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Abstract This chapter provides a brief review of computer simulation studies on
the interaction of nanomaterials with biomembranes. The interest in this area is
governed by the variety of possible biomedical applications of nanoparticles and
nanomaterials as well as by the importance of understanding their possible cytotoxi-
city. Molecular dynamics is a flexible and versatile computer simulation tool, which
allows us to research the molecular level mechanisms of nanomaterials interaction
with cell or bacterial membrane, predicting in silico their behavior and estimating
physicochemical properties. In particular, based on the molecular dynamics simula-
tions, a bio-action mechanism of two-dimensional aluminum hydroxide nanostruc-
tures, termed aloohene, was discovered by the research team led by Professor S. G.
Psakhie, accounting for its anticancer and antimicrobial properties. Here we review
three groups of nanomaterials (NMs) based on their structure: nanoparticles (glob-
ular, non-elongated), (quasi)one-dimensional NMs (nanotube, nanofiber, nanorod)
and two-dimensional NMs (nanosheet, nanolayer, nanocoated substrate). Analysis
of the available in silico studies, thus can enable us a better understanding of how the
geometry and surface properties of NMs govern the mechanisms of their interaction
with cell or bacterial membranes.
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1 Introduction

Over the past decade, the variety of different nanoparticles (NPs) and nanomaterials
(NMs)were considered an important contributors tomultiplemedical diagnostics and
the therapy applications [1, 2]. Nanomaterials can be used as devices [3], contrast
drug carriers, drug delivery systems [4, 5], adjuvant, therapeutic and theranostic
agents [6–8]. All these applications need an understanding of how the nanomaterial
interacts with the membranes of the cell and intracellular organelles. Before the
consideration of a NM-biomembrane interaction, it is important to describe what the
typical cell membrane is.

Amphiphilic organic molecules, lipids, are the basic building units of the typical
cell membrane [9]. Lipid consists of two parts: long hydrophobic tails and a compar-
atively compact hydrophilic head. Due to their composition, lipids form stable struc-
tures in water solution: e.g. liposomes, spherical and cylindrical micelles, bilayer
membrane, etc. Lipid bilayer is stabilized by hydrophobic interaction between lipid
tails in the inner part of the membrane, as well as by the interaction of head groups
with water and with each other at the surface regions [10]. Lipid bilayer is a basis of
the cell membrane.

The rapid development of multiple techniques, as well as growth and availability
of high-performance computers, contribute to an increasing number of computer
simulation studies of complex molecular systems, which may include sophisti-
cated biological objects and complex nanomaterials. There are several computa-
tional approaches to study the NM-biomembrane interaction: a self-consistent field
and density functional theory approach [11, 12], stochastic-elastic modeling [13,
14], all-atom [15] and coarse-grained [16] molecular dynamics, including classical
unbiased and constrained or steered molecular dynamics (SMD) [17], Monte Carlo
methods [18], etc.

It is worth mentioning several previously published reviews concerning the inter-
action of molecules and NMs with biomembrane models. Small compounds, drug
molecules, biomolecules, and fullerenes interaction with the cell membranes was
considered in [19, 20]. In particular, cases of fullerenes, their aggregates and deriva-
tives impact to the membranes were summarized as, pure fullerenes C60 and their
clusters tend to penetrate inside the lipid bilayer accumulating in the hydrophobic
interior of the membrane (membrane width is several times larger than the diameter
of C60 fullerene) [21–23]. It was noted that larger fullerenes or fullerenes in high
concentrations can cause significant disturbances in the membrane structure [24–
26]. However, accordingly to [27] the presence of C60–C180 fullerenes inside the
membrane with fullerene-to-lipid ratio about ~1:1 results in a mechanical strength-
ening of the lipid bilayer. It was also reported, that the pure C60, C70 fullerenes
can bind with ion channels, embedded into the lipid membrane, thereby affecting
their structure or function [28, 29]. Fullerenes with a functionalized surface exhibit
tendency to anchor their polar or charged groups either in a lipid–water interface
[21, 23] or in hydrophilic-hydrophobic interface between lipid heads and tails parts
[26, 30]. The review of molecular dynamics studies of small compounds permeation
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through the lipid bilayer as well as the interaction of proteins with themembranes can
be found in [31]. Simulations of the impact of different carbon NMs as fullerenes,
nanotubes, and combustion-generated carbon NPs, having an arbitrary structure, on
the cell membrane are reviewed in [32]. In-depth review describing the computer
modeling studies of nanomaterials interaction with the cell membranes and other
different biological nano-objects can be also found in a work [33].

2 Nanoparticles

In this section, we consider papers focused on the numerical simulations of the
interaction of lipid membranes with organic and inorganic nanoparticles such as,
dendrimers, functionalized gold NPs, bimetallic NPs of immiscible metals, Janus
NPs and abstractive nanoparticles with a surface charge.

2.1 Dendrimers and Dendritic Nanostructures

Dendrimers and dendritic nanostructures attract much attention in biochemistry,
nanotechnology, and pharmaceutical sciences, due to the possibility to precise control
of its size, shape, and location of functional groups [34, 35]. Dendrimers play an
important role in biomedicine, as contrast agents, gene-transfection agents, and
antibacterial substrates [36]. The number of branches and the size of dendrimer of a
certain kind depends on its generation number G. A schematic of poly(amidoamine)
dendrimers (PAMAM) G2 and a fragment of G11 dendrimers in the vicinity of the
cell membrane is shown in Fig. 1. The 3D model of PAMAM G11 was built using
the structural data from [37].

Lee and Larson using MD simulations showed that charged PAMAM, inter-
acting with a cell, can induce pore formation in the lipid membrane. Herewith, this
was observed at a temperature of 310 K, while at lower T = 277 K the described
phenomenon did not occur, which is explained by transition of lipids into a condensed
phase [38].Moreover, itwas also found that at a high ion concentration inwater (about
0.5 M of NaCl) large charged dendrimers demonstrate no tendency to penetrate into
the bilayer because of the screening of electrostatic interaction between dendrimer
surface and lipid head groups. A simulation of PAMAM dendrimers and several
copies of a peptide—poly-l-lysine (PLL) near the membrane showed that the ability
to disturb themembrane is dependent on the generation number of the dendrimer, and
hence on its size, as well as on the dendrimers concentrations near the membrane
surface [39, 40]. Large dendrimers in a high concentration are capable to induce
significant distortion of the bilayer structure, as well as the formation and stabiliza-
tion of pores in the membrane. Kelly and co-workers performed MD simulations
of neutral, positive, and negative dendrimers with the membrane in implicit water
model [41]. It was shown that charged PAMAM dendrimers of third generation (G3)
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Fig. 1 Schematic of PAMAMdendrimers with generation numbers G2 andG11 near a lipid bilayer.
Colors: carbon—grey, hydrogen—white, oxygen—red, nitrogen—blue, phosphorus—brown

more intensively interact with the membrane surface than neutral dendrimers. The
interaction of charged dendrimers with the membrane in a liquid-phase state may
also be accompanied by a hydrophobic interaction between the dendrimer interior
and the lipid tail groups [42]. The permeation of the charged dendrimers through the
lipid membrane under an elastic tension was studied using the coarse-grained MD
simulations in [43]. The obtained results showed that the elastic tension enhances
the permeability of the membrane for the charged PAMAM dendrimers of G3, G5
and G7 generation. Ting and Wang, using a self-consistent field theory, showed that
in the absence of the lateral tension membrane prefer to wrap the charged dendrimer
partially [44]. An increase in the dendrimer charge density increases the extent and
stability of the wrapped state. But in a case of slightly tensioned membrane large
charged nanoparticles as G5 (or higher) dendrimers can induce the formation of
metastable pores in a lipid bilayer whereas for G3 dendrimers the pores are unstable.

2.2 Abstractive Nanoparticles

AnabstractiveNPmeans amodel particle,which is not representing a certainmaterial
with a defined chemical composition, but mimics theNPwith defined properties such
as shape, size, charge, hydrophilic-hydrophobic balance etc.

In order to find out how the size and charge of nanoparticles affect their interac-
tion with the cell membrane, Ginzburg and Balijepalli [45] used the self-consistent
field/density functional theory of block copolymer/nanoparticlemixtures proposed in
[11, 12]. The results revealed that a neutral nanoparticle of a diameter 16–32 Å pene-
trates into the bilayer, forming a single-layer hybrid micelle in which lipids orient
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Fig. 2 A generalized scheme of the interaction of charged and neutral NPs with a cell membrane,
combining the results from [45] and [49]. Anionic NP is less likely to translocate across the cell
membrane than cationic NP. Hydrophobic NPs can integrate into the membrane, forming a single-
layer embeddedmicelle. CationicNPs having high enough surface charge density intensively partic-
ipate in endosomes formation and cellular uptake. Strongly charged cationicNPsmay generate pores
in the bilayer, causing the overt membrane disruption

their hydrophobic tails toward the nanoparticle (see Fig. 2). If the NP charge density
increases, a hybrid bilayer micelle is formed in the membrane. Further increase in
the charge density or/and size of NP causes separation of the endosome, containing
the nanoparticle, which may be followed by the loss of membrane integrity (Fig. 2).

The interaction of hydrophobic and semihydrophilic NPs with the membranes
was studied in [46]. Using the coarse-grained MD simulations it was shown that
a hydrophobic nanoparticle with a radius of about 5 nm can easily penetrate into a
lipophilic bilayer interior,while a semihydrophilicNPs remain on the lipidmembrane
surface. An amphiphilic nanoparticle with Janus structure, consisting of both a
hydrophilic and a hydrophobic part, can exhibit more complex behavior. A coarse-
grained MD study of the interaction of a Janus nanoparticles with a cell membrane
were conducted by Alexeev et al. [47]. The considered Janus NPs have a size compa-
rable to the bilayer thickness. The capability of such nanoparticles to stabilize pores in
the lipid membrane was found. Stabilized nanopores can be opened at relatively low
elastic stress applied to themembrane, thereby providing permeability ofmembranes
to water, ions and other compounds. Thus, using Janus NPs, it is possible to control
membrane permeability altering its tension, which may be caused by changing local
environmental conditions such as temperature or pH.

Besides the physicochemical properties of the NP surface, the shape and local
curvature of the surface play an important role inNP interactionwith a cellmembrane.
Yang and Ma investigated the translocation of NP with different shapes and sizes
using coarse-grained model [48]. It was found that the shape anisotropy and the
initial orientation of a particle are decisive for the character of its interaction with the
lipid membrane. The penetrability of NP through a lipid bilayer is determined by the
contact area between the particle and bilayer, and by the local surface curvature of the
particle at the point of contact. The increase in curvature facilitates the translocation.
It was also reported that NP volume indirectly affects penetration to a lesser extent.

The influence of the elastic lateral tension on the character of membrane interac-
tion with abstractive dendrimer-like soft nanoparticles, having different generation
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number is investigated in [50]. It was found that the way, in which the membrane
interacts with soft particles, depends on both the value and the sign of membrane
surface tension. The researchers defined three typical phases of interaction of a soft
NP and the membrane: penetration at high positive tension, penetration and partial
wrapping at low positive tension, and full wrapping at low negative tension.

In addition, the interaction of multi-molecular complex comprising a membrane-
soluble outer shell and nanoporous core with the cell membrane can be considered
in this subsection. Studying the membrane-NP interaction, Carr et al. proposed a
possible route for forming a synthetic ion channel in the cell membrane by embed-
ding a supramolecular complex of dimethyldioctadecylammonium (DODA) surfac-
tant capsule with a porous polyoxomolybdate (POM) particle into the lipid bilayer
[51]. The POM nanoparticle has a strong negative charge (−72 e) that makes their
embedment in the membrane impossible (Fig. 2). Carr and colleagues using coarse-
grainedMD showed that the mixed capsule of amphiphilic cations DODA and POPC
lipids, formed around the POM nanoparticle, facilitates the NP embedment into the
membrane. The positive charge of the detergent liposomal structure partially screens
the negative POM charge, and the further liposome fusion with the lipid bilayer leads
to the embedding and stabilization of NP in the membrane center.

2.3 Metallic Nanoparticles

Gold nanoparticles (AuNP) have a wide range of possible biomedical applications
[52] that explains the great attention paid to studies of the interaction of AuNP
with the membrane, including in silico approaches. The interaction of functionalized
gold nanoparticles with electroneutral and negatively charged lipid membranes was
investigated in [49]. The considered AuNPs were functionalized with charged and/or
hydrophobic ligands. Cationic ammonium groups and anionic carboxylate groups
were used to provide AuNP with a positive or negative surface charge, respectively.
Different ratios of charged/hydrophobic ligands coated gold core to make different
surface charge densities of the NPs. The results of coarse-grained computer simu-
lations showed that the AuNP may spontaneously adhere to the membrane surface
or penetrate into the bilayer. The way they interact with membrane depends on both
sign and density of NPs surface charge (Fig. 2). Using SMD simulations it was found
that the approach of anionic AuNP to the negatively charged membrane is compli-
cated by electrostatic repulsion. In both cases of the neutral and negative membranes,
anionic NPs have free energy minima near bilayer surface in the adsorbed state. The
free energy profile for gold NPs with hydrophobic ligands only reach minimal values
inside a lipophilic bilayer region. In case of neutral lipid membrane, the energetically
more preferable configuration for cationic AuNP (with 70% of charged ligands) as
well as for anionic one is the adsorbed statewithout any significant bilayer distortions.
Interaction of AuNP, having cationic ligands, with the negatively charged membrane
is more intensive, strong binding, and immersion of NP were observed, which cause
a large deformation of bilayer as well as a formation of hydrated region within the
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membrane. The free energy profile has a minimum value corresponding to NP posi-
tion inside the lipid head groups region. Increasing the surface charge density of
positively charged AuNP enhances the ability of such particles for cellular uptake;
however, beginning with a certain surface charge, severe deformation and disinte-
gration of the cell membrane take place (Fig. 2). It was pointed out that there is a
range of surface charges of cationic NPs in which a balance between cellular uptake
and cytotoxicity may be attained [49].

The influence of the shape and surface functionalization of gold nanoparticles on
the character of its interaction with a negatively charged membrane was investigated
in [53]. Based on the coarse-grained simulations, the estimates of the free energy
barriers and translocation rate constants were obtained depending on the nanopar-
ticle shape and charge density. It was shown that anionic NPs were electrostatically
repelled from the membrane surface and their translocation through the bilayer is
less probable in comparison with cationic NPs. Furthermore, shape anisotropy may
result in the reorientation rotations of the charged NPs in the contact region with
membrane, thus distorting the lipids self-assembly and possibly causing cytotoxic
effect. For the studied cases, it was also found that translocation rate constants may
differ 60 orders of magnitude, in spite of equal sizes of NPs [53].

It is important that both the sign and the density of NP surface charge can be tuned
by grafting of the ligands with certain charge, polarity and hydrophilic-hydrophobic
balance. Recent theoretical research of Professor S. G. Psakhie’s scientific group,
devoted to bimetallic nanoparticles of immiscible or partially miscible metals and
their interaction with bacterial and cell membranes, showed that the electrostatic
properties of NP surface can be tuned without grafting of the charged ligands [54].
Using the embedded atommethod (EAM) [55, 56] andMD simulations it was shown
that the surface of bimetallic Ag–Cu NP is formed by silver atoms independent on
nanoparticle composition (Ag70Cu30 or Cu70Ag30) due to lower surface energy of
Ag (Fig. 3a). Furthermore, due to different electronegativity of Ag and Cu atoms,
silver and copper, in average, will have different partial charges. Using the density
functional theory (DFT) [57, 58], themean values of partial atomic charges of Ag and
Cu metals in small Ag–Cu clusters were estimated as a function of Ag-to-Cu ratio in
the nanocluster. Based on this result it was concluded that magnitude of the surface
charge density of considered bimetallic Ag–Cu NP is adjustable in the range from
−2.9 to −7.3 e/nm2, by the changing of Ag-to-Cu ratio from 7/3 to 3/7. Moreover,
choosing metals by taking into account both the difference in their electronegativity
and the difference in their surface energies, it is possible to synthesize bimetallic NP
having a given permanent surface charge density of a certain sign [54]. In addition,
using the force field based SMDsimulations, inwhichmetal atoms are uncharged, the
free energy of interaction of Ag70Cu30, Cu70Ag30 and Cu70Ag30O4 nanoparticles of a
diameter about 40 Åwith bacterial and cell membranes were estimated. It was found,
that lipopolysaccharide (LPS-DPPE) membrane adsorbs the bimetallic NPs on the
membrane-water interface (Fig. 3b), whereas lipid bilayer membrane demonstrates
the tendency to wrap (or partially wrap) pure Ag70Cu30, Cu70Ag30 NPs (Fig. 3c).
In the case of Cu70Ag30O4 NP, the presence of surface oxide groups prevent the
wrapping of the NP by the lipid membrane.
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Fig. 3 Bimetallic NPs of immiscible or partially miscible metals: a structure of Cu70Ag30 NP,
silver as a metal with lower surface energy forms a surface of NP; b, c interaction of Cu–Ag NP
with lipopolysaccharide (LPS-DPPE) membrane and POPC-bilayer, respectively. The images were
available using the 3D data from work [54]. Colors: Ag—grey, Cu—yellow, C—cyan, O—red,
H—white, N—blue (water is not shown)

3 One-Dimensional Nanomaterials

3.1 Carbon Nanotubes

Nanomaterials with a structure as nanotube (NT), nanofiber, nanowire, nanorod, etc.
belong to the class of (quasi)one-dimensionalNMs (1D-NMs). The carbon nanotubes
(CNT) occupies a special place among 1D-NMs and remains for a long time in
the focus of researchers attention. CNTs are promising structures for the biotech-
nology and biomedicine, due to their biocompatibility, high stability, mechanical
elasticity, thermal, electrical, and optic properties as well as the adaptability for
chemical modification with bioactive compounds [59]. The single-walled carbon
nanotubes (SWNTs) structure can be open or can be terminated with caps (hemi-
spheres of a fullerene). In the former case, NT has a nanocapsule-like structure with
the internal cavity isolated from the environment. Ligands in functionalized CNTs
can be chemically bound with the cylindrical surface or ends. Functional groups
can also be bound with CNT by non-covalent bonds. Nanotubes can be wrapped
with surfactants, proteins, lipids, DNA, etc., forming the supramolecular complexes
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due to the Van der Waals forces, hydrophobic interaction, and electrostatic polariza-
tion. Depending on chirality, SWNTs can exhibit metallic or semiconductor proper-
ties. Electronic properties of the SWNTs provide a formation of stable DNA-CNT
nanohybrids [60, 61]. It is important to note, that typically in the force field-based
MD simulation the polarizability of CNT is not taken into account, and carbon atoms
are modeled as Lennard-Jones particles with zero partial charges.

One of the pioneering MD studies of the interaction of CNT with the membrane
is reported in [62]. The results showed that open carbon SWNT of 13 Å in a diam-
eter with hydrophilic groups at the ends, due to the formation of salt bridges with
lipid head groups, is capable of the spontaneous embedment into the membrane,
forming a transmembrane channel permeable for water molecules. Two phases of a
transmembrane channel formation were distinguished: (1) location and embedment
of the NT into the membrane surface, and (2) turn to a transmembrane position.
As a hydrophilic NT end moved through the membrane, lipids attached from the
nearest membrane monolayer were transferred to the opposite one. The example of
a transmembrane position of a zigzag-type SWNT with chirality indices (25, 0) and
with ends functionalized by OH-groups is shown schematically in Fig. 4 (left CNT).

The formation and transport properties of CNT-based transmembrane channel
were investigated by Zimmerli and Koumoutsakos, using the all-atom MD simu-
lations [63]. The results showed a possibility of electrophoretic transport of short
RNA segments (20 adenosine nucleotides) through a synthetic channel based on
transmembrane SWNT with a diameter of 18.7 Å. It was found that an electrostatic
potential difference of about 1–2 V maintains the RNA fragment translocation with
a velocity of about 1–30 nucleotides per nanosecond.

The study of interaction of non-functionalized NTs, having different length, with
the membrane showed that short NTs, being inside the lipid bilayer, prefer to be
oriented parallel to lipid molecules [64]. An increase in the length of NT change
the preferred orientation to parallel to the membrane plane. The example of such

Fig. 4 Schematic of a transmembraneSWNTwith functionalized faces (at the left) and hydrophobic
thin CNT inside the bilayer. Color legend: carbon of CNT—orange, C (lipids)—grey, H—white,
O—red, N—blue
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an orientation of armchair-type SWNT with chirality (6, 6) in the bilayer center is
shown schematically in Fig. 4 (right CNT).

Based on a coarse-grained MD model, two ways of CNT penetration through the
membrane were revealed: by wrapping with lipids and by direct piercing [65]. It is
reported that the key factor, which defines the way of penetration, is the diameter of
NT. Nanotubes of a rather small diameter pierce membranes, whereas those of larger
diameter penetrate through the bilayer via wrapping. The wrapping of a thinner NT is
accompanied by considerable bending of the membrane, which is less energetically
favorable than the separation of lipids to a comparatively small distance. For a NT of
diameter comparable with the membrane thickness, the distance to which lipids need
to be displaced for piercing is significant, however, themembrane curvature would be
low if membrane wraps the NT. This explains why penetration via wrapping become
more energetically preferable than piercing.

According to the computation results [66] based on a single chain mean field
theory (SCMF) [67], the energy required for penetration of a perpendicularly oriented
NT with a hydrophilic surface is about hundred of kBT . It was noted, that an orthog-
onal penetration produces the least damages to themembrane and has the least energy
barrier. A nanotube with a hydrophobic surface is “attracted” by the hydrophobic
core of the bilayer, which prevents its movement and separation from the membrane
due to thermal motion. The SCMF theory was also applied for estimating the pene-
tration parameters of a NT decorated with alternate hydrophilic and hydrophobic
bands on its surface [68]. It was shown that a specific pattern on the surface of a NT
can facilitate its penetration through a lipid bilayer.

The penetration of NTs through the membrane is dependent on a composition
of the membrane, e.g. on cholesterol content, as it was shown in a comparative
study of a POPC-lipids bilayer and POPC/cholesterol membrane [69]. Based on a
constant velocity SMD simulation of NT penetration, it was demonstrated that the
presence of 30% of cholesterol molecules stabilizes the membrane and increases
its rigidity. Moreover, MD modeling of lipid membranes reinforced with SWNTs
showed that intercalated nanotubes limit the degrees of freedomof neighboring lipids,
strengthen membranes, and make them more stable and resistant to temperature
increase [70]. The decrease in lipid mobility, particularly, the diminution of self-
diffusion coefficient of lipids in the presence of NTs intercalated in the bilayer was
also reported [71].

Kraszewski and co-workers, investigated the interaction of pristine (non-
functionalized) and amino derivative-functionalized SWNTs with the membrane
[72]. The results of MD simulations showed that a closed pristine SWNT freely
penetrates into the bilayer through three phases of passive diffusion: landing and
floating on the bilayer surface (60 ns), fast penetration through the zone of head
groups (20–40 ns), and finally, sliding through the lipid tails region. The penetration
of functionalized SWNTs is similar, except that with a comparatively large number
of functional groups where the phase of landing is in fact absent. During the func-
tionalized SWNT translocation through the bilayer, amine groups were deprotonated
in the simulation and then, when NT approached the opposite membrane side, the
charges were recovered. It is pointed out that the presence of functional groups slows
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down the penetration of NT through the bilayer. Open SWNT can cause sticking of
lipids at their open ends, thereby violating the local structure of the membrane. This
effect increases the free energy barrier for translocation of open SWNTs through
the membrane in comparison with capped ones. The simulation results [73] lead to
the same conclusions. The penetration of open and closed SWNTs of the armchair
type through a cholesterol-containing lipid membrane was studied using the all-atom
model. It was shown that the penetration of a closed NT causes smaller membrane
disturbances than an open one does. A closed SWNT has a lower free energy barrier
to penetration through the membrane, which makes it a successful choice for the
drug delivery, serving as nano-carriers or nano-containers.

As an example of the use CNT as nano-carrier, the delivery of paclitaxelum (PTX)
encapsulated into an open nanotube (PTX@SWNT) through a lipid membrane was
considered in [74]. Paclitaxelum is a mitotic inhibitor used in cancer chemotherapy,
which molecule has a polar core. Four SMD calculations were performed for the
penetration of a PTX@SWNT complex through a lipid bilayer at different velocities.
The PTX molecule was located in the far region of the SWNT. In the simulation,
external forceswere applied both to the PTXand to the SWNT. The highest resistance
to penetrationwas observedwhen the complex passed through the region of lipid tails
which was due to the formation of hydrophobic bonds between the lipophilic groups
and the outer SWNT surface. Entry of both the water molecules and the lipids into
the inner volume of the nanotube was observed during the simulation. Moreover, the
simulations revealed the formation of hydrogen bonds between the PTX and water
molecules penetrated into the SWNT. It was noted that a stabilization of the PTX
molecule inside the SWNT occurs due to both the Van der Waals forces between the
PTX and inner surface of SWNT wall, and the hydrogen bonding between the PTX
and water molecules penetrated inside the nanotube cavity.

In order to investigate the features of cell membrane interaction with pristine and
functionalizedSWNTsdiffering in diameter, length, chemicalmodification, and loca-
tion of functional groups, the simulations with seven types of SWNTs with closed
ends and aggregates of SWNTs have been conducted in [75]. The nanotubes had
different positions of hydrophilic groups: fully hydrophilic SWNTs, hydrophilic end
groups, and fully hydrophobic SWNTs. It was shown that small nanotubes sponta-
neously penetrate into themembrane. Themost stable position of closed hydrophobic
SWNTs is the membrane center with an orientation parallel to the bilayer plane.
However, in the case of NT with a length smaller than the membrane thickness, the
energy minimum for perpendicular (or transmembrane) orientation in the bilayer
is somewhat lower. For SWCNTs with functionalized ends and a length slightly
greater than the membrane thickness, it is advantageous to have a transmembrane
position with some angle to the bilayer at which the difference between the nanotube
length and themembrane thickness is compensated. Fully functionalized hydrophilic
SWNTs are preferably adsorbed by the membrane at the water-lipid interface in an
orientation parallel to themembrane plane. The probability of crossing themembrane
or embedding in the bilayer for such SWNTs is extremely low. It is also shown that
bundles of several nanotubes self-aggregate in a water solution. These aggregates
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entering the bilayer significantly disrupt themembrane structure and the perturbation
increases with increasing cluster size.

3.2 Boron Nitride Nanotubes

Despite the similar to CNT tubular geometry, analogous crystal structure, and
unique physicochemical properties, the nanoscale mechanisms of the boron nitride
nanotubes (BNNT) interaction with the biomembranes and other bio-object are
mostly unknown and very poorly covered by MD-based studies. To date, there are
only two MD studies of BNNT-lipid bilayer interaction with the atomic description
of the system [76, 77].

The pioneering MD study of the BNNT interaction with the lipid membrane was
conducted by Hilder and co-workers [76]. The BNNTs with chirality (10, 0) and (10,
10), having a length of 2 nm, were considered. The partial atomic charges of B and N
atoms were 0.4 e and –0.4 e, respectively. It was shown that the mechanism of BNNT
insertion is similar to the mechanism of insertion of amino-functionalized carbon
nanotubes, previously considered by Kraszewski et al. [72], into the lipid bilayer,
except for the final stage of realignment. The following four stages were determined
for the BNNT insertion into the membrane: (1) formation of BNNT-bilayer contact,
(2) BNNT reorientation to become almost parallel to the membrane plane, (3) an
interaction of one end of BNNT with the lipid head groups, and (4) an insertion of
BNNT, allowing it to slide into the bilayer at an angle of about 45°. As a result the
BNNT is partially inserted and is stable inside the bilayer. In general, the behavior of
BNNTs is similar to the behavior of functionalized carbon nanotubes, which is less
cytotoxic than pure CNTs. Although Hilder et al. performed both the unbiased and
steered MD simulations, the energy characteristics of BNNT-membrane interaction
were not obtained.

In order to estimate the free energy profile, including the energy barrier, and the
depth of energy well, the SMD simulations with a potential of mean force (PMF)
analysis of short BNNT and analogous CNT insertion into the lipid bilayer were
conducted by the Professor S. G. Psakhie scientific group [77]. Previously, using
DFT calculation, it has been found that the partial atomic charges of B and N are
strong environmentally dependent [78]. In particular, in case of BNNTwith chirality
(5, 5) in a vacuum, boron atoms have partial charge of +0.4 e, nitrogen −0.4 e, but
for the BNNT containing 5–7 water molecules inside, the absolute values of partial
charges are significantly higher ±1.05 e. For this reason, two models of BNNT were
examined in the study [77]: BNNT (±0.4) and BNNT (±1.05). A diameter of BNNT
was 6.9 Å, length ~11.3 Å.

The result of SMD simulations with the PMF analysis showed that: (1) both
BNNT have local minimum of energy about −10 kJ/mol at the lipid-water interface,
(2) the BNNT (±0.4) has a global minimum of−72 kJ/mol inside the lipophilic core
of the bilayer, the depth is about 30 kJ/mol smaller than that in case of analogous
CNT, (3) the CNT was staying empty inside the lipid membrane whereas BNNT
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Fig. 5 Boron nitride nanotube (BNNT) translocation through the POPC membrane in steered MD
simulation. The orientation of BNNT is transmembrane when it is crossing the tail region of the
membrane. BNNT tilts orientation when overcoming the head group—water interface. Water is
observed inside BNNT. Images use the XYZ-data from work [77]. Colors: B—pink, N—blue,
lipids—light-green, water—light-blue

brings in several water molecules, (4) the penetration of the BNNT into the bilayer
is accompanied by a formation of “water defect”—a several-water-molecule long
tail behind the BNNT (Fig. 5), (5) the difference in orientation of short BNNT and
CNT translocating into the bilayer is that the CNT tends to be in a perpendicular
orientation to the membrane plane during whole time of insertion, whereas BNNT
(±0.4) has a tilt from 0 (parallel) to 45° being in the head-group region (Fig. 5),
(6) the insertion of the BNNT (±1.05) is not energetically favorable. The former
means an absence of impact on the cell membrane, which indirectly indicates a less
cytotoxicity of this nanomaterial.

Besides the two abovementioned researches there is a study of BNNT-membrane
interaction, in which, using the mixed model—the Lennard-Jones potential together
with the continuum approximation, the relationship between the location of energy
minimum, the radius of a cylindrical hole in the membrane, and the perpendicular
distance of the BNNT from the hole was determined [79].

4 Two-Dimensional Nanomaterials

4.1 Graphene

One of the pioneering MD studies on the interaction of graphene nanosheet (GNS)
with a cell membrane was reported in [80]. Using a coarse-grained MD model, it
was shown that GNS can form composite sandwich-like structures in the internal
hydrophobic region of a lipid bilayer. Such hybrid graphene–membrane structure
can be obtained by forming hydrated micelles of individual GNS coated with a phos-
pholipid layer which can then be absorbed by the membrane. The GNS dimensions
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in the simulation were about 60 × 60 Å2. It was found that the absorbed graphene
nanosheet residing at the bilayer center parallel to the membrane plane is a stable
system. Slow diffusion motion of the frustrated graphene along the membrane was
observed. It is pointed out that the nanosheet does not change the bilayer thickness.
The absorption of a lipid micelle containing the GNS by the membrane was also
investigated. It was shown that during the absorption of the micelle, the graphene
sheet is fixed in the hydrophobic core of the bilayer and lipids from the shell transfer
into the nearest membrane leaflet. Full absorption and stabilization of the nanosheet
in the bilayer center required about 500 ns. The dependence of displacement of
graphene balanced inside the bilayer on the force applied to its edge perpendicular to
the system plane was also estimated. Further integration of the obtained data gave an
estimate of the energy required for the extraction of graphene from the membrane.
In the case of three parallel nanosheets are absorbed, the membrane increases in
thickness by about 1 nm, the absorption of eight-GNS sandwich leads to an increase
of thickness more than 1.5 times. If the size of a nanosheet on one of the sides
coincides with the bilayer thickness and its opposite faces are functionalized by
hydrophilic groups, the graphene fragment takes a stable transmembrane position
inside the bilayer perpendicular the membrane plane.

The penetration of single square and circular fragments of pristine graphene
GNSes of different sizes into the membrane was studied in [81]. It was shown that
as the nanosheet size is increased, the bilayer tends to form semi-spherical vesicle,
and thus the membrane experiences substantial deformation. During internalization,
the angle between the membrane plane and GNS was estimated. The behavior of
this angle revealed three stages: (1) spontaneous orientation before the nanosheet
touches the membrane surface, (2) embedment of the nanosheet into the bilayer
mainly at an angle of 47°, and (3) rotation of the nanosheet into membrane-parallel
position with the formation a sandwich-like superstructure. The MD simulation was
also performed to study how the thickness of single- and multilayered graphene
nanosheets and the degree of their surface oxidation influence the interaction with a
lipid membrane [82]. The penetration of a GNS coated with lipids was also consid-
ered. It was shown that for the pristine GNS, the position in the bilayer center parallel
to the membrane plane is stable, whereas a nanosheet with oxide at the boundary
(10% degree of oxidation) is attached at an angle to the membrane plane. The degree
of boundary oxidation strongly affects the final GNS orientation in the bilayer. At
oxidation values of less than 5%, the GNS behaves as a pristine one. It was noted that
there are two appreciable energy drops in the system during penetration: (1) when the
GNS is embedded in the bilayer, and (2) when it rotates inside the bilayer to take its
final position. The second energy drop is lower than the first one. The simulation of
coated GNS was performed for different amounts of coating lipids. At a low surface
absorption density, the nanosheet edge zones were open to water. The penetration
was no different from the internalization of pristine graphene sheets. At a relatively
high lipid concentration on the GNS surface, no penetration within the rather limited
time of MD simulation was observed. For penetration of a multilayered graphene
into the bilayer, piercing of themembrane by its corner and parallel orientation inside
the membrane, like for single GNS, was detected.
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Using coarse-grainedMDand all-atomSMDsimulations, themechanismof spon-
taneous penetration of multilayered (few-layer) GNS into a cell though piercing the
membrane by their edge or corner was studied in [83]. The model took into account
the roughness (asperities) of the GNS edge the texture of which was borrowed from
an image of the real structure taken with a transmission electron microscope. The
results of MD calculations showed that monolayer graphene in the form of a rhomb
(with an edge length of 64 Å and most acute angle of 30° and 60°) that turns due
to thermal motion resulting in one of its acute corner sites to be directed to the
bilayer. When the region of head groups is pierced, complete GN absorption by
the membrane can be initiated through hydrophobic interaction of graphene with
lipid tail groups. Additionally, a series of calculations with triangular, square, and
hexahedral fragments of both pristine GNS and GNS functionalized at the corners
or along the perimeter were performed. The results of MD calculations showed that
absorption occurs with the non-functionalized corner forward, and if no such corners
are present, the GNS remains on the membrane surface. Using the SMDmethod, the
free energy barrier for graphene penetration into the membrane was estimated. It was
shown that the penetration of the GNS with an ideal boundary into the membrane
is almost impossible at room temperature, whereas inhomogeneous topography of
its boundary can greatly decrease the free energy barrier. It was noted that when
absorbing the GNS, the membrane structure is hardly disturbed, except that the lipid
tail groups are straitened along the nanosheet surface due to high adhesion.

A series of coarse-grained calculations were performed to study the interaction of
pristine graphene and graphene oxide with a lipid membrane for different nanosheet
sizes and degrees of oxidation [84]. The graphene sheets were square flakes with side
lengths of 35, 70, and 105 Å; the density of oxide groups was varied from 0 to 40%
of the total number of carbon atoms. Nanosheets oxidized only along the perimeter
were also considered. In total, four variants were simulated: pristine GNS, graphene
oxidized along the perimeter (epitaxial graphene oxide, EGO), graphene with oxide
along the perimeter and 20% on the surface (GO20), and graphene with oxide along
the perimeter and 40% on the surface (GO40). Each calculation took about 45 µs. It
was found that the graphene interaction with the membrane provides one of the four
configurations: a sandwich-like structure with a nanosheets located in the bilayer
center and parallel to it (for GNS with sides l = 35, 70 Å); a graphene-containing
semi-spherical vesicle immersed into the bilayer (for GNS and EGO with l = 105
Å); a nanosheet lying on the membrane surface and parallel to it (GO20 and GO40
with l = 35 Å); and crosswise oriented graphene inside the bilayer. It was found
that the scale of observed membrane distortions depends on the degree of graphene
oxidation: the more this degree, the higher the distortion of the bilayer structure.
Increasing the side of square graphene fragments increases these disturbances up to
the point of membrane continuity disruption.

The results of experimental and numerical studies of the interaction of pristine
graphene and graphene oxide with a bacterial membrane were reported in [85].
According to them, GNS can embed and cut the external and internal cell membranes
of E. coli. This involves degradation of the membrane with possible destruction of
the cell wall and partial cytoplasm loss. Using the all-atomMDmodel, it was shown
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that there exist three phases of graphene and graphene oxide interaction with lipid
membranes. The first phase is diffusion motion of the nanosheet till it touches the
membrane; the second phase is its comparatively fast insertion into the bilayer; the
third one is an extraction of lipids from the bilayer due to Van der Waals forces and
hydrophobic interaction on the GNS surface. This involves substantial depression
and deformation of the membrane, facilitating disruption of its continuity. Such an
action decreases the bacterial cell viability and allows consideration of graphene as
an antibacterial nanomaterial. Schematic molecular model illustrating the extraction
of the lipids on GNS surface is presented at Fig. 6.

Fig. 6 Two-dimensional nanomaterials and cell membrane interaction: a aloohene doesn’t pene-
trate to the bilayer and doesn’t extract lipids, its impact to a cell is a dysregulation of ionic balance
(the result of long unbiased molecular dynamics simulation). Reproduced with permission from
ACS [6]. b Schematic molecular model illustrating the extraction of the lipids onto GNS surface
(orange) from the cell membrane. c Nanosheet of layered double hydroxide interacting with outer
loops of bacterial sodium channel NaVAb, embedded into the membrane (the model was built using
XYZ-data from [86])
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4.2 Metal (Oxy)hydroxides

Unlike GNS, the layered metal hydroxides and oxyhydroxides are hydrophilic
compounds with large amount of polar OH-groups on the surface. Layered metal
hydroxides and oxyhydroxides as a rule are chemically inert, non-toxic, biocompat-
ible, have a large specific surface area with non-zero surface charge, can form the
hybrid complexes with organic molecules, and be used as selective ion exchangers
with a high proton and/or hydroxyl buffer capacity. These unique physicochemical
properties make the layered metal (oxy)hydroxides an important material for a wide
range of applications in different areas, including biomedicine.

One of the first MD research of biomembrane interaction with metal
(oxy)hydroxide was performed by Shroll and Straatsma [87]. They considered
an adhesion of the gram-negative bacteria outer membrane on FeOOH (goethite).
Although the goethite FeOOH is not a layered oxyhydroxide but the oxyhydroxide
with bulk crystal structure, we will consider this case, since the modeled fragment
has a thickness of several atomic layers. The modelled outer membrane of Pseu-
domonas aeruginosa bacteria has bilayer structure and consist of lipopolysaccharide
(LPS) monolayer (outer leaflet) and the monolayer of typical phospholipids (inner
leaflet). The LPS has several carboxyl and phosphate groups, which are the acceptors
of proton. Each LPS molecule brings strong negative charge of −13 e. The strong
adhesion within LPS-NM interface was observed. It was found that outermost LPS
groupsmust compete with water molecules resided near the FeOOH surface andmay
replace them forming multiple hydrogen bonds with hydroxyl groups of the mineral
surface. Due to the formation of these bonds the significant changes in the structure of
outermost saccharide groups of the membrane were observed. No obvious tendency
of FeOOH-induced membrane disruption is reported.

A similar result was obtained in the unbiasedMD simulation of the layered double
hydroxide (LDH) near the outer surface of the membrane with bacterial ion channel
embedded [87]. The hydrogen bonding of outer carboxyl-contained groups of the
NaVAb voltage-gated sodium-selective ion channel with the hydroxide groups on the
LDH surface was observed, without any tendency to disrupt the membrane (Fig. 6).

The layered metal oxyhydroxides nanomaterial based on the AlOOH (boehmite),
termed “aloohene”, was developed by the scientific group of Professor S. G. Psakhie
[6] and showed promise for multiple biomedical applications. The all-atom MD
simulations of the aloohene fragment in the vicinity of the cellmembrane demonstrate
that aloohene doesn’t tend to internalize into the lipid bilayer. Moreover, due to the
electrostatic and amphoteric properties of its surface, the aloohene dysregulates the
composition and the ion balance of the tumor cell microenvironment.

It is supposed that the electrostatic action on the membrane and perturbation of
the ion concentration near its surface can greatly affect the functioning of membrane
proteins sensitive to changes in membrane polarization. This effect can be critical for
some metabolic and intracellular processes, including those which support viability
and proliferation of tumor cells.
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5 Summary

Computer simulations of interactions on the molecular level provide a unique oppor-
tunity to explore the processes and mechanisms in such complex and heteroge-
neous systems as biomembrane-nanomaterial interfaces at picosecond-microsecond
timescales. The understanding of the basic rules, which govern adsorption, inser-
tion, accumulation, wrapping, uptake, and disruption in these systems allows one
to determine the key factors to control the cell-nanomaterial or cell-nanodevice
behavior. This knowledge is of fundamental importance for the further progress
in nanomedicine, theranostics, oncology, and related fields.
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