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Abstract. Hydrophobic and functionalized nanoparticles of different sizes and shapes have a various biomedical
application, in particular anticancer therapy. It is known that charged nanoparticles may bind lipids and membrane
proteins as well as cause lipid bilayer disruption. We have performed preliminary molecular dynamic simulations to
investigate the effect of positively charged synthetic nanofilm, imitating a fragment of the two-dimensional folded
AlOOH structure, on the POPE/POPG lipid membrane. It has been shown that the synthetic nanofilm with frozen
coordinates tightens the membrane and binds lipid headgroups. Furthermore, the presence of the positively charged
nanofilm perturbs the cation concentration in the near-surface membrane region.
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INTRODUCTION

Recently, much attention is given to the studies of interaction of different nano-objects with lipid membranes and
their derivatives. The interest is primarily due to a wide range of biomedical applications such as drugs, therapeutics
and genes delivery, as well as inhibition and deactivation functioning of membrane proteins. The promising
direction in this case is the using of nanoparticles having a surface charge [1-3]. These nanoparticles penetrate
through the plasma membrane into the cell, where they interact with organelles membranes, in particular,
mitochondria membranes, causing their destruction. The electrostatic effect on the outer part of the membrane is
another way to influence the life activity of cancer cells [4]. It is known that the so-called agglomerates of low-
dimensional (2D) folded sheet structures have a positive surface charge [5-7].

EFFECT OF CHARGED NANO-OBJECTS ON LIPID MEMBRANES

Interaction of charged nano-objects with lipid membranes is the subject of numerous experimental and
theoretical studies. Computer simulations, especially molecular dynamics methods, have an important place among
the theoretical methods of studying such nanoscale processes. In this aspect, main attention is given to several
groups of charged nano-objects. Here, we may formally identify 5 groups: (a) small polar/charged molecules and
ions; (b) charged peptides, proteins and drugs; (c) functionalized fullerenes, dendrimers, and nanoparticles with
inorganic core; (d) one-dimensional nano-objects (functionalized carbon nanotubes, rods, nanowires); (e¢) two-
dimensional nano-objects (functionalized graphene nanosheets, inorganic nanofilms and substrate).

The shape, size and charge of the nano-object determine the manner of its interaction with the cell membrane [8—
10]. As has been shown, the neutral and hydrophobic nanoparticles and their aggregates may penetrate the lipid
membrane by passive diffusion [11, 12]. Not too large charged (or polar) nanoparticles prefer to be adsorbed in the
lipid head group region [13—15]. Large charged proteins and dendrimers (with a large generation number) bind to
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the cell membrane, causing the bilayer deformation [16], the pore or
discontinuity formation [17] in the case of the elastic tension of the
membrane [18]. One-dimensional nano-objects such as hydrophobic
carbon nanotubes, bundles of nanotubes, asbestos fibers, gold
nanowires, etc can penetrate through the cell membrane by
puncturing or endosome formation and receptor-mediated
mechanism [19, 20]. This allows us to consider the single-wall
nanotubes and fullerenes as nanocarriers for anticancer drugs, such
as paclitaxelum (PTX) [21]. Behavior of functionalized nanotubes,
as well as wrapped ones, was studied by molecular dynamics in
[22-24]. As has been shown, such nano-objects in certain cases may
penetrate into the lipid bilayer and distort it. Not only the magnitude
but also the sign of the nanoparticle surface charge influences the
mechanism of its impact on the cell membrane. For example, in [25]
the interaction of hydrophobic and functionalized gold nanoparticles
with neutral or negatively charged membranes was studied by
molecular dynamics simulations. It has been shown that anionic
nanoparticle prefers to avoid any interaction with the negatively
charged membrane, but it binds to the hydrophilic surface region of
the neutral membrane. Cationic nanoparticle with low surface charge density binds to the surface of both types of
membranes. In case of higher surface density of positive charge, the nanoparticle strongly interacts with the
membrane, being immersed into the bilayer. [25]. Thus a single-layer embedded micelle or an embedded bilayer
vesicle may be formed around positively charged nanoparticles [26]. Such a vesicle, containing a nanoparticle, may
break away from the membrane, forming endosome. It is noted that there is a range of values for the charge density,
in which the efficient endocytosis occurs and no destruction of the membrane is observed [25]. Further increase of
charge density may result in cell membrane disruption.

The interaction of positively charged low dimensional nano-objects with cell membranes, particularly with the
membrane of staphylococcus aureus bacteria, is observed experimentally. Figure 1 demonstrates a staphylococcus
aureus bacterium caught by the positively-charged low-dimensional structures of Al oxyhydroxide. The last one was
synthesized using the technology described in [27].

We also expect that the aluminum oxyhydroxide nanofilm binds to extracellular polar groups of membrane
proteins. Such an action, for example, may inhibit the ion channels functioning of the bonded/caught cancer cell.
Furthermore, the presence of a positively charged nano-film near the cell membrane may perturb ion concentration,
reducing the number of cations beside the outer surface of the membrane, thereby it alters the electrochemical gradient.

To test our assumptions, we conducted simple full-atom molecular dynamics simulation. In this short report, we
discuss the first stage of the numerical simulation: interaction of negatively charged cell membranes (composed of
two types of lipids) with a fragment of the two-dimensional folded sheet structure of aluminum oxyhydroxide, for
which a simple model was used.
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FIGURE 1. The “caught” staphylococcus aureus

FIGURE 2. Snapshots of the system at 0 (left) and 90 ns (right). Color code: gray lipids—POPE, blue lipids—POPG,
blue ions—Cl, red big ions—Na", red small ions—K", yellow—nanofilm, water omitted for clarity.
Image was created with VMD [32]
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MODEL

A fragment of the two-dimensional folded AIOOH
structure was modeled as infinite along y-axis sheet
(Fig. 2(a)), which was bent at an angle of 90° and its
vertex was oriented towards the membrane. The surface
charge density of the structure was +0.1 cl/m’. The
periodic boundary conditions in all directions were used.
Nanofilm coordinates were fixed during the whole
simulation period. The lower edge of the nanofilm was
placed to z=36 A (about 10 A above the membrane
surface), the plane z = 0 was in the middle of the bilayer.
The membrane was composed of two lipid types—
neutral POPE and anionic POPG phospholipids with

FIGURE 3. Snapshot of the upper leaflet of the membrane at
90 ns. Only head group atoms are represented. In the contact

charge -1 e, PG : PE ratio was about ~0.3. region lipid head groups prefer to orient their oxygen atoms
Simulation protocol: All-atom molecular dynamics (red color) towards the nanofilm. Amino groups of POPE
simulation was performed using the LAMMPS molecular lipids were mostly turned to the opposite direction (blue—
dynamics package (Sandia National Laboratory) [28] and nitrogen atoms, brown—phosphorus, cyan—carbon,
CHARMM?27 force field [29]. The lipid membrane was white—hydrogen). Image was created with VMD

composed of 230 neutral POPE and 70 anionic POPG

phospholipids. The total membrane charge was —70 e. The membrane was preliminarily equilibrated in 55000
TIP3P water molecules with 35 K' and 35Na’ ions (neutral system). The simulation box dimensions were
200%x45%220 A. When synthetic nanofilm was added to the system, overlapped water molecules were removed.
Moreover, 25 random water molecules were replaced by 25 CI™ anions to compensate the nanofilm positive charge.
The total number of atoms was about 200 000. The synthetic nanofilm, mimicking a fragment of AIOOH two-
dimensional nanomaterial, was composed of 500 abstract A atoms with frozen coordinates.

The Lennard-Jones parameters for A were chosen equivalent to the corresponding values of a neutral aluminum
atom & =—4.02 kcal/mole, ¢ = 1.4625 A [30]. The partial charge of A atoms was set to 0.05 e to provide a uniform
surface charge density of the nanofilm +0.1 cl/m* (total nanofilm charge was +25 e). A cutoff distance of the Van
der Waals potential was 10 A. The LJ potential was smoothly shifted to zero between 8 and 10 A. The cutoff of
20 A was used for pairwise Coulomb interaction. The full electrostatics was calculated using PPPM (particle-
particle particle-mesh) algorithm with an accuracy of 10 [31]. Simulations were performed in the NPT ensemble.
Temperature and pressure were maintained at 303 K and 1 atm., respectively. The time step for simulations was 1 fs.

RESULTS AND DISCUSSION

The results of the molecular dynamics calculations showed that during the first 20-30 ns the membrane was
pulled up by the nanofilm due to electrostatic attraction, travelling a distance of 10 A. It should be noted that the
membrane moves translationally like a “piston” because of the small size of the computational domain along the x-
axis, 20 nm. After the moment of contact, the membrane continues crawling over the nanofilm due to both
electrostatic and van der Waals forces. At a simulation time of 90 ns, the vertex of the nanofilm was immersed into
the membrane at 15 A (Fig. 2(b)). A strong (non-covalent) bond between the membrane and the nanofilm was
formed.

FIGURE 4. Left: 0 ns, the cations concentrated near the surface (the membrane was previously equilibrated with cations), anions
uniformly distributed in water. Right: 90 ns, the concentration of cations was reduced by about 1.4 times within 20 A from the
membrane (light yellow zones). Image was created with VMD
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In the contact zone the perturbation of the lipids head groups orientation was observed. Lipids prefer to orient the
phosphate groups and oxygen atoms toward the nanofilm. The partial charges of oxygen are about (—0.6+-0.8) e.
The positively charged amino groups of POPE lipids head groups were mostly turned away from the nanofilm
(Fig. 3). We also noted that water molecules were “pressed” by the nanofilm from the contact region, leading to full
dehydration in this zone. Moreover, a reduction in the concentration of Na" and K" ions was observed near the
surface of the upper bilayer leaflet. For example, the amount of cations was reduced by about 1.4 times within 20 A
from the membrane (Fig. 4).

SUMMARY

We have studied the interaction of the cell membrane with the positively charged AIOOH nanofilm using a
simple model. The results of simulations indicate that the positively charged nanofilm attracts the membrane and
binds with it. The concentration of cations is reduced near the membrane surface. Perturbations of the lipid head
group structure and dehydration of the membrane surface are observed. We suppose that the interaction of aluminum
oxyhydroxide with cell membranes would also affect the functioning of the ion channels.

We assume that the remarkable physical properties provide AIOOH nanostructures with great opportunities for
biomedical applications such as anticancer therapies.

The reported study was supported by Grant 14-23-00096 of the Russian Science Foundation. The simulation
protocol was developed under support of the Skolkovo Institute of Science and Technology. Calculations were
performed under support of the Supercomputing Center of Lomonosov Moscow State University [33].
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