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Classical molecular dynamics simulations of atomistic models of combustion-generated carbon nanopatrticles
and lipid bilayers have been performed to explore their possible structural, dynamical, and thermodynamic
effects on biological membranes. The DREIDING generic force field is used for the carbonaceous nanoparticles
of different morphologies, as produced from combustion sources, and the united atom model was employed
for the dimyristoylphosphatidylcholine (DMPC) bilayer. It is observed that particle shape and structure have
significant effects on solvation, mobility, adsorption, and permeation behavior of the particles. While
combustion-generated carbon nanoparticles with an aspect ratio close to unity prefer to stay near the membrane
center, precursors with other shapes mostly reside within the hydrocarbon tail region of the membrane. Carbon
nanopatrticles are not trapped in a local region even inside the membranes but move freely with a speed
depending on their molecular weight. The adsorption of the particles on the surface of the biological membrane
is comparable to thermal fluctuations because the weak segregation effect by water molecules is the main
driving force to the adsorption behavior. The bigger the precursors are, the stronger they are bound to the
membrane surface. The presence of combustion-generated nanoparticles inside the membrane perturbs local
lipid density by pushing the neighboring lipid molecules away from the nanoparticles. This, coupled with
thermal fluctuations, can induce an instantaneous membrane pore to allow water protrusion. From the umbrella
sampling method, the potential of mean force for the permeation of carbona nanoparticles into the bilayer
was also obtained. Surprisingly, elongated particles have a free energy barrier an order of magnitude smaller
compared with more round ones. In addition, the round carbon nanoparticles showed strong hysteresis due to
the local trapping of water molecules. Although the carbon soot precursors studied in this work are not the
well-known carbon nanoparticles such as fullerenes or carbon nanotubes, the qualitative features of this study
may be applicable to them as well.

. Introduction environments. Recent studi®@d®on the mechanisms by which
particles act show that the particle deposition in the epithelial
tells in the lung triggers a number of responses: inflammation,
production of cytokines that stimulate the release of fibrinogens,
which bind to platelets, contribute to their aggregation, and
enhance their ability to clot. The high number concentration
and small size of nanopatrticles lead to high rates of deposition
"deep in the lung’ Ultrafine particles also impair the ability of
the macrophage to engulf and remove particles from the
“extracellular miliel?® Therefore, nanoparticles emitted by
combustion sources are a very serious health concern because

Carbon nanoparticles such as fullerenes, carbon nanotubes
and soot precursors have attracted much scientific and industrial
interest regarding their characteristic structural, mechanical, and
electric propertie$-14 For example, their mechanical strength
and electrical conductivity due to the delocalizatiomdionds
have found many applications in nanoscale electrical devices
polymer fillers, fuel cells, cosmetics, and biological sensors.

However, despite the widespread promise of these nanopar
ticles, especially in new technologies, research on their effect

on human bodies and the environment has been rare until S - . .
15-23 15 ¢ . - of both their size and the carcinogens with which they are
recently? It is therefore important to assess the potential associated

risk issues associated with nanoparticles, such as exposure, . .
It is not surprising that combustion-generated carbon nano-

environmental and biological fate, transport, and toxicol&fgy. . e "
In the environment, the process of combustion is the dominant Prticles may be toxic in respiratory organs such as the lung,

pathway through which mankind continuously injects particles considering that it has been known for some time that their
into the atmosphere at the present time. The most direct ang@llotrope, graphite, can induce pneumoconiosis by inhaléfigh.
serious risk related to these emissions is the direct absorptionSUch carbon nanoparticles have a much larger surface area than
of these particles into the living systems of human and animal 9raphite, and because of their nanoscale size, they tend to be

through the process of respiration, especially in more urban accumulated in the interior of the body and are not eliminated
by the microphagemucociliary clearance mechanisfHow-

*To whom correspondence should be addressed. E-mail: violi@ €Ver, Systematic studies on the toxicity of combustion-generated
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conflicting results have been report€d3! Adelmann et af!
reported that fullerenes are no more toxic than quartz powder
from the study on the effect of fullerenes on the alveolar
macrophages in vitro. Huczko et A?! also observed that

carbon nanoparticles do not show any toxic behavior such as
skin irritation, allergy, and lung toxicity. However, in the two
recent experiments using mite'8single-wall carbon nanotubes
were found to induce granulomas in the lung unlike graphite,
which is much larger in size than carbon nanotubes.

Carbon nanoparticles can also cause serious damage tq
biological membranes. Sayes et@tecently observed that pure
fullerene aggregates (so-called nango)Cwhich are weakly Figure 1. Chemical structures of the combustion-generated carbon
soluble in water, kill human cells in culture even at very low nanoparticles investigated in this study. The yellow and white colors
concentrations~+20 ppb). This cytotoxicity tends to decrease correspond to carbon anq hydrogen atoms, respectively_. The values
over 7 orders of magnitude as more hydroxyl groups are attached®” the white lines are the distances between carbon atoms in Angstroms.
to the fullerenes, which enhances their water solubility. It was
suggested that the superoxide anions of fullerenes generated ir“' Methods
water are responsible for membrane damage and subsequent A, Molecular Models. Combustion-generated carbon nano-
cell death. However, cumulative experimental and theoretical particles with two different morphologies were investigated: a
studies at atomistic length scales are essential to consolidateyrecursor with an aspect ratio close to unity “round” with a
this postulate. formula of GggHsz and a precursor with a composition ofgHzs

Due to the recent progress in computational power, it has “flat” (see Figure 1). The initial configurations of the nanopar-
become routine to study realistic models of biological systems ticles were obtained using a combination of kinetic Monte Carlo
on nanosecond and nanometer scales using molecular dynamic§KMC) and MD methodologies (the atomistic model for particle
(MD) computer simulations. These simulations provide the inception or AMPI code). The AMPI code has been developed
atomistic-level information of biological systems under study, to study the transformations that occur in combustion systems
which may be difficult to obtain from macroscopic experimental during the transition from gas phase to particle inceptfof
approaches. Such simulations have been successfully appliedAll dangling bonds of carbon atoms have been hydrogen
for example, to enzyme reactions, protein folding, ion channels, terminated. Figure 1 shows two representative structures
membrane fusion, and so ford#r;3? obtained with the AMPI code in different combustion environ-

Computer simulation studies for the interaction between MeNts. The nanoparticles chosen for this study represent
carbon nanoparticles and biological materials such as proteins€<@mples of structures found in aromatic and aliphatic flames
and DNA have also been perform&46 The inhibition of the from the AMPI code. These res_ults_ in turn co_rrelate W|th the
HIV-1 protease by fullerenes and their derivatitfed4swas curvature Qf carbon layers seen in hlgh-resolutlon transmission
studied, and the binding behavior of carbon nanotubes with electron microscopy (HRTEM) images of comb.ustlon-generated
nucleic acid4246or amylosél was also investigated to improve nanoparticles produced in flames that show different curvature

the solubility of nanotubes. Recently, Srinivas and Ki&in of the carbon nanoparticles containing amorphous, graphitic,

i —53
studied the interaction between a synthetic nanotube and a°r fullerenic nanostructure: i i
Both round and flat nanoparticles have the size of around 17

dimyristoylphosphatidylcholine (DMPC) lipid bilayer using the A . . ;
molecular dynamics simulations of a coarse-grained (CG) model.” I the longest dimension. The round precursor consists of a
network of five- to eight-membered fused rings such as

However, to our knowledge, the computational study on thg buckyballs, whereas the flat one has four planar aromatic

effegt .Of c_ombustion-generated_ carbon r_lanoparticles on biologi- moieties connected by freely rotating bonds. The force fields
cal lipid b|_Iayer mempra_mes using atomistic _models _has_not Yelor those carbon nanoparticles were generated automatically
been. carned. O.Ut' This is an |mportant. priority conS|d§r|ng.the using a utility in the molecular dynamics simulation package
possible toxicity of carbon nanoparticles on the biological DL_POLY54 which searches ail possible bonding, angle,
membranes as described above. dinedral, and inversion potential sets for a given hydrocarbon
Thus, in this work, we report on the computational investiga- configuration and assigns the corresponding DREIDING force
tion of the structural and dynamic effects of combustion- field55to each potential. The DREIDING force fields are generic
generated carbon nanoparticles on a lipid bilayer using MD force fields for “nonmetallic” main-group elements (such as C,
simulations of atomistic molecular models. Importantly, com- N, and O) plus H and a few metals (Na, Ca, Zn, and Fe). To
bustion-generated carbon nanoparticles produced from combususe a significantly long simulation time step, all bond pairs were
tion sources, rather than well-structured fullerenes and carbonconstrained by using SHAKE.
nanotubes, are the primary focus of this study. These nanopar- The molecular model of biological membranes used in this
ticles, made primarily of carbon and hydrogen, are formed in study is the united atom model of DMPC lipid bilayer
the initial stage of the soot formation in combustion and later membrane&” which has been used extensively and successful
act as seeds for large soot structures. It is generally believedin MD studies®®¢5 The DMPC bilayer membrane, which
that they are present in considerable abundance from especiallyconsists of 64 DMPC lipids, is about 34 A thick and, therefore,
diesel and other hydrocarbon emissi¢h$> the sizes of the two carbonaceous nanoparticles are comparable
This paper is organized as follows. In section Il, the molecular to the thickness of one leaflet. A total of 2000 water molecules
models and computer simulation methods used in this study were also included in the simulation using the TIP3P mégel.
are described in detail. The structural, dynamical, and thermo- The membrane size used in this study is relatively small
dynamic analyses are then presented in section Ill, while a compared to the recent membrane simulatfdn® However,
summary and conclusions are given in section IV. many computer simulations of membrane systems have been
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Figure 2. Representative snapshots of the four systems examined in this study.

performed with the similar size and length to our simulations, Then, the artificial atom was replaced by the precursor, and the
and many interesting structural thermodynamics insights have resulting configuration was equilibrated until there was no drift
been gained from those studies. Previous stdéiféshowed in simulation cell dimensions and thermodynamic quantities,
that the membrane systems of several nanometers in size casuch as total energy, pressure, and surface tension.
reproduce most of the structural properties observed in experi- B. Molecular Dynamics Simulations. 1. Equilibrium MD
ments such as pair correlation, order parameter, density profile,Simulations. Figure 2 shows the four carbonaceous nanopar-
and so forth, except for very long-ranged membrane motions ticles—membrane systems that are analyzed in this work: round
such as undulation. and flat particles inside and outside the DMPC membrane. For
In addition, since the longest dimension of the combustion- each nanopartictemembrane geometry, two independent con-
generated carbon nanoparticles used in this study is at mostfigurations were generated and equilibrated using the MD
17 A, the lateral dimension of the membrane is around 2.4 simulations of thé\P,yT ensemble, wher represents the total
times bigger than the nanoparticles. Please notice that carbonnumber atoms in the simulatioR; is the Zcomponent of the
aceous nanoparticles do not possess any electric charges opressure tensor, which was set to 1 baiis the membrane
dipoles, the interactions of which are long ranged: that is, the surface tension, set to 0 N/m, afids the system temperature,
interactions between the nanoparticles and between the nanoset to 308 K in this study. The MD simulations were performed
particles and lipids or water molecules are mainly the short- in DL_POLY 2.14 modified for theNP,y T ensemble. Details
ranged van der Waals (vdW) interaction. This short-range of the DMPC membrane model can be found elsewfEfde
character of the interactions of the nanoparticles is also seensimulation cell dimensions for all cases were around 46 A
from the two-dimensional (2D) pair-correlation function between 41 A x 70 A irrespective of the locations or the morphology
the centers of masses of the nanoparticles and DMPC lipids,of the carbonaceous nanoparticles.
which has been newly added to the paper. Therefore, we believe For each carbon nanopartielenembrane configuration, 10
that the finite size effect of our simulation results is not ns equilibrated trajectories were saved every 1 ps and used for
significant. further analysis. The results shown in this paper are the averages
The initial configurations of the carbonaceous nanoparticle  of the two independent 10 ns trajectory runs for each case.
membrane systems were generated as follows. First, an artificial 2. Umbrella Sampling. To study the permeation behavior
point atom was inserted at a position where the precursor shouldof carbon nanoparticles into lipid bilayer membranes, the
be located inside or outside an equilibrated bilayer system. Next, umbrella sampling methdéwas implemented, by which the
the radius of the phantom atom (or the Lennard-Jones parametepotential of mean force (or the free energy) can be obtained
o) was gradually increased with a very small time step until along a reaction coordinate for the process of interest. More
the hole grows big enough to accommodate the nanoparticle.details about the method used here can be found elsevitere.
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Figure 3. Snapshots of the round nanoparticle inside the membrane bilayer taken every 2 ns.

The reaction coordinaté was chosen as thedirectional

nanoparticle from an equilibrated configuration in the neighbor-

distance between the center of mass of the nanoparticle and théng window (0.5-1.0 A apart) usindJymp A total of 1 ns MD

membrane center. In this method, a biased potential is addition-trajectories was collected in each window, and the initial 50 ps
ally applied in the original molecular dynamics routine to of the trajectories was discarded for equilibration. The remaining
confine the system within a small window of the reaction 950 ps equilibrated trajectories were used to calculate the

coordinate. In the present work, a harmonic poteritighy, with
the spring constank,m, of 10 kcal/(moiA2) was used

1
Uumb = E kumb(g - Zwin)2 1)
where
mz mz
i,nanoparticle j,membrane
&= - 2)
m m
i,nanoparticle j,membrane

m is the mass of théh atom, andz.i, is the center of each
window.
The initial configuration of the carbon nanoparticlmem-

potential of mean force (pmf) profile for a narrow range&of
within each window.

For the round nanoparticle system, 121 windows were
employed at 0.25 A intervals, spanning frém= 0 A to 30 A;
for the flat one, a total of 209 windows at 0.125 A intervals,
spanning fromé = 0 A to 26 A, were used.

The free energy profile (or pmf) for the whole range of the
reaction coordinate was obtained by assembling each free energy
profile in each window using the weighted histogram analysis
method (WHAM)72

Ill. Results and Discussion

A. Behavior of Combustion-Generated Carbon Nanopar-
ticles near Lipid Bilayers. Snapshots of the round nanoparticle
residing inside the DMPC bilayer membrane were taken every

brane system in each window was obtained by pulling the 2 ns and are shown in Figure 3. Although the DMPC lipid
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Figure 4. Snapshots of the flat nanoparticle inside the membrane bilayer taken every 2 ns.

configurations change significantly, the carbon nanoparticle does However, it should also be noted that the stability of the lipid
not seem to change its position much and almost looks trappedbilayer membrane is enforced by the periodic boundary condi-
in a local membrane region. As will be shown later in the text, tions in the computer simulatio®s.
this is not true and in fact the nanoparticle still moves, although  In Figure 5, the snapshots of the round nanoparticle located
its diffusion is much slower than that of single DMPC lipids. outside the membrane are reported every 2 ns. Water molecules
However, the particle spends most of the simulation time at were omitted for clarity. Since the carbon soot precursor is
the membrane center, and the membrane region where the parhydrophobic, it is pushed away from the water region toward
ticle resides is slightly smaller in thickness, so that several water the membrane and the trimethylamine groups, in the headgroups
molecules protrude into the membrane toward the nanoparticle.of the DMPC lipids, stick out from the membrane to support
This behavior will be discussed in detail in section 3.2. the nanoparticle. However, as shown in Figure 5, the round soot
Unlike the round precursor, the flat nanoparticle resides precursor moves fast by tumbling relatively freely from one
preferentially in the hydrocarbon tail regime rather than in the region of the membranewater interface to another, compared
membrane center, the snapshots of which are seen in Figure 4with the situation where it is located inside the membrane. In
This behavior is also observed and confirmed by the density addition, from the distance fluctuations between the nanoparticle
profile and the pmf profile, which will be presented later. In and the membrane headgroup interface in the snapshots, the
the case of the flat particle precursor, it is also noticeable that carbon nanoparticle does not look strongly bound to the
the nanoparticle changes its own conformation quickly and membrane.
moves much faster than the round one. Whether carbon nanoparticles would be adsorbed onto
During the 10 ns simulation used for each system, both the biological membranes or float around in the water phase is
carbon nanopatrticle and the membrane retained stable structureeelated to the subtle balance of various forces, such as
without showing any signature of breakage, although there is nanoparticle-water and nanopartickemembrane interactions,
an indication of instantaneous membrane pore formation. as well as the entropic effects of water molecules. Since the
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Figure 5. Snapshots of the round nanoparticle outside the membrane bilayer taken every 2 ns. Water molecules are omitted for clarity.

lipid headgroups are also hydrophilic, there would not be much is similar to that of the DMPC molecule (678 g/mol) and the
energetic advantage in shifting carbon nanoparticles from the round nanoparticle (2309 g/mol) is more than three times heavier
water phase to the watemembrane interface. Therefore, this than the lipid molecule. However, the important point is that
weak adsorption of the carbon nanoparticles indicates that thethese carbon nanoparticles can still move considerably inside
entropic gain, by pushing the nanoparticle toward the membrane,the membranes.
is comparable to the thermal fluctuations. Since this entropic  This situation changes dramatically when the carbon nano-
gain is diminished with smaller carbon nanoparticles, the particles are located in the membraveater interface, which
adsorption of the flat particle is expected to be weaker than is shown in Figure 6b. Although the round particle diffuses at
that of the round one. the same speed as single DMPC lipids, the flat particle diffuses
The morphology of carbon nanoparticles has significant more than three times faster than the round one in the direction
effects on their dynamics as well. Figure 6 shows the mean parallel to the membrane plane. For reference, the diffusion of
square displacements (MSDs) of carbon nanoparticles and asingle water molecules is around 20 times as fast as that of the
single DMPC lipid in the direction parallel@R? + AR?14) flat nanoparticle. The diffusion in the direction normal to the
or normal (DRA12) to the bilyer plane. It should be noted that membrane plane shows the same behavior: the diffusion of the
the DMPC MSDs were averaged over the two nanoparticle flat nanoparticle is much faster than that of the round one or
systems and generally, the lipid diffusion was faster in the single DMPC lipids. This strongly suggests that the flat particle
presence of the flat carbon nanoparticle than the round one.floats around in the water phase, and it is not much adsorbed
Inside the membrane, as shown in Figure 6a, the flat nanoparticleon the membrane surface, which is consistent with the pre-
moves as fast as single DMPC lipids, whereas the diffusion of vious argument about the entropic effect on the nanopatrticle
the round soot precursor is around half the value of the flat one adsorption.
in both parallel and normal to the membrane directions. Thisis  The diffusion coefficient of each species can be obtained from
not surprising because the mass of the flat particle (638 g/mol) the slope of the corresponding MSD curve. By the use of only
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Figure 6. MSDs of carbonaceous nanoparticles and a single DMPC
lipid in the direction parallel DR + AR/24) or normal (DRA12)
to the membrane plane when the carbon nanopatrticles are located (a
inside or (b) outside the membrane.

the 1-2 ns MSD data, it is found that the diffusion coefficients
of the DMPC molecules in the direction parallel to the
membrane plane are (1.960.11) x 1072 and (4.40+ 0.20)

x 1073 A2/ps when the carbonaceous nanoparticles are located
inside and outside the membrane, respectively. So, carbon
nanoparticles also hinder the motion of the surrounding lipid
molecules inside the membrane.

B. Membrane Breakage Induced by Carbon Nanopar-
ticles. It has been speculated that carbon nanoparticles can Kkill
human cells by the oxidative damage on the membtae.
this work, we have found a different signature of membrane
damage caused by the carbon nanoparticles, which is attributed

to a physical process. The physical membrane damage we haV?‘—igure 7. Water molecules withi 5 A of a carbon nanoparticle are

o_bserved is the |nstan_taneous formation of & pore in the lipid depicted as van der Waals spheres: (a) round nanoparticle and (b) flat
bilayer membrane as induced by the carbon nanoparticles. INpanoparticle.

Figure 7a, we show a snapshot of the round particle present
inside the DMPC bilayer membrane. Although the size of the more easily because the nanoparticle stays in one leaflet of the
carbonaceous nanoparticles is comparable to the thickness obilayer membrane preferably.
one leaflet of the membrane, the round particle stays at the This nanoparticle-induced pore formation is also seen from
membrane center most of the time. Water molecules within 5 the 2D pair-correlation functiorp(r), between the centers of
A from the carbon particle are depicted as vdW spheres. The masses of the nanoparticle and DMPC lipids, as shown in Figure
membrane region around the nanoparticle forms a pore instan-8. Although the uncertainty is large, it is clear that the DMPC
taneously to allow water protrusion. When we measure the lipid lipids are depleted umt4 A in case of the round nanoparticle.
density around the carbonaceous nanoparticle, it is observedThis correlation along with a second dip arduA goes up to
that the membrane region right above (or below) the nanoparticle 10 A, which is reasonable considering the size of the carbon
is deficient in lipid molecules. This deficiency coupled with nanoparticle. This again verifies the use of the moderate size
the thermal fluctuation induces the formation of a pore. This of membrane in this study. This strong correlation is not
local breakage of the lipid bilayer membrane could lead to a however clearly seen in case of the flat nanoparticle. This may
larger pore formation in the presence of lateral membrane be because the flat particle is well adapted in the hydrocarbon
tension. tail region of the lipids without perturbing the lipid structure

A similar behavior is also seen in Figure 7b, where the flat significantly.
particle residing inside the membrane is exposed to several water One might question that the pore formation induced by the
molecules from the water region. In this case, the pore is formed carbon nanoparticles should be preceded by the permeation of
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Figure 9. Potential of mean forces (pmf’s) for the permeation of (a)
the round and (b) the flat carbon nanopatrticles. The pmf of the roun
nanoparticle shows severe hysteresis. The reaction coordiflate (

the zdirectional distance between the center of masses of the nano-. . .
particle and the lipid bilayer membrane. initially pulled from the membranewater interface toward the

membrane center by a harmonic umbrella potential and the

the nanopatrticle into the membrane. If the permeation is a very resulting configuration was used for the umbrella sampling (the
slow process, the membrane breakage by the nanoparticles magolid line in Figure 9a), the pmf obtained shows a large energy
be less of a concern. To address this issue, we have calculatedarrier (~15 kcal/mol) increasing fron§ = 20 A up to& = 13
the pmf for the permeation process and present the results inA, followed by a plateau regime betweén= 13 A and 5 A.
the next section. After the pmf reaches a minimum aroud= 5 A, it starts

C. Permeation of Carbon Nanoparticles into the Mem- rising steeply again untif = 0 A. Considering the thermal
brane. The pmf of the permeation of carbon nanopatrticles into energy is around 0.6 kcal/mol, this energy barrier is too high
the DMPC bilayer was calculated using the umbrella sampling for the round nanoparticle to penetrate the membrane only by
technique described in the Methods secfibithe calculated thermal fluctuations.
pmf’s as a function of reaction coordinateare shown for the In principle, the pmf along the reaction coordinate should
round and the flat nanoparticles, respectively, in Figure 9. not rely on the way or direction the sampling is performed.

Similar to the diffusion of carbon nanoparticles, which However, the pmf profile looks completely different when the
depends strongly on particle morphology, the permeation initial configurations for the sampling were prepared from the
behavior is also highly affected by the morphology and structure nanoparticles located inside the bilayer membrane, which is
of the carbon nanoparticles. When the round particle was shown as a dotted line in Figure 9a. In this case, the pmf strongly

Figure 10. Snapshots from Figure 8a & = 10 A. The round
g nanoparticle was pulled from (a) outside or (b) inside the membrane
using an umbrella potential.
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Figure 11. Snapshots from Figure 8b &t= 20, 15, 10, and 5 A. The flat nanoparticle was pulled from outside the membrane using an umbrella
potential.

increases froné = 0 A until £ = 10 A without showing any insertion is not known. Future research will be developed to
minimum or plateau. establish this mechanism.

The origin of this hysteresis can be understood by looking at  The pmf for the flat nanoparticle is very different from that
snapshots taken d@t = 10 A for the round nanoparticle and  of the bigger round soot precursor as seen in Figure 9b. Unlike
reported in Figure 10. The snapshots were taken from the the round nanoparticle, the pmf for the flat particle shows a
equilibrated configurations &= 10 A when the nanoparticle  small peak (2.0 kcal/mol), around = 20 A, where the
was initially located (a) outside and (b) inside the bilayer headgroups of the DMPC lipids are located. The reason the flat
membrane, respectively. When the nanoparticle is initially pulled nanoparticle has such a low permeation energy barrier compared
from the membranewater interface, the surrounding water to the round one can be understood by looking at the snapshots
molecules accompany the carbonaceous nanoparticle all the waytaken até = 20, 15, 10, and 5 A irFigure 11. Although the
to the center of the membrane. Therefore, the large energy cosflat particle was initially pulled from the membraneater
resulting from the hydrophobic mismatch between water and interface, there is no water surrounding the nanoparticle except
hydrocarbon tails contributes to the large free energy barrier near the interface. This implies that water molecules having
for the permeation process of the carbon nanoparticles. Anotheroriginally surrounded the carbonaceous nanopatrticle can easily
contribution is the energy cost of forming a membrane pore leave it on a nanosecond time scale when the soot precursor
with the diameter of around 17 A for the entrance of the starts to insert into the membrane. This is related to the
precursors. morphology of the flat soot precursor: that is, when it starts to

On the other hand, when the carbonaceous nanoparticle isenter the membrane, the planar moiety of the soot precursor is
initially located inside the bilayer and pulled toward the tilted to make it perpendicular to the membrane plane (see parts
membrane-water interface, no water molecules are present a—c of Figure 11). This rearrangement of the carbonaceous
around the nanopatrticle until the nanoparticle has reached thenanoparticle allows the water to escape more easily from the
membrane-water interface. This difference in the water ar- nanoparticle region. Once the flat particle arrives at the
rangement is the source of the large hysteresis between the twdiydrocarbon region, it rearranges itself again to minimize the
paths. One might narrow the gap by sampling the trajectory for contact energy (see Figure 11d).
much longer than a nanosecond to make water molecules The small free energy barrier of-3lksT allows the flat
rearrange themselves around the nanoparticle, but this will be nanoparticle to permeate into the membrane on the picosecond
too costly even with the current state-of-the-art computing time scale, as can be approximated from a simple transition
resources. These results clearly show that the round-shapedstate theoryK = (ksT/h)exp(—AG*/RT)).”* However, during the
nanoparticle is stable in the bilayer, but the mechanism for its two independent 10 ns molecular dynamics simulations, no
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permeation process was observed. This inconsistency can be It will also be interesting to study the collective effects of
explained by the fact that the free energy profile was obtained combustion-generated carbon nanoparticles either inside the
assuming the structural relaxation orthogonal to the reaction membrane or on the membrane surface because fullerenes
coordinate, which includes the relaxation of membrane motions, usually form water-soluble aggregates in solufibm addition,
is fast compared to the nanoparticle permeation process.the effect of chemically modified carbon nanoparticles on
However, the membrane motions have various long-range biological membranes is another research subject of interest.
hydrodynamic modes such as bending, protrusion, and lateralOne caveat to this work is that we did not implement any
expansion (or contractior}. In particular, the nanoparticle  chemical features such as radical formation and oxidation, which
permeation is strongly coupled to the membrane area expansionjs suspected to be a main source of the membrane damage by
the modulus of which is around 0.145 N/inTherefore, it is carbon nanoparticles. It will be desirable in the future to carry
mostly likely that, when a nanoparticle tries to get into the out quantum chemical calculations on these systems, although
membrane, it will feel a nearly static membrane configuration there is some ambiguity as to how to set up the quantum
at long length scales and in most cases, the attempt will not bemechanical region.
successful by the unfavorable membrane geometries. However, The current work will hopefully promote more experimental
the conclusion is still valid that flat nanoparticles are likely more and theoretical studies on the toxic effect of carbon nanoparticles
able to penetrate into the biological membranes than the roundand their role in human health.
particle.
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