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hospholipid bilayers are designed

by nature to protect the interior of

cells from the outside
environment.'? Despite the weakness of
hydrophobic interactions® that drive the
self-assembly of phospholipids into bilay-
ers, cell membranes represent a serious pro-
tective barrier>* for external molecules, pro-
teins, and particles as well as artificial
polymers and drugs. This barrier is quite ef-
ficient in protecting the interior of the cells,
and it is a challenging task to design nano-
objects that can penetrate through the
phospholipid bilayer without damaging its
structure.> 8 If such nano-objects can be tai-
lored, then they can potentially be used for
transmembrane delivery of active compo-
nents into cells.” However, the major diffi-
culty lies in getting a direct microscopic in-
formation regarding the interaction of
nano-objects with phospholipid layers at
the molecular level in order to provide for
physical mechanisms of nanoparticle trans-
location across the membranes. In the ab-
sence of such microscopic information it is
quite difficult to validate or distinguish be-
tween inferred translocation mechanisms
that were proposed to explain the internal-
ization by cells of several nano-objects, such
as, for example, cell penetrating
peptides.’?" 13

Similarly, a consensus has not yet been

reached regarding the translocation mecha-
nism of carbon nanotubes through cell
membranes. Single-walled carbon nano-
tubes (SWNTs) have been found inside the
cells both in direct imaging experiments us-
ing electron microscope,'*'® spectrosco-
py,'® and fluorescent microscopy
studies.’ 2% Such experiments suggest
that carbon nanotubes can efficiently pen-
etrate into the cells but very little can be
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ABSTRACT Great efficiency to penetrate into living cells is attributed to carbon nanotubes due to a number
of direct and indirect observations of carbon nanotubes inside the cells. However, a direct evidence of physical
translocation of nanotubes through phospholipid bilayers and the exact microscopic mechanism of their
penetration into cells are still lacking. In order to test one of the inferred translocation mechanisms, namely the
spontaneous piercing through the membrane induced only by thermal motion, we calculate the energy cost
associated with the insertion of a carbon nanotube into a model phospholipid bilayer using the single-chain mean
field theory, which is particularly suitable for the accurate measurements of equilibrium free energies. We find
that the energy cost of the bilayer rupture is quite high compared to that of the energy of thermal motion. This
conclusion may indirectly support other energy-dependent translocation mechanisms, such as, for example,

endocytosis.
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said about the pathway and the entry
mechanism regulating their internalization.
Experimental efforts aimed to distinguish
active and passive uptake include compari-
son of nanotubes internalization by living
and dead cells,?” change of the rate of ac-
tive biological processes by temperature
control,' addition of selective chemical
agents that inhibit active uptake,?® and ob-
serving nanotubes on the cell membranes
by atomic force microscopy (AFM).2

However, most of these experiments
showing the translocation of carbon nano-
tubes refer to biological membranes which
have complex structure, their properties de-
pend on composition and many external pa-
rameters. Biological membranes may un-
dergo several energy consuming processes,
such as endocytosis® or phase transitions.?
Thus, it is quite difficult to identify from these
experiments a unique translocation mecha-
nism and discard all other possibilities by
studying a particular biological system. From
this respect, the microscopic mechanism of
nanotube translocation through the mem-
brane remains an open question.
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A study of a model system of a phospholipid bilay-
ers without inclusions and comprising of one type of
phospholipids may shed light on the plausibility of the
spontaneous translocation of carbon nanotubes via
rupture and diffusion of the phospholipid bilayer. If we
assume that the driving force for the physical transloca-
tion of freely moving SWNTs through the homoge-
neous phospholipid bilayer is indeed thermal motion,
then the energy barrier represented by the phospho-
lipid bilayer should be comparable with the energy of
thermal motion. Apparently, the energy barrier de-
pends on the orientation of the SWNT with respect to
the bilayer. The minimum energy would correspond to
the positions inducing less perturbation to the phos-
pholipid bilayer. Since in the perpendicular orientation
to the bilayer plane the SWNT interacts with a minimal
number of phospholipids, this orientation would have
the minimal energy barrier. Other orientations would
induce more perturbations to the bilayer and thus
would require higher energies. Hence, an accurate esti-
mation of the energy cost of the SWNTs perpendicular
translocation through the phospholipid bilayer would
allow to conclude about the possibility of such
mechanism.

Calculation of equilibrium energies in computer
simulations that provide a microscopic
information3°~3° related to the structure and the dy-
namics of phospholipid bilayers is not straightfor-
ward, since the simulations usually deal with a lim-
ited number of molecules in the simulation box
subject to fluctuations as well as due to the ab-
sence of a suitable reference state.**#'

Alternative to computer simulations is the use of
mean field-type theories that do not include fluctua-
tions and give direct access to the equilibrium free en-
ergies as a result of the minimization of the free energy
functional. The single-chain mean field (SCMF)
theory*>~# is particulary suitable for such purposes,
and in addition to the speed of calculation and high ca-
pability of parallelization, it can provide the micro-
scopic details with the accuracy, competing with
coarse-grained Monte Carlo (MC) and molecular dy-
namics (MD) simulations.

The numerical implementation of the SCMF theory
was recently improved, and the method was applied
to model the equilibrium properties of the dimyristoyl
phosphatidylcholine (DMPC) phospholipid bilayers
in a fluid phase in ref 46. We use the three-beads
model of DMPC phospholipids of this work to model
the fluid phase of phospholipid bilayer and esti-
mate the free energy of equilibrium insertion of the
SWNT in a perpendicular direction to the bilayer
plane using different diameters of carbon nano-
tubes and different parameters of interaction be-
tween nanotubes and the core of the bilayer. This
gives the microscopic information about the possi-
bility of spontaneous translocation of SWNTs

through the phospholipid bilayer by thermal mo-
tion. Our model study has a broader interest than
only the study of biologically relevant translocation
mechanisms. For example, an AFM tip associated
with a carbon nanotube can be used in order to
quantify the force of the membrane rupture >0

FREE ENERGY OF THE NANOTUBE INSERTION

The SCMF theory is a relatively fast and stable tool
for obtaining equilibrium properties and free energies
of soft matter systems with different geometries and
molecular structures.*® A single molecule is described
at a coarse-grained level with an explicit account of in-
tramolecular interactions, while the interactions be-
tween different molecules are described through mean
molecular fields which are found self-consistently.

In the present work the phospholipid molecule is
modeled within the three-beads model with the inter-
action parameters obtained in ref 46. This model allows
for spontaneous self-assembly of phospholipids in bi-
layers with realistic bulk bilayer properties, such as the
average interfacial area per lipid at equilibrium, the
thickness of the bilayer and its hydrophobic core, and
the compressibility constant. These thermodynamic
properties rigidly fix the compression—extension en-
ergy curve,*® the output of the SCMF calculations; the
minimum of this curve gives the equilibrium area per
lipid, while its second derivative is proportional to the
compressibility constant. Thus, this curve gives us con-
fidence in calculated values of the energy upon
compression—extension of the bilayer.

The carbon nanotube is modeled as a rigid cylinder
of a given diameter which is oriented perpendicularly
to the bilayer plane. More precisely, the carbon nano-
tube represents a cylindrical region in the simulation
box which is not accessible for phospholipids. We as-
sume that the cylinder can interact with hydrophobic
tails of phospholipids because the driving force for the
assembly of the phospholipid bilayer is the hydropho-
bic interactions, and thus, the interactions between the
hydrophobic tails lead to the main contribution in the
free energy.

The aim of this work is an accurate measure-
ment of the energy cost of the presence of the SWNT
at a fixed position from the bilayer plane. Since the
SWNT can perturb the equilibrium structure of the
bilayer, the free bilayer may wrap around, bend, or
displace in order to minimize the perturbation. In or-
der to avoid such movements, the position of the bi-
layer in our model is restricted by noninteracting
walls at the top and the bottom of the simulation
box, and the periodic boundary conditions are ap-
plied on the sides. Since the reference state for the
free energy calculation is the energy of unperturbed
phospholipid bilayer, we assume that the simula-
tion box represents a small part of a much larger sys-
tem, where the part of the bilayer outside the box
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is approximated by the unperturbed bilayer, which
serves as a reference state. Thus, calculating the free
energy of the small box, containing a part of the
lipid bilayer, we can construct the free energy of the
larger system. We write the total free energy of the
system, F, as a sum of the free energy of the simula-
tion box, Fpox, and the free energy of the system out-
side the box, Foy, Which, in turn, is expressed via
the free energy density of the unperturbed bilayer
given by the reference state, 7, and the entropy of
pure solvent, f; = (bo/vs)In (bo/vs), where vg is the vol-
ume of the solvent molecule, and ¢, is the bulk sol-
vent volume fraction (see ref 46):

F= Fbox + Fout = Fbox + V?urf;) + VSUtfs (1)

The volume of the bilayer part lying outside of the
simulation box, VP, and the volume of pure solvent
outside of the box, V2", can be expressed via the vol-
ume of the unperturbed bilayer in the simulation
box, V¥, and the equilibrium numbers of lipids in the
box with the cylinder, N;, and without cylinder, N.
In addition, we take into account the conservation
of the total volume of the system and the total num-
ber of lipid and solvent molecules. With this, f is re-
lated to the free energy FP. of the box containing
the unperturbed bilayer as

Fo

f? = box (Vbox - Vlo)f) )

1
—(
V? s
while the free energy difference with respect to the refer-
ence state of unperturbed bilayer yields in the form
N, 4
_(Fgox - Vboxfs) - (Vbox - Vg

AF:":bcsx_ A° ayl
!

f,
3)

where Vo, is the volume of the simulation box, and

V'Z;,, is the part of the cylinder lying inside the box. We
used two-dimensional (2D) cylindrical geometry in order
to discretize the space such that the symmetry axis coin-
cides with the axis of the cylinder.

RESULTS AND DISCUSSION

We have performed series of SCMF calculations for
different positions of perpendicularly oriented SWNT
with respect to the DMPC phospholipid bilayer plane
for different diameters of the SWNT and interaction pa-
rameters between the SWNT and the core of the bi-
layer. The output of the calculations is the mean field
concentration profiles of the heads and tails in the bi-
layer, demonstrating the structural rearrangements of
phospholipids induced by the SWNT at the molecular
level and the precise measurements of the equilibrium
free energy change for each position of the SWNT. In
addition, the SCMF theory gives the probabilities of
each phospholipid conformation in the corresponding
mean fields. This information allows for visualization of
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Figure 1. Mean field “snapshot” (set of most-probable conformations
of the lipids) of the perpendicular SWNT insertion produced by the
SCMF theory. Nanotube diameter is 2.43 nm, nanotube position is
—0.63 nm, and interaction parameter between the nanotube and the
hydrophobic core is e = —6.30 kT.

the equilibrium molecular structure of the bilayer dis-
turbed by the presence of the SWNT in the form of
mean field “snapshots” representing the most prob-
able conformations of the molecules and their posi-
tions in the layer. One of such representative “snap-
shots” is shown in Figure 1.

Carbon nanotubes, by their chemical structure,
can be considered as hydrophobic cylinders.>’ Such
objects in aqueous solutions tend to aggregate in
bundles, which makes it difficult to observe indi-
vidual SWNT in solution. In order to prevent such ag-
gregation, the surface of the SWNT is often treated
with acids or functionalized?®*" in such a way that
they become slightly hydrophilic. That is why, the
energy per contact of the hydrophobic bead with
the nanotube, ¢r, in our calculations changes from
0, representing steric repulsion, to —6.3 kT, which
corresponds to strong attraction (we assume the in-
teraction distance 8.1 nm).* Since carbon nanotubes
usually have diameters ranging from 1 to 5 nm, we
have chosen three diameters of the cylinder, 1.00,
2.43, and 4.86 nm. The latter diameter is, probably,
too big for SWNTs, but it may correspond to multi-
walled nanotubes and we include it for
completeness.

The free energy cost of the equilibrium insertion of
the SWNT as a function of the distance between the
SWNT tip and the middle plane of the unperturbed
layer for different interaction parameters is shown in
Figure 2. Here the SWNT position —3.14 nm corre-
sponds to the SWNT at the bilayer surface, while the po-
sition 3.14 nm corresponds to fully inserted SWNT. In-
sertion of slightly hydrophilic SWNT is not favorable,
and the free energy cost increases with the insertion
distance until the SWNT pierces completely the bilayer
and the curve reaches the plateau, where the nanotube
can slide along its length through the bilayer with no
energy cost. In turn, the insertion of a hydrophobic
SWNT is favorable, and the corresponding insertion
curve has a pronounced minimum which corresponds
to the partial insertion of the nanotube into the bilayer
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Figure 2. Free energy cost AF versus nanotube position of
SWNTs with diameters 1 (a), 2.43 (b), and 4.86 nm (c) and dif-
ferent interaction parameters with the hydrophobic core of
the phospholipid bilayer, €r.

when the hydrophobic bottom of the cylinder has maxi-
mum contacts with the phospholipid tails. It is notewor-
thy, that this minimum indicates that the perpendicu-
lar position of the hydrophobic nanotube would be less
favorable than the parallel insertion into the core of
the bilayer when the SWNT can have even a larger num-
ber of contacts with the phospholipid tails. The corre-
sponding free energy would be even more negative.
The intermediate interaction parameters lead to mixed
behavior, the energy gain at a partial insertion, and the
energy lost at a full insertion.

Inserted nanotube induces structural changes in
the phospholipid bilayer. The SCMF theory allows to
visualize the equilibrium structure of the bilayer at each
position of the nanotube via equilibrium concentra-
tion profiles (see Figure 3). One can see how the increas-
ing hydrophobicity of the SWNT changes the character
of the interaction with the bilayer and the structural
changes around the SWNT. In the case of steric repul-
sion (er = 0.0 kT), the cylinder compresses the bilayer,
and the tails tend to hide from the nanotube and the
solvent, however, hydrophobic SWNTs (7 = —2.1,
—4.2, and —6.3 kT) attract hydrophobic core of the
layer which tends to stick to the edges of the nano-
tube. The surface of the bilayer even lifts up in order
to stick to the nanotube and increase the area of con-
tact between the SWNT and the hydrophobic tails of
the lipids. This is consistent with the corresponding de-
crease of the free energy upon insertion of the SWNT
observed in Figure 2. Full insertion of the nanotube
leads to the pore formation. The energy of the pore for-
mation as well as the structure of the pore strongly de-
pends on the hydrophobicity of the nanotube 7. In
the most hydrophilic case, the bilayer core is separated
from the nanotube by the layer of heads, while in the
most hydrophobic case, er = —6.3 kT, the tails touch
the surface of the nanotube, and one can observe the
wetting of the nanotube with a pronounced rim around
the nanotube. Figure 3 also provides information about
the breakthrough distances. The hydrophilic nanotube
creates a pore in the bilayer when it is inserted in the
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Figure 3. Morphology of the phospholipid bilayer structure induced by the equilibrium insertion of 2.43 nm SWNT for dif-
ferent interaction parameters between the nanotube and the hydrophobic core, €.
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TABLE 1. Free Energy Change Due to Full Insertion of the SWNT, AFy,;, the Minimum Free Energy, AF i, the Insertion
Distance Corresponding to the Minimum of the Free Energy, d.;, and the Maximal Force to Be Applied to Pierce the

Bilayer

diameter 1.00 nm
er (kT) 0.0 =21 —42 —6.3 0.0
AFgy (KT) 87.3 85.9 212 —59.1 134.5
AFqin (kT) 0.8 —3.0 —16.7 —72.1 23
i (NM) —3.14 —2.51 —1.25 0.63 —3.14
max. force (pN) 157 132 74 61 237

middle of the bilayer, in turn, hydrophobic nanotubes
have to cross almost the full thickness of the bilayer be-
fore piercing it. This behavior is consistent with a simi-
lar observation in experiments of AFM tip insertion in
1-stearoyl-2-oleoylphosphatidylcholine (SOPC)/
cholesterol bilayers.>

The numerical values of the free energy cost of
translocation through the bilayer are summarized in
Table 1. The energy cost to cross the bilayer is quite
high for all diameters and interaction parameters (hun-
dreds of kT). Hydrophilic nanotubes have a positive en-
ergy barrier, which may be difficult to overcome by
thermal motion, while the attraction between hydro-
phobic nanotubes and phospholipid tails is high
enough to entrap the nanotubes in the core of the bi-
layer. Nanotubes with intermediate hydrophobicity ex-
hibit both effects, steric repulsion due to the pore for-
mation and the enthalpic attraction to the core of the
bilayer. Thus, the nanotubes with intermediate param-
eters will have to cross both barriers, and the resulting
energy cost is the sum of the two barriers. Furthermore,
the perpendicular orientation of the nanotube has the
lowest energy cost for penetration through the layer.
This orientation is not necessary the equilibrium one.
For example, the hydrophobic nanotube would prefer-
entially orient itself parallel to the layer in the hydro-
phobic core, where the nanotube would have more
contacts with the core. This orientation will have much
lower energies, which are proportional to its length.
Thus, we would expect that hydrophobic nanotubes
with e = —4.2 and —6.3 kT should stick in the hydro-
phobic core in a parallel orientation. In turn, hydrophilic
nanotubes in a parallel orientation will have more steric
contacts with both types of phospholipid beads. Thus,
the positive barrier would be higher. The translocation
through the bilayer also implies the diffusion of the
nanotube in a correct orientation close to the bilayer.
This would require additional time, thus effectively in-
creasing the energy barrier.

High values of the energy barrier can be under-
stood with the help of a simple estimation. If we con-
sider that the cylinder with the radius Ry = 1.2 nm sim-
ply moves apart the lipids and creates a pore with the
radius Reyi + Rbeads Where Ryeag = 0.4 nm is the radius of
the bead in the phospholipid molecule, then the pore
formation energy is due to breaking the contacts be-
tween phospholipids lying close to the edge of the
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2.43 nm 4.46 nm
-21 —42 —6.3 0.0 -21 —42 —6.3
1274 65.6 — 47 2228 208.1 137 — 233
3.8 —203 —83.8 8.6 35 —=9.0 —118.6
—3.14 —1.88 000 —314 —314 —188 0.00
206 16 120 517 381 184 241

pore. Taking into account that the perimeter of the
pore is 2m(Reyi + Rbead) ~10 Nm, the area per lipid is 60
A2, the energy per lipid due to tail—tail contacts in the
three-bead model is ~—20 kT, and assuming that lipids
loose half of the contacts and the membrane is a
double layer, we find that the number of lipids at the
edge is ~26, i.e., the energy cost for the formation of
the pore is ~260 kT, which is comparable by the order
of magnitude but higher than the calculated value of
192 kT. The discrepancy is due to contributions of the
heads and the rearrangements of the lipids around the
pore in order to minimize the energy cost, which does
not have a sharp edge. Note, that this energy is compa-
rable with the energy of breaking a chemical bond
since typical values of bond energies are also hun-
dreds kT.>3

The calculated equilibrium force of hundreds of pN
corresponds to the energy of hundreds kT, which is an
extremely high energy at the molecular level. However,
the nanotube can pierce the phospholipid layer if the
external force is applied. Carbon nanotubes can be
fixed on a AFM tip, and they can be used as “nano-
injectors” or nanoprobes.*” Such a combination of AFM
and carbon nanotube can be used for force measure-
ments. The measurements on living cells*® have shown
that the force of penetration depends on the location
over the cell membrane and, possibly, many other fac-
tors, especially if the cytoskeleton is involved in the re-
sponse to the stimulus. The minimal force for piercing
of cell membrane measured in these experiments is of
order 100 pN, i.e., even higher than suggested by our
calculations.

The strength of our method is the direct and accu-
rate calculation of free energies at equilibrium, that al-
low for judgment about the possibility of spontaneous
translocation through the bilayer. The forces obtained
in nonequilibrium MD simulations of nanotube pen-
etration with a constant speed>* are several times
higher than in our calculations, and they depend on
the speed of pulling, since the layer needs some time
to accommodate its structure to the external perturba-
tion. Hence, these calculations at low speed can repre-
sent an upper limit for the equilibrium free energy. In
contrast, the SCMF method gives directly the equilib-
rium and the average picture, which does not show the
positions of individual phospholipids but the average
concentration profiles. That is why our equilibrium
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mean field “snapshots” and average concentration pro-
files look different from the simulation snapshots of
nonequilibrium piercing.>

The results with different diameters of nanotubes
suggest that the thinner a nanotube, the less an en-
ergy barrier. Thus, we may conclude that larger objects,
such as multiwalled carbon nanotubes composed of
several graphitic concentric layers® and having diam-
eters more than 4 nm, will have even larger energy bar-
rier, which require the application of an external force
to pierce through the bilayer. Finally, an illustration of
strong resistance of phospholipid bilayers against pierc-
ing is provided in the experiments with microtubules
(rigid cylinders of 30 nm in diameter) growing inside the
phospholipid vesicles.>> Growing microtubule exert
force on the inner wall of the vesicle at both ends,
which leads to large deformation of the surface of the
vesicle and the buckling of the microtubule.

CONCLUSIONS

The SCMF theory is used for accurate measure-
ments of the energy cost associated with the perpen-
dicular insertion of carbon nanotubes of different diam-
eters in the phospholipid bilayer. This method gives
direct access to the equilibrium free energy and pro-
vides microscopic information about the structural rear-
rangements of the phospholipid bilayer around the in-
serted nanotubes. This information, though obtained
for model dimyristoyl phosphatidylcholine (DMPC)
phospholipid bilayers, may contribute to the discus-
sion of the possible mechanisms of translocation of

METHODS

Single Chain Mean Field Theory. The single-chain mean field
(SCMF) theory describes a single molecule surrounded by the
mean fields.*2~4446 |t takes explicitly into account the structure
of an individual molecule at a coarse-grained level similar to
coarse-grained MC or MD simulations. However, as distinct from
simulations, the interactions of the molecule with the environ-
ment are described through the mean molecular fields. The
mean fields determine the most probable conformations of the
molecule through the probabilities of individual molecule. In
turn, the mean fields are calculated as the average properties of
individual conformations. This self-consistence closure defines
the set of nonlinear equations that can be solved numerically.
The solution of such equations gives the equilibrium structures
and the concentration profiles of all components in the system
as well as the most probable conformations of individual
molecules.

To model the phospholipid bilayer we use the three-bead
model of the DMPC phospholipid molecule described in ref 46.
The phospholipid molecule is modeled as three spherical beads
of diameter d = 0.81 nm, joined consequently by stiff bonds of
1.0 nm in length: two hydrophobic, T-beads, representing the
tails, and one hydrophilic, H-bead, representing the phospho-
lipid head. The angle between the bonds is free to bend as long
as the terminal beads do not intersect each other. The solvent
molecule is modeled as a S-bead of the same diameter as the
phospholipid beads. The interactions between the beads in this
model are given only by two square well potentials with interac-
tion range rip = 1.215 nm and depths err = —2.10 kT and &y
= —0.15 kT for T—T and H—S contacts, respectively. Additional
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single-walled carbon nanotubes (SWNTs) into cells. In
particular, it reflects on the inferred mechanism of spon-
taneous translocation of SWNTs through phospholipid
bilayers by thermal motion.

Our results suggest that hydrophilic or noninteract-
ing SWNTs would require an energy of order of hun-
dreds of kT to cross the phospholipid bilayer in perpen-
dicular orientation. Furthermore, perpendicular
orientation is less disruptive for the bilayer, and thus,
other orientations would require even higher energies.
In turn, more hydrophobic, interacting SWNTs are at-
tracted by the hydrophobic cores, what hinders their
translocation through the bilayers and renders difficult
the separation of the nanotube from the bilayer simply
by thermal motion. Thus, our results for model phos-
pholipid bilayers may suggest that experimentally ob-
served translocation of SWNTSs into cells is probably due
to other energy-dependent translocation mechanisms,
such as, for example, endocytosis.

These results for homogeneous nanotubes may
also indicate the ways to reduce the energy cost of
translocation through the phospholipid bilayers. For ex-
ample, inhomogeneous patterning of the nanotube
surface can help in design of nano-objects which can
freely pass through or preferentially associate with the
phospholipid bilayers.

The predicted energy of the bilayer rupture due to
the perpendicular insertion of a carbon nanotube can
be directly verified by the force measurements of the in-
sertion of the AFM tip functionalized with a carbon
nanotube.

energy is assigned to the T-beads residing at a distance shorter
than 8.10 nm from the surface of the cylinder, er (see Table 1).
The simulation box 10.00 X 10.00 X 6.27 nm (12.00 X 12.00 X
6.27 nm for the case of the largest nanotube’s diameter) is dis-
cretized into a grid according to 2D cylindrical geometry with the
symmetry axis placed in the center of the box and oriented
along the z-axis. The grid cells are about 0.5 and 0.3 nm in the ra-
dial and vertical directions (comparable with the diameters of
the beads in the 3-beads model, 0.81 nm), and the sampling of
the molecule conformational space is 400 000 conformations. A
series of test calculations have shown that these parameters give
enough precision for the energy calculations.

We use the generalized equations of the SCMF method pro-
vided in ref 46 which describes the self-assembly of a mixture
of an arbitrary number of types of molecules of an arbitrary struc-
ture. First step of the SCMF method is the generation of the rep-
resentative sampling {I'} of conformations of a single molecule,
where the conformations differ in position and orientation of the
molecule in the space and the angle between the bonds of the
molecule. If the sampling was generated with a bias, it is cor-
rected with a known weight of each conformation w(I'). The
probability of a given conformation I' of the molecule, placed
in the simulation box, containing N lipids is given by*®

o) = ;exp(—H‘"‘“(r) -1 e -

Zw(T)

s
s\ P
E,- s,.(l")vs-i- E] V,-)\,-(p,»(r)) 4
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where Z is the normalization constant, H""(I) is the internal en-
ergy of the conformation I', where we include, as well, its inter-
action with the nanotube. The simulation box is discretized into
a grid cells i of the volume V;. The interactions of the beads with
the fields (c] and ¢’ are the equilibrium concentrations of the
beads of each type) are described through interaction fields of
a given conformation, /(') and &7(I'). The Lagrange multiplier \;
is related to the total volume fraction of the cell i occupied by
the solvent, ¢7 via vi\; = In &7 + Neficl, where v, is the volume
of the solvent molecule, and &}’ =(4/3)m(r}; — d°) ens. The condi-
tion of local incompressibility relate &7 with the volume fraction
of the lipids &; via &7 + Nb; = g, where &y is the maximal vol-
ume fraction occupied by the solvent and all the molecules
(equal to 0.675 in this model).*

Once the probabilities of the conformations p(I') are known,
the molecular mean fields, namely the volume fractions of the
molecules and concentrations of the beads of all types, are cal-
culated as averages over all conformations:

¢= X, Dp(D) )
I}

d" =Y e ©)
{I}

These equations, eqs 4, 5, and 6, define the closed set of non-
linear equations for the probabilities of conformations and the
mean fields. Solution of these equations gives the equilibrium
properties of the system and the equilibrium free energy of the
simulation box, which is written*® in units kT, as

Foox = N¢In Np(D)w(I)k) + z V—In L + NGH™(0) +

S
Ino - 1>Z<s,-f<r)>c,-’ + N2<85(F>>i—' @)

where « is the number of conformations in the sampling {I'}
and all the averages, denoted by angular brackets are taken as
averages over the sampling with probabilities p(I') in analogy to
egs 5 and 6.

The calculation time of one point in the energy curve and
full set of microscopic data of the bilayer configuration takes
less than 1 day on a single 32-core machine. This time can be
drastically decreased by taking advantage of the high capability
of parallelization of the SCMF method, which allows the use of
more computers and processors.
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