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ABSTRACT

In this study, we used GROMACS, a versatile package for performing molecular dynamics to simulate the interactions
between different nanoparticles and Dipalmitoyl PhosPhatidyl Choline (DPPC) to understand the physical mechanisms
that govern the interactions between nanoparticles and lipid membrane. Our simulations show the responses of the lipid
bilayer to the nanoparticles, including the formation of an adsorbent layer on the nanoparticle surface, transmembrane
ectopic movements and inconspicuous endocytosis of the nanoparticle by the membrane. Effects of the size of the
nanoparticles, structural shape and charge state on the interaction and transport processes will be examined and
summarized.
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1. INTRODUCTION

Over the past decade nanomedicine has emerged rapidly, bringing the capabilities of combining nanotechnology with
biological sciences [1-3]. Furthermore, with the fast advancement of computation techniques, interactions of
nanomaterials with cells can now be more precisely simulated and visualized, renovating the prospective of site-specific
and target-acute goal in drug delivery through nano engineering and nanoscience studies [4-6].

It is of great importance to study the detailed dynamic processes during the interactions of nanomaterials with cell
membranes and other biological systems, since nanomaterials may also introduce damages and alterations to untargeted
biological systems [7, 8]. In this study, our simulations focus on the interactions of gold nanoparticles (AuNP) with
DPPC membrane. We applied the DPPC model membrane system in our study to help us understand different
development of interactions between AuNP and the DPPC membrane including infiltration, endocytosis-like wrapping
and adsorption, etc. Effects of AuNP size and shape, and external factors including concentration of cations and anions
in the solvent will also be investigated.

Studies have been carried out on dynamic simulations of nanoparticles (NP) interacting with lipid bilayers [9-11], where
the translocation capability and the influences on the lipid bilayers are compared between hydrophilic NP and
hydrophobic NP. Neutral NPs are found to be less efficient in forming defects on the bilayer surface and hence
enhancing NP penetration through the membrane. In our study, we used neutral AuNP as target and concentrate on
morphology alterations of the lipid bilayer by AuNP, including formation of adsorption layers on nanoparticle surfaces
and decreases of orders in the lipid hydrophobic cores.

With the great potentials of nanomaterials in carrying and transporting drugs to targeted cells and tissues in a defined and
well-regulated way, knowledge and systematic understandings of the interaction processes between nanoparticles and
tissue membranes are essential. Particularly the cytotoxicity impacts introduced by nanoparticles and nanostructures
have to be characterized and carefully categorized into lasting and recoverable groups. Our results will be valuable in
designing the optimal nanostructures to treat disease cells without introducing toxicity and disruptions to normal cells.
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2. METHODS
2.1 Force Field

In our GROMACS [12-14] simulations, we chose GROMOS96 53A6 [15, 16] as the simulation force field. GROMOS
force field is targeted at solving molecular system with high precision over a long period of time, where the non-bond
interactions are described by the Lenard-Jones interaction function and the electrostatic interactions by the Coulomb

function,
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Molecule’s initial coordinates are arranged on a cubic periodic grid; bad contacts between molecules are removed by
steepest descent minimization; and molecule initial velocities are defined by the Maxwell-Boltzmann distribution at
298K. System is equilibrated using the conjugate gradient method to optimize the minimum energy, followed by another
round of equilibration at constant pressure [17].

2.2 DPPC Membrane and AuNP

We use 128DPPC model membrane in our study to simulate the interactions between AuNP and the lipid membrane.
Our DPPC membrane is about 4.1nm in thickness. Applying model membrane allows experimental verifications and
comparisons to be carried out under standard conditions and hence is highly repeatable. Our DPPC structure is obtained
from the University of Calgary Biocomputing group website [18].

AuNPs with diameters of 1nm, 2nm and 3nm are generated using the Nanoparticle Builder Module in the Open source
Molecular Dynamic engine (OpenMD) [19]. The positions of the gold atoms in the AuNP are determined by the AuNP
size using the gold lattice constant of 0.408nm.

Figure 1 shows an illustration of the DPPC system with Au nanoparticles of 1nm, 2nm and 3nm sizes placed on the top
and on the bottom of the bilayer surface, respectively, as the initial configuration. The coordinates of each molecule in
this initial configuration are then extracted using OpenMD, and the data are used as an input file for the subsequent
AuNP and lipid bilayers interaction simulation.
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Figurel. An illustration of the Dipalmitoyl PhosPhatidyl Choline (DPPC) system with Au nanoparticles (AuNPs). DPPC is used in
this study as a lipid bilayer structure to interact with AuNPs of 1nm, 2nm and 3nm in size, from left to right, respectively.



2.3 Simulations

Our simulations are implemented using GROMACS simulation package, version 2018 [13], which are embedded with
minimal communication domain decomposition algorithms, parallel constraint solvers, and parallel molecular simulation
implementation. Particle mesh Ewald (PME) algorithms [20] for long range electrostatics and linear constraint solver
(LINCS) [21] are also incorporated in the algorithm.

Our system consists of 128DPPC molecules surrounded by ~6700 t012900 water molecules, with 0-3 AuNPs and 0-80
CI' ions. A 6.4nmx6.4nm x (8.6-12.6) nm box with a periodic boundary condition is set up for the simulation. Our
simulations run for time interval over 10-100 ns with a step size of 2 fs.

Three types of interactions are observed between AuNP and DPPC, i.e. AuNP interacts with the headgroups of lipids;
with the hydrophobic acyl chains; and with both the headgroups and the acyl chains.

3. RESULTS

3.1 Formation of the Adsorption Layers on AuNP Surfaces

For neutral AuNP, interactions of the nanoparticle with DPPC headgroups and the lipid tails are governed by the van der
Waals force. Figure 2 shows formation of adsorption layers on AuNP surfaces, with the adsorption layer mostly made by
the lipid tails shown in Fig. 2a and the enlarged layer region shown in Fig. 2c. Figure 2b shows the adsorption layer
formed by DPPC head groups followed by the lipid tails. The layer region is expanded and shown in Fig. 2d. The AuNP
size in Fig. 2 is 2nm and the total simulation time interval is 10ns. Attachment of the DPPC headgroups and the lipid
tails to the surface of AuNP indicates alterations of the lipid membrane structures.

Figure2. Formation of the adsorption layers on AuNP surfaces: (a) mostly by the DPPC lipid tails; and (b) by the DPPC headgroups
followed by the lipid tails. The enlarged snapshots of the adsorption layers of (a) and (b) are shown in (c) and (d), respectively. The
AuNP size is 2nm and the total time interval is 10ns.

Since van der Waals interaction is relatively weak, in Fig. 2 the distribution of the adsorption layers on the nanoparticle
surface is random and the interaction is not strong enough to move the AuNP inside the DPPC bilayers. Alternatively, if



nanoparticle surface is coated with hydrophilic and hydrophobic ligands, it has been found that the nanoparticles would
be readily adsorbed into the lipid bilayers [22].

3.2 AulNP Moves across the DPPC Membrane

Nanoparticle size is an important factor in determining the possibility of nanoparticle transmembrane movement. A
threshold radius has been reported, below which particles are incapable of entering and crossing the membrane. The
threshold radius and the optimal radius vary depending on nanoparticle’s type, shape, surface area, surface charge and
hydrophobicity and hydrophilicity states, etc. [23, 24].
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Figure3. Movements of AuNP across DPPC membrane: (a) AuNP with r = Inm ectopically moving through the DPPC hydrophilic
head groups and making incisions in the hydrophobic core; (b) partial density plot showing a full overlap between AuNPs and the
hydrophobic DPPC Acyl chains. The total time interval is 100ns.

In our study, we tested neutral AuNP with sizes of Inm, 2nm and 3nm, respectively. We find that AuNP of 2nm makes
the best DPPC membrane entry. Figure 3 illustrates the movements of two AuNPs with r = Inm across the DPPC
membrane. The AuNPs were initially aligned horizontally and placed on the top and on the bottom of the DPPC bilayer
surfaces. A snapshot of the AuNPs and the DPPC membrane at t =100ns is shown in Fig. 3a, where the two AuNPs are
found to penetrate completely into the membrane with slight shifts from their original horizontal positions. Partial
density plot of the two AuNPs and the DPPC membrane is shown in Fig. 3b, where a complete overlap can be found
between the AuNPs and the DPPC hydrophobic Acyl chains.

3.3 Endocytosis-like Wrapping of AuNP by DPPC

Nanoparticles may pass through a cell membrane by direct diffusion and endocytosis-like wrapping movement. Larger
spherical nanoparticles were found to undertake endocytosis-like wrapping more likely than smaller nanoparticles.
Furthermore, strong interactions with the membrane headgroups may also increase chances of endocytosis-like wrapping.
Hence the movement possibly is the result of lower free energy generated from the combined effects of adhesion energy
at the surface and bending energy from membrane deformation [25-27].

Our simulations also show that when AuNP size increases to 3nm, endocytosis-like wrapping occurs between AuNP and
DPPC. Figure 4 illustrates the snapshot at t = 100ns of an AuNP (the bottom one) inconspicuously wrapped by the
DPPC headgroups and the carbon tails. In Fig. 4a, the two AuNPs shown were initially aligned horizontally and placed
on the top and on the bottom of the DPPC bilayer surfaces. At t = 100ns, the bottom AuNP is partially wrapped around
by the DPPC headgroups and the hydrophobic Acyl chains. Partial density plot of the two AuNPs and the DPPC
membrane is shown in Fig. 4b, where a full overlap between the bottom AuNP and the DPPC headgroup and a partial



overlap between the bottom AuNP and Acyl chains confirm the endocytosis-like wrapping interactions. From Fig4a and
Figdb, no disruptions and noticeable alterations of the DPPC membrane structure by the AuNP insertion can be
observed.
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Figure4. AuNP inconspicuously endocytosed by the DPPC headgroups and the carbon tails: (a) wrapping of DPPC around AuNP,
AuNP r = 1.5nm; (b) partial density plot showing a full overlap with the headgroup and a partial overlap with the Acyl chains. The
total time interval is 100ns.

3.4 AuNP Aggregation

When small size nanoparticles are placed close to each other or in high concentrations, nanoparticle aggregation would
take place because the van der Waals forces are stronger and hence the nanoparticle attractions are larger. Figure 5
shows the aggregation of AuNPs and its impact on nanoparticle transmembrane movements. Figure 5a shows that at t =
Ons, three AuNPs with r = Inm were placed near the DPPC bilayer surfaces, two on the top and one at the bottom.
Figure 5b shows that at t = 10ns, the top two AuNPs are attached to each other and formed a cluster.

When compared with Figure 3, we notice that the newly formed cluster is trapped near the membrane surface instead of
making movement toward and across the lipid membrane. Interestingly, it also affects the transmembrane movement of
the AuNP at the other side of the membrane. The bottom AuNP is stranded on the membrane surface and starts to form
an adsorption layer at its surface by extracting the hydrophobic Acyl chains from the membrane. Studies on the
nanoparticle aggregation have shown that NP aggregation makes translocation across the cell membrane more difficult
[28, 29]. Nonetheless, to our knowledge, it is the first report that NP aggregation could negatively affect the movement
of nanoparticles on the opposite side of the lipid membrane.

3.5 AulNP with sizes of Inm, 2nm and 3nm

To further study the impact of the AuNP size on the nanoparticle movement across and on the DPPC lipid membrane,
the transport and membrane penetration behaviors for AuNP with sizes of 1nm, 2nm and 3nm are studied and compared.
Figure 6 shows the comparisons of DPPC interacting with AuNPs of different sizes. At t = Ons, snapshots of two AuNPs
(on the top and on the bottom of the DPPC bilayer surface) with sizes of 1nm, 2nm and 3nm are shown in Fig. 6a, Fig.
6b and Fig. 6c, respectively. The impacts of the AuNP sizes on the transportation and penetration behaviors at t =100ns
are shown in Fig. 6d, Fig. 6e and Fig. 6f, correspondingly.



Figure5. Three AuNPs with sizes of 2nm were placed on the top (with two AuNPs) and at the bottom (with one AuNP) of DPPC. The
small AuNP sizes and the close spacing between neighboring nanoparticles (NPs) enhance NP agrregation; (a) at t = Ons; (b) at t =
10ns. The aggregation of two AuNPs at the top of DPPC shifts the NP movements to further away from the DPPC surfaces.
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Figure6. Comparisons of DPPC interacting with AuNPs of different sizes. At t = Ons, the sizes of the nanoparticles are (a) r=0.5nm;
(b) r = Inm and (c) r = 1.5nm, respectively. The impacts of the AuNP sizes on the interactions with DPPC memebrane at t =100ns are
shown in (d), (e)and (f) correspondingly.



For AuNP of 1nm size, the gold nanoparticles are unable to cross the DPPC membrane; for AuNP of 2nm size, the NPs
penetrate completely into the DPPC membrane with slight horizontal shifts; and for AuNP of 3nm size, the DPPC
membrane wraps around the AuNP. Note in Fig. 8a and Fig. 8d, the top AuNP takes an upward movement away from
the membrane. Because our simulation box holds a periodic boundary, when the top AuNP hits the upper boundary, it
will reappear from bottom of the simulation box.

To compare the influences of the AuNP sizes on the DPPC membrane structure, we carry out the Deuterium order
parameter (Scd) analysis. Scd is the order parameter defined by the angle of the carbon-deuterium bond (C-D bond),
3cos?a—1

Sca=< — > (Eq.-3)
Here a is the angle between the C-D bond and the z-axis. [30-32].

Figure 7 shows that when DPPC membrane interacts with AuNPs, the DPPC structure characterized by the Deuterium
order parameter changes. Dependence of the Deuterium order parameter on AuNP sizes of (a) r = 0 (no AuNP, only the
DPPC); (b) r = 0.5nm; (c¢) r = Inm; and (d) r = 1.5nm are shown in Fig. 7a, Fig. 7b, Fig. 7c and Fig. 7d, respectively.
The Deuterium order parameters signifying the orders of the DPPC carbon chains (snl chain and sn2 chain) increase
initially with small AuNP of r = 0.5nm (the DPPC lipid hydrophobic cores become more ordered and dense) but
decrease rapidly when AuNP size r = 1.5nm (the DPPC lipid hydrophobic cores become less ordered and more loose).
Here the sn2 chain is connected to the middle carbon of the glycerol backbone and is therefore on average positioned
slightly closer to the membrane surface than the snl chain.
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Figure 7. Changes of DPPC membrane structure when interacting with AuNP of different sizes. (a) No AuNP; (b) AuNP r = 0.5nm; (¢)
AuNP r = 1nm; and (d) AuNP r = 1.5nm. The Deuterium order parameters representing the orders of the DPPC carbon chains (snl
and sn2) increase initially with small AuNP but decrease rapidly when AuNP size r = 1.5nm.

3.6 CI anions in the solvent

To study the the transportation and penetration behaviors of AuNP through DPPC membrane in an ionic environment,
we add CI anions to the system. CI is a hydrophilic anion and hence has less effects on the DPPC headgroups. Figure 8
shows the interactions of DPPC with r = Inm AuNPs in different ionic environments. At t = Ons, snapshots of two
AuNPs (on the top and on the bottom of the DPPC bilayer surface) in the ionic environments with different number of



added CI ions of (a) 0; (b) 20 and (c) 80 are shown in Fig. 8a, Fig. 8b and Fig. 8c, respectively. The impacts of the
added CI ions on the AuNP and DPPC interaction at t = 10ns are shown in Fig. 8d, Fig. 8¢ and Fig. 8f, correspondingly.

Comparing Fig. 8e with Fig. 8d, we notice that when the amount of added CI” ions = 20, AuNP is incapable of making
contacts with the DPPC membrane (because our simulation box holds a periodic boundary, when the bottom AuNP
moving away from the membrane hits the lower boundary, it will reappear from top of the simulation box). When the
amount of added CI ions = 80, the transportation and penetration behavior of AuNP in Fig. 8f show no improvements, if
not worse, comparing to Fig. 8d.

Deuterium order parameter analysis is carried out in Figure 9, where the number of added CI ions in Fig. 9a, Fig. 9b and
Fig. 9c are 0, 20 and 80, respectively. Figure 9 shows that the orders of the DPPC carbon chains (snl and sn2) decrease
rapidly with more ClI ions. The deterioration of the orders in DPPC lipid hydrophobic cores is very likely introduced by
the bonding of the hydrophilic anions Cl” with the DPPC hydrophobic Acyl chains, hence bringing damages and
alterations to the DPPC structure.

Figure8. Interaction of DPPC with r = 1nm AuNPs in different solvent environment. At t = Ons, the number of added CI ions are (a)0;
(b) 20 and (c) 80, respectively. The impacts of the added ions at t =10ns are shown in (d), (e)and (f) correspondingly.

4. DISCUSSION

In this study, we used DPPC as a model membrane to mimic the natural bilayer lipid membrane bordering between the
cytoplasm and the extracellular environment, as well as between the cell’s organelles and their intracellular cytoplasm
[33, 34]. The transportation of nanoparticles as drug carriers through cell membrane could be of two directions, i.e. into
the cell and out of the cell.

In our simulations, we placed AuNPs at the top and at the bottom of DPPC membranes to explore the characteristics and
the relations between the two transportation processes. Using this simplified membrane model system, we find that the
AuNPs placed on top of the DPPC membrane are prone to move away from the lipid surface, whereas the AuNPs placed
on the bottom move toward and into the membrane. One possible explanation is that the top NPs imitates nanoparticles
outside the cell that has larger momentum and more random moving directions imparted by the open fluid environment.
The bottom NPs, on the other hand, are more constrained inside the cell and hence the influences of the van der Waals
forces from the headgroups and the hydrophobic acyl chains are more evident.

Further simulations will be carried out to collect details of the interaction processes and establish better understandings.



5. SUMMARY

In summary, our simulations show the interaction processes between gold nanoparticles (AuNPs) and the DPPC lipids
bilayers. including formation of adsorbent layer on the nanoparticle surface, transmembrane ectopic movements of the
nanoparticles and inconspicuous endocytosis-like wrapping by the membrane. In the meantime, the presence of the gold
nanoparticles also causes changes of the DPPC structure, i.e. the orders of the DPPC carbon chains (snl and sn2)
increase with small AuNPs but drop rapidly when AuNPs size r=1.5nm. Adding ions to the solvent environment also
reduces the orders of the DPPC carbon chains.
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Figure 9. Changes of DPPC membrane structure with more Cl” ions added to the solvent environment. (a) No ions; (b) 20 ions; and (c)
80 ions. The orders of the DPPC carbon chains (snl and sn2) decrease with the increase of added CI ions.
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