), and the slope of the PMF lines are

similar in the two presentations. In CG simulations, the position of free energy minimum is at

about 0.7 nm with an energy value of ~-125 kJ/mol while in AA simulations it is between ~0.7-

0.9 with a slightly higher energy value. Since CG models are approximate, the results found here

are in the reasonable range.

Figure 3. PMF change with the distance of the centers of masses of a single CNT (6,0) and a

POPC bilayer.

Interaction  of  CNT  Models  with  Lipid  Bilayers:  CNTs  spontaneously  diffuse  into  the

membranes as reported elsewhere.29,30,81 In homogeneous bilayers which consist of a single lipid

component, the APL can be calculated simply by dividing the average box area into half the lipid

number.  However,  this  method is  not  suitable  for  heterogeneous  bilayers  containing  various

types of lipids of different sizes, such as CHOL. One way of calculating APL for mixed systems

is to use Voronoi diagrams which rely on the projected area of lipids.70 Therefore, we calculated

the APL values with the latter method and presented the results in Table 3. The computed APL

values for POPC only and POPC with 30% CHOL systems are 0.66 and 0.52 nm 2, respectively

and in good agreement with the experimental and computational ranges of ~0.64-0.68 nm2  for



POPC 82-84 and ~0.49 nm2 for POPC/CHOL.85 The surface area of a CHOL-included membrane is

lower due to the condensing effect of CHOL.86,87 Therefore, the APL values are lower for CHOL-

included POPC than pure POPC as expected. Also, the change in APL values in the presence of

a single pristine or functionalized CNT is small. In the presence of 5 functionalized CNTs for

POPC and POPC/CHOL systems, there is a ~2% and ~3% increase in APL values, respectively.

The bilayer thickness of POPC and POPC/CHOL bilayers are calculated as 3.85 and 4.04 nm

consistent with the experimental and computational values between ~ 3.70 - 3.92 nm 82-84 and ~

4.4 - 4.5 nm, respectively.85,88 While these values remain almost constant in the presence of a

single nanoparticle, the thickness increases in systems containing 5 nanoparticles. Especially in

POPC/CHOL systems, functionalized CNTs with 6 chains of PS or PSCOOH result in a ~10%

increase in thickness because of the dense clustering of CNTs (c.f. Figure 6). In the presence of 5

functionalized CNTs, APL and thickness values are found to be very similar to either 4 or 6

chains of PS and PSCOOH. 

The average carbon tail order parameters of POPC and POPC/CHOL are computed as ~0.35 and

~0.4, respectively (Table 3), which are higher than the experimental88 and atomistic studies.84

However,  these  values  are  in  good  agreement  with  previous  Martini  models.89,90 Order

parameters are not affected much by the introduction of nanoparticles in POPC, however, CHOL

increases  ordering  in  both  systems.  The  clustering  of  CNTs  with  4  chains  of  either  PS  or

PSCOOH in the POPC/CHOL bilayer makes the ordering of lipid tails more pronounced and

compact. The diffusion coefficient estimates in CG simulations are 2 to 10 times faster than their

experimental counterparts. Therefore, the lateral diffusion coefficients of PO4 beads in POPC

and POPC/CHOL are found as ~72 μm2/s and ~47 μm2/s which are larger than the experimental

diffusivity of POPC at 15.3 μm2/s 91 as expected. On the other hand, the diffusion constant of PO4

in POPC is ~1.5 times that of POPC with 30 % CHOL, which is consistent with experimental

findings.91,92 It has been observed that POPC/CHOL bilayers are in the liquid-disordered phase

above 25  °C at all  CHOL concentrations  and lipid lateral  diffusivity  constants decrease in a

linear  relationship  with  increasing  CHOL  content.92 Furthermore,  the  presence  of  a  single

pristine or functionalized CNT in the POPC bilayer reduces the lateral diffusivities by about 10

% while the presence of 5 functionalized CNTs decreases the diffusivities by about 20 %. This

reduction reaches almost 50 % of that of POPC diffusivity with 5 PSCNT or PSCOOHCNT in

the POPC/CHOL bilayers. On the other hand, the lateral diffusion coefficient of ROH beads in

the POPC/CHOL bilayer is calculated as ~82  μm2/s and decreases by about 7-15 % with the



increasing concentration of nanoparticles. Hence, the addition of 5 functionalized CNTs reduces

the lateral diffusivities of POPC and CHOL, in the same manner. 

Table  3. Area-per-lipid  (APL),  bilayer  thickness,  tail  order  parameter,  and  lateral  diffusion

coefficients of POPC and POPC/CHOL bilayers in the presence and absence of pristine and

functionalized CNTs. Lateral diffusion coefficients represent the diffusivities of PO4 beads for

POPC and ROH beads for CHOL, and standard errors are obtained through the regression of

MSDs. Order parameters show the average tail order of both chains in POPC. Here NP, PS, and

PSCOOH denote nanoparticle, polystyrene, and carboxyl-terminated polystyrene, respectively.

The numbers next to ‘PS’ and ‘PSCOOH’ show the chain length while the ones after ‘x’ show

the number of chains. 

Model
No
of
NP

APL (nm2)
Bilayer

Thickness
(nm)

Order
Paramete

r

Lateral Diffusion
Coefficient (μm2/s)
PO4 ROH

POPC - 0.661 ± 0.003 3.85 ± 0.01 0.346 71.8 ± 0.04 -
POPC-CNT 1 0.661 ± 0.003 3.86 ± 0.01 0.349 66.1 ± 0.09 -

POPC-PS29CNT 1 0.662 ± 0.003 3.86 ± 0.01 0.349 64.7 ± 0.02 -
POPC-PS48CNT 1 0.663 ± 0.003 3.86 ± 0.01 0.348 65.1 ± 0.04 -
POPC-PS96CNT 1 0.664 ± 0.003 3.86 ± 0.01 0.347 73.7 ± 0.03 -

POPC-PSCOOH29CNT 1 0.662 ± 0.003 3.86 ± 0.01 0.349 69.4 ± 0.05 -
POPC-PSCOOH48CNT 1 0.663 ± 0.003 3.86 ± 0.01 0.348 64.7 ± 0.05 -
POPC-PSCOOH96CNT 1 0.664 ± 0.003 3.86 ± 0.01 0.345 70.0 ± 0.03 -

POPC-PS29x2/CNT 1 0.663 ± 0.003 3.85 ± 0.01 0.348 64.7 ± 0.04 -
POPC-PS29x4/CNT 1 0.664 ± 0.003 3.86 ± 0.01 0.346 66.2 ± 0.08 -
POPC-PS29x6/CNT 1 0.665 ± 0.003 3.87 ± 0.01 0.348 62.2 ± 0.06 -

POPC-PSCOOH29x2/CNT 1 0.663 ± 0.003 3.86 ± 0.01 0.348 67.2 ± 0.03 -
POPC-PSCOOH29x4/CNT 1 0.664 ± 0.003 3.86 ± 0.01 0.348 67.2 ± 0.07 -
POPC-PSCOOH29x6/CNT 1 0.666 ± 0.003 3.87 ± 0.01 0.348 62.5 ± 0.02 -

POPC-PS29x4/CNT 5 0.674 ± 0.004 3.91 ± 0.02 0.346 58.2 ± 0.05 -
POPC-PS29x6/CNT 5 0.674 ± 0.003 3.98 ± 0.02 0.334 54.6 ± 0.02 -

POPC-PSCOOH29x4/CNT 5 0.676 ± 0.004 3.89 ± 0.02 0.345 55.9 ± 0.03 -
POPC-PSCOOH29x6/CNT 5 0.676 ± 0.003 3.97 ± 0.02 0.338 56.0 ± 0.09 -

POPC/CHOL - 0.523 ± 0.004 4.04 ± 0.02 0.399 46.6 ± 0.04 81.9 ± 0.06
POPC/CHOL-PS29x4/CNT 1 0.527 ± 0.004 4.05 ± 0.02 0.401 43.2 ± 0.05 85.5 ± 0.08
POPC/CHOL-PS29x6/CNT 1 0.528 ± 0.004 4.05 ± 0.02 0.402 43.4 ± 0.05 81.2 ± 0.05

POPC/CHOL- 1 0.527 ± 0.004 4.05 ± 0.02 0.403 46.9 ± 0.03 83.7 ± 0.06



PSCOOH29x4/CNT
POPC/CHOL-

PSCOOH29x6/CNT
1 0.528 ± 0.004 4.02 ± 0.02 0.401 47.0 ± 0.02 80.9 ± 0.04

POPC/CHOL-PS29x4/CNT 5 0.543 ± 0.005 4.06 ± 0.02 0.407 41.7 ± 0.02 73.2 ± 0.02
POPC/CHOL-PS29x6/CNT 5 0.538 ± 0.006 4.22 ± 0.02 0.387 39.4 ± 0.02 76.0 ± 0.07

POPC/CHOL-
PSCOOH29x4/CNT

5 0.544 ± 0.005 4.08 ± 0.02 0.409 39.9 ± 0.05 69.2 ± 0.10

POPC/CHOL-
PSCOOH29x6/CNT

5 0.539 ± 0.006 4.24 ± 0.02 0.372 42.9 ± 0.04 72.1 ± 0.04

From visual inspection,  CHOL molecules are observed to move to the interior region of the

bilayer, then either migrate to the other leaflet or return to the same leaflet. All successful CHOL

flip-flop events detected in the last 2 μs of trajectories are listed in Table 4. While the flip-flop

rates of CHOL do not change in the presence of a single nanoparticle, they decrease by about 6-

12 % with 5 nanoparticles. Thus, the presence of CNTs inside the bilayer makes the rotation and

translocation  of  CHOL more  difficult.  As  a  result  of  the  clustering  of  CNTs  with  6  PS  or

PSCOOH chains, the trans-bilayer motion of CHOL is decreased more pronouncedly. Previous

studies  have shown that  CHOL flip-flop rates  occur  on a  sub-millisecond  timescale  and are

affected by temperature, CHOL concentration, bilayer order, and lipid saturation level.93-95 When

the temperature is decreased from 310 K to 290 K, lipid tail ordering increases, and the flip-flop

rate decreases to one-tenth.95 Increasing CHOL content from 20 to 40 % decreases the flip-flop

rate in DPPC by orders of magnitude.96 Moreover flip-flop rates are faster in poly-unsaturated

DAPC lipid bilayers than in more saturated DPPC and POPC bilayers.93 Calculated flip-flop rates

in  the  literature  for  POPC/CHOL  bilayers93,95 are  lower  than  our  findings,  however,  the

calculation  methods,  simulation  types,  i.e.,  atomistic  or  CG,  and  the  temperature  may  play

important roles in these results.

Table 4. Cholesterol (CHOL) flip-flop rates in POPC/CHOL bilayers. Values are based on the

last 2 μs of trajectories.

Model
No of

NP

No of Successful

Flip-Flops

CHOL Flip-Flop

Rate (μs-1)
POPC/CHOL - 13978 11.4

POPC/CHOL-PS29x4/CNT 1 13842 11.3
POPC/CHOL-PS29x6/CNT 1 13781 11.2

POPC/CHOL-PSCOOH29x4/CNT 1 13781 11.2
POPC/CHOL-PSCOOH29x6/CNT 1 13719 11.2

POPC/CHOL-PS29x4/CNT 5 13128 10.7



POPC/CHOL-PS29x6/CNT 5 12662 10.3
POPC/CHOL-PSCOOH29x4/CNT 5 13033 10.6
POPC/CHOL-PSCOOH29x6/CNT 5 12292 10.0

The translocation of PSCNT or PSCOOHCNT across POPC or POPC/CHOL was investigated

through density distribution analysis. In the presence of a single pristine/functionalized CNT, no

significant changes in the properties of the lipid bilayers were observed. With 5 functionalized

CNTs, density distributions of lipids (i.e., PO4 or ROH groups), water, ions, and the CNTs are

presented in Figure 4. The introduction of PSCNT or PSCOOHCNT into the bilayers results in a

decrease in the intensity of PO4 and/or ROH density peaks both in POPC and POPC/CHOL

bilayers.  This effect is more significant with CNTs with 6 PSCOOH chains in POPC/CHOL

bilayer (cf. Figure 4(j)). The density peaks of CNTs in the POPC/CHOL are lower and broader

than those in the POPC bilayer. In POPC/CHOL membrane, the density distributions of CNTs

with 4 chains of PS or PSCOOOH are similar to each other. Likewise, the density distributions

of CNTs with 6 chains of PS or PSCOOOH are similar. CHOL was also observed to translocate

through interior regions of the bilayer confirming the previous findings (cf. Figure 4(f-j)). During

the internalization of CNTs into the membrane, water molecules are transported to the bilayer.

The  open-ended  structure  of  the  CNT  allows  water  molecules  to  enter  the  tube  and  be

transported across the bilayer as previously reported.27,97 In the POPC bilayer, water transport is

observed with both PSCNT and PSCOOHCNT. However, not only water molecules but also ions

are transported to the membrane by CNTs with 6 chains of PS or PSCOOH (c.f. Figure S7(c,e)).

On the other hand, in POPC/CHOL membrane, waters and ions are observed to be present inside

the bilayer only for PSCOOH functionalized CNTs (c.f. Figure S7(i,j)). It has been asserted that

open-ended CNTs may also entail the penetration of lipid headgroups or lipid tails across the

bilayer,30 where the free energy barrier that must be overcome to penetrate the bilayer is lower

for capped nanotubes.98 Capped CNTs are out of the scope of this study, however, both in the

POPC and POPC/CHOL membranes, CNTs with 6 chains of PS or PSCOOH are observed to be

blocked by POPC lipids (c.f. Figure S7(c,e,h,j). Still, the encapsulation of a drug can inhibit the

lipid blockage of nanotubes as presented in our AA study.43





Figure 4. Density distributions of lipid phosphate (PO4) and hydroxyl (ROH) groups, and water,

ion,  and CNT molecules  in  the presence of 5 functionalized  CNTs for  a) POPC,  b) POPC-

PS29x4/CNT, c) POPC-PS29x6/CNT, d) POPC- PSCOOH29x4/CNT, e) POPC- PSCOOH29x6/

CNT, f) POPC/CHOL, g) POPC/CHOL-PS29x4/CNT, h) POPC/CHOL-PS29x6/CNT, i) POPC/

CHOL- PSCOOH29x4/CNT, j) POPC/CHOL- PSCOOH29x6/CNT.

The residence time spent in the aqueous phase varies from system to system and we did not find

any trend with chain length or grafting density (c.f. Figure S8-S9). However, among single CNTs

in  POPC  systems,  the  longest  residence  time  in  bulk  water  is  found  for  CNTs  that  are

functionalized with 96 monomers of PS or PSCOOH as ~132 and ~110 ns, respectively. With 5

functionalized  CNTs,  on  the  other  hand,  the  longest  internalization  time  into  the  POPC is

recorded with 6 chains of PS as ~220 ns, while the internalization time into the POPC/CHOL

membrane is  ~258 ns  with 6 chains  of  PSCOOH functional  group.  This  is  attributed  to  the

increasing hydrophilicity of the nanotube with functional groups.43,99

PS and  PSCOOH functionalized  CNTs penetrate  the  membranes  individually  or  by  making

clusters of two (cf. Figure 5). Once they are internalized, they form clusters of 2 or 3 and all

CNTs which are functionalized with 6 polymer chains form clusters of 5 at the end of the 10 μs

simulation time (cf. Figure 6.). In the POPC-CHOL system, CNTs that are modified by 4 chains

of PS or PSCOOH align near parallel with the bilayer normal while the others have mixed (with

6 chains of PS) or near perpendicular (with 6 chains of PSCOOH) alignment (c.f. Figure S10).

Figure 5. Internalization of PS29x4/CNT through a) POPC, b) POPC/CHOL membranes.



Figure 6. Top and side view of configurations taken from the trajectories at 10  μs for POPC

(upper panel) and POPC/CHOL (lower panel) systems in the presence of functionalized CNTs at

different grafting densities.

The radius of gyration (ROG) and carbon end-to-end (EtE) distance are two important structural

descriptors of a polymer. ROG and EtE distances of PS or PSCOOH chains that are covalently

linked to single CNTs are plotted in Figure 7 with changing polystyrene chain lengths. For both

hydrogen  and  carboxyl-terminated  polystyrene,  ROG  increases  as  chain  length  increases,

confirming the previous findings in the literature.60 EtE distances, on the other hand, increase

with the increasing number of monomers in PS; while it is almost the same in PSCOOH with 29

and 48 monomers but decreases with 96 monomers. This EtE distance reduction in PSCOOH

with 96 monomers can be attributed to the open carboxyl end of the PSCOOH passing inside the

CNT and approaching the polar junction group.



Figure 7. The average radius of gyration and end-to-end distances of PS and PSCOOH which

are  connected  to  a  CNT with  29,  48,  and  96  monomers.  Data  is  taken  from the  last  2  μs

trajectories of single functionalized CNTs in POPC membrane.

The angle distributions between the POPC bilayer normal and the long axis vector of CNT are

given in Figure 8 for different PS or PSCOOH chain lengths and grafting densities. It has been

reported that short CNTs with a 1.5 nm inner diameter have tilt angles between 0°-15° in the

DOPC bilayer through cryogenic TEM analysis100 and in situ SAXS calculations.101 Using CNTs

of similar size, Sullivan et al. calculated a larger tilt angle (0°-25°) by scanning AFM images

across the equimolar DMPC/DOPC membrane.102 These findings are supported here where the

pristine CNT makes mostly less than 20° angle with POPC. (c.f. Figure S11) Moreover, short

CNTs with ∼2 nm in length are confirmed to orient parallel to lipid molecules when embedded

in a phospholipid bilayer.103 By modifying CNTs with 29 monomers of PS or PSCOOH, we

obtain similar tilt angle distributions, generally below 25°. Upon grafting 48 or 96 PS monomers,

the tilting range broadens, however, the common angle ranges are similar in both. Differently, a

tilt angle of about 80° is found with 96 monomers of PSCOOH attached to a CNT. Since the

PSCOOH chain covers both the interior and exterior regions of CNT in this configuration, lipids

cannot diffuse into the nanotube, and CNT prefers to be near-perpendicular to the bilayer normal,

unlike the others that allow the lipids to diffuse inside the nanotube. 

Modification of CNTs with different groups may change their configurations and polar functional

groups can inhibit tilting.75 It has been shown that hydroxyl-modified CNTs tend to be vertical to

the bilayer center when the length of the CNT is shorter than the bilayer thickness.81 However,

by varying the grafting density of PSCOOH at the end of CNTs, we didn’t observe a hindrance



effect.  But wider  tilt  angle distributions  were observed mostly at  ~10°-20° range (cf.  Figure

8(b)). This may be attributed to the amphiphilic nature of the PSCOOH model. When CNTs are

functionalized with 4 chains of PS, the nanotube tilts about 60° with respect to the POPC normal

due to PS blockage. Therefore, the occupation of CNTs with either PS or PSCOOH results in an

increase in tilting angle with the bilayer normal.

Figure 8. Distribution of angles (°) between CNT long axis and POPC bilayer normal at different

chain  lengths  and  grafting  densities  of  PS  or  PSCOOH.  Data  is  taken  from  the  last  2  μs

trajectories of single functionalized CNTs in POPC membrane.



In  conclusion,  Martini3  CG  models  of  pristine  and  polystyrene  functionalized  CNTs  were

developed  in  agreement  with  their  structural  and  thermodynamic  properties.  The  developed

models at different chain lengths and grafting densities of PS or PSCOOH were investigated in

terms  of  their  translocation  behavior  through  POPC  and  POPC/CHOL  membranes.  At  the

studied concentrations, CNTs passively diffuse into the membranes with no physical damage to

the membrane integrity. Due to the condensing effect of CHOL, the properties of lipid bilayers

change, i.e., area-per-lipid and lateral diffusion constants decrease, whereas the bilayer thickness

and tail order parameters increase. At increasing CNT concentrations, flip-flop rates of CHOL

are reduced because of the diminished OH density in the core region of the membrane. The tilt

angles between CNTs and the bilayer normal are affected by the inclusion of either lipids or

polystyrene chains into the CNTs as well as by the polarity of polystyrene chains. Consequently,

PS or PSCOOH-modified CNTs are shown to have the potential to be used as carrier agents in

drug  delivery  platforms  by  confirming  our  atomistic  findings.43 But,  CNT  concentration,

polystyrene  chain  length,  and  polystyrene  grafting  density  are  the  important  parameters  to

consider in the design of safe and controlled drug delivery. It is likely that CNTs partition into

membranes  affect  the  functionality  of  membrane  proteins  as  well  as  altering  membrane

properties. It has been proposed that when nanoparticles partition into membranes they change

intramembrane pressure field, resulting in changes in membrane protein functions.104 Therefore,

to understand how CNTs interact with biological membranes, the role of membrane proteins can

be addressed by MD simulations. Furthermore, the toxicity of carbon nanoparticles have been

associated with the generation or quench of reactive oxygen species (ROS)  in vitro studies105

however  the  factors  determining their  reactivity  is  not  well  described yet.  In the future,  our

results  can  form the  basis  for  the  development  of  more  complex  systems,  especially  in  the

presence of drug molecules  and membrane proteins,  and the effect  of lipid oxidation on the

toxicity mechanism of CNTs may be further investigated with the developed models.
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