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ABSTRACT
Upreti, Sudhir. M.S. The University of Memphis. August, 2013. Interactions
between Nanospheres and Lipid Membranes. Major Professor: Mohamed Laradji, Ph. D.
Potential applications of nanoparticles in various fields including medicine and
industries demand careful investigations of the interaction between nanoparticles and the
plasma membrane and the resulting effect that this has on the structural, mechanical and
thermal properties of the plasma membrane. Furthermore, understanding the interactions
between nanoparticles and bio membranes will allow us to design nanoparticles for
optimal transmembrane transport. Using large-scale Langevin molecular dynamics
simulations, we systematically investigated the adsorption of spherical nanoparticles on
lipid membranes, their effect on the morphological changes of the membrane, and the
clustering of the nanoparticles. Our study is performed with changing parameters such as
the diameter of the nanoparticles, the strength of their interaction with the biomembrane
and the surface coverage of the nanoparticles. We observed endocytosis in the membrane
for a single spherical nanoparticle at high interaction potential and small radius and
relatively lower interaction potential and large radius. Our results also indicate that for
high nanoparticle density and for strong adsorption interactions the nanoparticles can lead
to membrane lysis. However, for moderate adsorption interaction, the nanoparticles form
long-lived linear clusters that are due to an effective curvature-driven attraction between
the nanoparticles.
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CHAPTER 1
INTRODUCTION
Nanotechnology has been at the forefront of research in the field of science for a
few decades now. While it is a relatively young field compared to some other fields, it
has emerged as one of the most exciting and alluring topics in science. Ever since
Richard Feynman came up with the quote, “There’s plenty of room at the bottom”,1
interest in nanoparticles, materials whose dimensions are in the range of 1 to 100 nm has
been similar to that of frenzy. With innumerable possibilities connected to
nanotechnology and the field itself serving as a platform for fruitful imagination, it is no
wonder that scientists think of it as the science of the present and of the future. While at
the beginning itself, it may have been an inspiration for sci-fi novelists and a topic of
speculation and imagination for scientists, recent developments in the field of
nanotechnology implies that many of the stories connected with it actually may have
been realistic. As Einstein put it, “I never think of the future – it comes soon enough”2
and so it seems that the time has come for nanotechnology to spread its wings. The
developments in this field have been quick and quite astounding starting in the early
1990’s.
1.1 A DIVERSE FIELD WITH VARIED APPLICATIONS
Nanotechnology is one of the few fields in science that can truly be considered a
multi-disciplinary field. Its applications are far reaching and its possibilities
extraordinarily broad, so it has been able to attract and has merited contributions from
people from various fields including physical sciences, life sciences, engineering and
medicine. Nanoparticles have a size range of 1nm-100 nm, which means that they have
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large surface area compared to their volume. Consequently, they exhibit unique
properties which are quite different from those bulk particles. Most of the ongoing
research in the science world concerning nanoparticles has been focused on
understanding the properties of nanoparticles and their applications in technology,
science and medicine. Indeed because of their unique properties, their applications are
immense, some of which are: Drug and gene delivery,3,4 detection of proteins,5 tumor
destruction,6 MRI contrast enhancement,7 fluorescent biological labels,8 bio detection of
pathogens,9 probing of DNA structure,10 etc. An interesting case is that of plasmonic
nanobubbles which can kill cancer cells.11 For example, a research team at the Rice
University is utilizing single laser pulse to create large plasmonic bubbles around hollow
gold nanoshells which can then be utilized to selectively kill cancer cells without killing
neighboring healthy cells.11 The same research team also discovered that using solid
nanoparticles, instead of nanoshells, allows for forming pores in the plasma membrane of
the cell which can then help in injecting drugs and genes into the cell.11 Besides medicine
and biology, nanoparticles have other applications including: photovoltaics,12 solar cells,
13

integrated circuits in electronic components,14 sunscreens,15 etc. The future of

nanoparticles in the fields of medicine, biology and technology is very bright. While this
is indeed good news, concerns are also being raised about the effects of nanoparticles
since we clearly do not understand the adverse effects of the use of nanoparticles. Since
the properties and characteristics of these “small” particles which cannot be detected by
our eyes are still being studied, how much is really known about their effects on the
environment as well as on human health?
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1.2 THE OTHER SIDE OF NANOPARTICLES
The same reason that has made nanoparticles attractive as potential applications in
industries and medicine has also made it hard for scientists to exactly determine its
harmfulness. As mentioned previously, nanoparticles are novel particles whose
dimensions lie in the range of 1-100 nm. Many physics principles governing bulk
materials do not apply at this level. Here we have to veer into quantum mechanics and
still then it is hard to exactly ascertain the properties, both useful and harmful, of
nanoparticles. The US environmental protection agency has reported that there are 60,000
deaths per year in the nation due to inhalation of environmental nanoparticles.16
Introduction of nanoparticles inside human bodies usually takes place via inhalation and
there is evidence which suggest that nanoparticles can reach the blood stream and
ultimately may target vital organs including the heart, lungs and kidneys.16,17 Due to their
small size, nanoparticles may be readily found in the environment and workplace since a
full proof control mechanism has yet to be developed in industries. Their adverse effects
may also be exacerbated by their use in nanomedicines.16,17 It is therefore imperative to
carry out experiments and simulations in regards to the health effects of nanoparticles.
The shape and size of nanoparticles as well as their surface chemistry may have a
profound effect on human bodies and cells. It is reported that nanofibers and nanotubes
can have adverse biological effects depending on their size, as it has been observed that
there is a threshold of length of the fibers and tubes for such effects.18 Another major
cause for concern is the high surface to volume ratio of nanoparticles. The very large
surface area of some small nanoparticles can lead to direct generation of radicals, which
can attack DNA, proteins and membranes, ultimately leading to cell injury.19 Large
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surface area also means that some nanoparticles when exposed to cells can readily attach
themselves to macromolecules.16 In addition to these, the small size of the nanoparticles
means that they can penetrate cells (e.g. via fluid phase endocytosis16) that can lead to the
introduction of nanoparticle associated toxic pollutants to locations where they would
normally not go.20
Every single technological innovation comes with its own hazards and the case
with nanoparticles is not an exception. From the basic environmental concerns including
water pollution and air pollution to the severe effects on human body which includes
cytotoxicity of cells, an immediate response through thorough characterization of
nanoparticles based on their size, surface chemistry and shape is warranted.
1.3 OBJECTIVE
This research is focused on studying through computer simulations the
interactions between spherical nanoparticles (nanospheres) and plasma membranes,
which is the outer protective covering of cells. With this particular research, the goal is to
investigate the morphological changes membrane with changing dimensions, particle
density, shape and attractive potential between the membrane and the nanoparticles. In
particular, this research is focused on answering the following questions:
1) How do nanospheres affect the mechanical integrity of the membrane
according to their size, effective interaction between the membrane and nanospheres, and
their surface coverage? Can any of these effects result in lysis of the membrane?
2) How does endocytosis process occurs which helps in internalization of the
nanospheres? How much is this process dependent on parameters given above and does it
occur with pore formation or without pore formation?
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3) What factors affect the aggregation of nanospheres and again how this
particular effect is dependent on various parameters including size and effective
interaction between the membrane and nanospheres?
Before we go into the details of the research, a brief description of lipid
membranes is necessary.
1.4 LIPID MEMBRANES
As mentioned above, both eukaryotic and prokaryotic cells are encapsulated by a
membrane, known as the plasma membrane that is mainly composed of lipids. The
plasma membrane acts as a barrier separating the cell contents from the outside
environment. Since it is a highly impermeable structure, the entry of nutrients and
molecules needed by the cell and the passage of the wastes outside of the cell is mediated
by specialized components of the plasma membrane.21,22 The plasma membrane consists
of lipid molecules as well as various types of proteins. The plasma membrane is fluid
which is instrumental for various membrane processes such as transport, trafficking and
signaling.21,22 Basically, the membrane gives mechanical integrity to the cell and also is
instrumental in various other physiological functions.21,22
The plasma membrane is surrounded by water on its outer (exoplasmic) and inner
(endoplasmic) sides. A lipid bilayer consists of two monolayers of self-assembled lipid
molecules.21,22 A lipid molecule is an amphiphile consisting of a hydrophilic moity that is
a moity that likes an aqueous environment, and a hydrophobic moity, that is a moity that
hates water. The hydrophobic moity is a non-polar hydrocarbon chain composed of two
fatty acids while the hydrophilic moity is either a polar or ionic phosphates. The
hydrophobic tails of a lipid are either saturated or unsaturated, with the degree of
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unsaturation determined by the number of double bonds present in the hydrocarbon
chains.21,22 Animal fatty acids are mostly saturated with double bonds in some places
giving them a kink structure while plant fatty acids have double bonds in them and are
mostly saturated.21,22 When immersed in water, lipid molecules rapidly self-assemble into
bilayers. This is due to the repulsive hydrophobic interaction between water the
hydrocarbon tails of the lipid molecules. The self-assembled bilayer is formed such as the
tail groups of lipids are completely shielded from water by the lipids hydrophilic head
groups, as shown schematically in Figure 1.4.1.

Protein
molecule
Polar tail groups
Polar head groups
Integral Protein
molecule

Figure 1.4.1. Lipid Membrane consisting of lipid bilayer with polar head and non-polar
tail groups and proteins.

Lipid membranes can exist in both a solid (gel) phase at low temperatures and a
fluid phase at high temperatures. The lipid bilayer of the plasma membrane is in the fluid
phase. The fluid phase is characterized by a lack of both long-range positional order as
well as chain order of the lipid molecules. Furthermore, the fluid phase is also
characterized by the relatively high in-plane mobility of the lipids. The fluid phase of the
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plasma membrane allows for vital physiological processes such as the accommodation of
transmembrane proteins, transmembrane transport, rapid pore closing, and morphological
changes of the bilayer needed for processes such as endocytosis and blebbing.21,22 Cell
membranes are usually composed of fluid phase bilayers as they allow higher mobility
and flip-flop of the particles within the bilayers and have the ability to close a pore within
the membrane if one has been formed.21,22 This research is focused on fluid phase
bilayers.
1.5 INTERACTIONS BETWEEN NANOPARTICLES AND LIPID
MEMBRANES
In this research, Langevin molecular dynamics was used to investigate the
interactions between nanoparticles and lipid membranes. Lipid membranes and
nanoparticles are both coarse-grained with single beads representing a large number of
atoms or molecules. A lipid molecule consists of one head particle and two tail particles.
The self-assembled Lipid Bilayer is in the fluid phase with an implicit solvent. The
nanoparticles are neutral and interact attractively with the lipid head particles and
repulsively with lipid tail particles. The nanoparticles interact repulsively with each other,
thus preventing them from aggregating in solution. A detailed account of the model and
methodology will be given in the next section.
Recent experiments have shown that nanoparticles can have cytotoxic effects on
the membrane resulting in pore formation and lysis of the plasma membrane.23,24
Furthermore, endocytosis has also been observed in many instances.25,26 Endocytosis is a
process by which a cell internalizes extracellular materials including fluidic materials and
large macromolecules. The type of Endocytosis process observed in our case is called
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Phagocytosis. Phagocytosis process involves the uptake of large particles. During this
process, the plasma membrane forms a vesicle around the nanoparticles and after a
certain period this vesicle separates itself from the membrane and is internalized inside
the cell.21,22
Gold nanoparticles, which are studied for biomedical applications including their
use in the treatment of cancer cells, have been shown to undergo endocytosis. Wang, Lee
et al.,26 for example, observed that endocytosis of gold nanoparticles by the plasma
membrane is dependent not only on the surface chemistry but also on the size of the
nanoparticles.26 The nanoparticles were 45 nm, 50 nm, 70 nm and 110 nm in size and
were coated with negatively charged citrate ions.26 Endocytosis was observed for smaller
nanoparticles of size 45 nm while particles larger than 45 nm were found to be absorbed
on the plasma membrane of the cancer cells. Endocytosis was observed for single
particles in the current research while the gold nanoparticles aggregated in bunch inside
the vesicles during the endocytosis process. In this research endocytosis process is
mediated by ligands attached to nanoparticles.26
In another study, cationic NPs were found to be more cytotoxic than their anionic
counterparts. Pore formation and disruption of the cell membrane took place with
increasing negative charges in the NPs. Neutral NPs are also capable of pore formation
but the extent of cytotoxicity and pore formation is not as pronounced as in the case of
cationic NPs. In the simulation, lipid head groups were negatively charged which meant
that there was an effective positive interaction between NPs and lipid head groups.27
In a large scale DPD simulations performed by Chen, Tian et al., small NPs with
size less than the thickness of the plasma membrane (4.5 nm) were found to penetrate
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vesicle membranes while NPs with size greater than the thickness of the plasma
membrane preferred internalization into the vesicle with pathways of endocytosis or semi
endocytosis. In these endocytosis processes, NPs surrounded by lipid particles did not
detach from the membrane. Clustering of NPs in the membrane surface was also
observed in the same study with two types of chains being formed, linear chains and
isotropic patch-like clusters. In the same study, internalization process of the NPs was
aided by co-operative chain like penetration, direct penetration and inverted micelle
penetration depending on the type of the vesicle (tubular or spherical).28
The main results of the current computational study are that endocytosis is
observed for particles that are 4nm in diameter or larger. Endocytosis is thermally
activated but is not aided by protein activity such as clathrin or caveolin. Endocytosis was
observed in the case of tensionless membranes or membranes with low tension. However,
no endocytosis was observed in the case of tensed membranes with very low density of
lipid particles. Furthermore, clustering of the nanoparticles is observed when their
interaction with the membrane is attractive enough and when the membrane tension is
low enough. The clusters are chain-like and are mediated by the curvature of the
membrane. Despite the repulsive interaction between nanoparticles, clustering for large
particles was seen with high effective interaction between the membrane and the
nanoparticles. For high surface coverage, clustering for moderate and small effective
interaction and large radius was observed, while for large radius and high effective
interactions, aggregation of NPs in the membrane and deformation of the membrane was
seen. Pore formation was observed for high particle density and large size of NPs. It has
been understood that the clustering and aggregation of the particles as well as the process
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of pore formation and endocytosis is due to the curvature-driven interaction between the
NPs to reduce the overall free energy of the whole system.
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CHAPTER 2
MODEL AND METHODOLOGY
2.1 LIPID BILAYER
Computer simulation methods such as Monte Carlo and molecular dynamics are
some of the most important tools used in scientific research and development. Since both
properties and functions of bio membranes are not fully understood, simulation methods
can provide additional understanding of the bio membrane. In particular, simulations can
provide very close description of lipid membranes at the microscopic level which is
rather difficult experimentally.
Due to the large number of molecules and their large number of degrees of
freedom in a lipid membrane, a very accurate representation of the membrane is
computationally very expensive. Because of this limitation, atomistic molecular
dynamics simulations can only probe relatively small lipid bilayers composed of up to
1000 lipid molecules and over few tens of nanoseconds. Since many interesting
phenomena pertinent to lipid membranes occur at much longer time and length scale,
other computational methods are warranted. To overcome this problem, coarse-grained
molecular dynamics and dissipative particle dynamics have recently gained tremendous
popularity in studies of lipid membranes. In the current research, molecular dynamics
with Langevin thermostat was used to model lipid head and tail groups as well
nanoparticles into coarse grained beads.29,30 The lipid bilayer is represented by a single
bead representing the head group and two beads representing the tail groups.29,30

11

Head

Ubond

Uo
Ubend

Tail
Tail

(i)

(ii)

Figure 2.1.1. Coarse-graining of palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid
molecule. (i) Our model coarse-grains the head group into one bead and tail groups into
two tail beads (ii) with interaction provided by three potential terms.

The interaction between the beads is provided by three potential terms consisting
of two-body interactions, harmonic interactions for the bonded particles and three body
interactions among the head and tail beads to account for the shape and rigidity of the
lipid bilayer,29,30

U(ri )= ∑i,j Uo (ri,j ) ∑i Ubond (ri,i 1 ) ∑i Ubend (ri-1 , ri , ri 1 )

(2.1.1)

where ri is the position of particle i, rij = |rj – ri|, and αi = h or t for a lipid head or a lipid
tail. Uo is a soft two-body interaction between two particles i and j given by,29,30

(rm-r)

α

(Uαma - Umin )
Uo (r)=

α

-2Umin

2

α

Umin

r2
3

(rc -r)

(rc -rm )

3

α

3Umin

(rc -r)

if r

rm

2

(rc - rm)

if rm r

2

{0

rc
if r rc
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(2.1.2)

Figure 2.1.2. Representation of the softcore two body interaction. Curved black line
represents the head tail interaction and the red curved line represents the tail tail
interaction.

Water is implicit in this model i.e. the model does not contain a solvent. As
solvent is responsible for self assembly of lipid bilayer, to account for its absence, an
α

attractive interaction between tail groups is allowed. Here, Umin = 0 is chosen if α or
α

=h

=t,29,30

, and Umin 0 if α =

The second term in the potential equation, Ubond , provides the bonding of two
consecutive beads in the lipid chain and is given by,29,30

Ubond (r)=kbond (r-ab )

2

(2.1.3)

where, kbond is the bond stiffnesss coefficient and ab is the desired bond length. The
rigidity of a lipid molecule is provided by the third term, Ubend , which is the three-body
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interaction between the one head particle and the two tail particles belonging to a lipid
molecule and is given by,29,30

1

Ubend = 2 kbend (cos o -cos i )

2

(2.1.4)

where kbend is the bending stiffness coefficient of a lipid chain and
angle. Here cos

i

o

is the desired splay

= ri,i-1•ri,i+1/ri,i-1 ri,i+1. In the present model, we choose

29,30

o=0.

2.2 METHODOLOGY
In the present study, molecular dynamics which is based on the integration of
Newton’s second law of motion and equations of motion was used to solve for the
position, velocity and acceleration of the particles. This is justified since for many cases
concerning large number of particles, classical mechanics works surprisingly well and
this also means that there is reduction in simulation time.31 Newtons second law states
that,

F = ma.

(2.2.1)

Once the force on each atoms is determined, then the acceleration of all the
particles involved in the simulation can be found out. Equations of motion can then be
integrated to solve for the position and velocities of the particles as a function of time.
The particles in the simulation are contained in a box and allowed to move
according to molecular dynamics with Langevin thermostat.31 The particles’ equations of
motion are given by,
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d
dt

m

i(t)=

i(t)

d i (t)
=
dt

-

(2.2.2)

i U-

i (t)

i (t)

(2.2.3)

where m is the mass of a particle, which is the same for all particles.

is a bead’s

coefficient, Wi(t) is a random force originating from the heat bath and satisfies

〈

i (t)〉=0

and ⟨

i (t)|

j (t )⟩=6

k T

i,j

(t-t )

(2.2.4)

The random and dissipative forces are not pairwise in this model. So, this
approach does not locally conserve momentum. This is justified since our model does not
explicitly account for the solvent. A method that locally conserves momentum is
computationally expensive but is not necesssary.29,30
Random force originating from the heat bath and dissipative forces act as the
thermostat in the model. Thermal motion of the ith and the jth particles provides the
random forces and the friction between these particles account for the dissipative
forces.29,30 Using Langevin thermostat helps in ensuring that the energy of the system is
conserved locally. The dissipative term in the equation also means that we can choose the
time step, ∆ t, to be very large in comparison to the original molecular dynamics
simulation since the damping term stabilizes the equations of motion.32 With the forces
listed as above, the velocity of the particles is then calculated according to the velocity
verlet algorithm,33
ri(t ∆t) = ri(t) + vi(t) ∆t + ½ a(t) ∆t2

(2.2.5)
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vi(t ∆t) = vi(t) + 1/2{a(t) +a(t ∆t)}∆t

(2.2.6)

Equations of motion are integrated using the verlet-velocity algorithm with
√

where the time scale τ = rm (m/ϵ)1/2 with rm and ϵ being the length and time

scales respectively.29,30
If the velocity and position of the particles at a time step below the current time is
known, then the position and the velocity of the particle for the current time and one time
step above the current time can be known. Velocity verlet method conserves energy over
the course of many time steps and has less errors than methods like Euler-Cromer
method, so it a suitable method to apply in solving for the velocity and position of the
particles in the simulation.31
One important thing to keep in mind while using molecular dynamics is the
periodic boundary. When dealing with large number of molecules periodic boundary
conditions need to be applied. The size of the system in our simulation is finite and to
mimic natural state and configuration of the system we need periodic boundary
conditions.31 The positioning of the particles within the box is also affected by the shape
of the box.31 This is taken care by creating image cells which are exactly similar in shape
and size to the original cell where the particles are placed.31 The cells have open
boundaries between them and thus the particle when it encounters the wall of the cells is
automatically transported to the opposite side of the system or the wall.31 A schematic
diagram of periodic boundary condition applied for a molecular dynamics using an Lx X
Ly X Lz box is given below.
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Figure 2.2.1. Schematic diagram for the periodic boundary condition. The colored
arrows represent the motions of three different particles in the box.

2.3 NANOSPHERE MODELLING
Coarse graining was used as a modelling technique for nanoparticles. The hard
nanoparticles are composed of beads arranged in an FCC lattice. Nanoparticles are
modeled as hydrophilic particles i.e. water loving particles. Coordinates of the particles in
this model are given by,

a1=a/2(j+k), a2=a/2(i+k),a3=a/2(i+k)

(2.2.7)

In this model, integrity of nanoparticles is ensured by pairwise harmonic
interactions between the nearest neighbor beads as well as a repulsive force between the
beads.
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b

Figure 2.3.1. Nanoparticle beads in an FCC lattice and representation of spherical
nanoparticles. Here, a represents the lattice constant and b represent the distance between
the nearest neighbors. In our simulations, a = 0.7 nm and b = 0.4949 nm.

Nanoparticles interact attractively with the lipid head groups and repulsively with
the lipid tail groups. Nanoparticles interact repulsively with other nanoparticles to prevent
them from aggregating in the solution and to ensure integrity in their overall shape
symmetry.
2.4 NUMERICAL AND INTERACTION PARAMETERS
In this model, the particles are kept in a box of length Lx X Ly X Lz with Lx=Ly. Lz
is varied according to our need.The thickness of bilayer is taken to be 4.1 rm. Length
scale, rm, is taken to be 1 nm and the time scale ,τ, about 1 - 10 ns. The total simulation
run time is around 100000 τ. The energy parameter, kBT, is taken to be 3ϵ. The
simulations are done at constant pressure (tensionless membrane) and at constant area. In
constant pressure simulations, the size of the size of the system is allowed to fluctuate
independently in the x, y and z direction. Monte carlo simulation method was
implemented to account for these fluctuations.
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In the simulations, nanoparticles interact with the lipid head particles with an
attractive potential (Umin) while they interact repulsively with the lipid tail particles.
Between nanoparticles themselves, there is repulsive interactions.
The values of some of the numerical parameters are,
th
nt
Uhh
ma = Uma = Uma = 100 ϵ,

Uma = 200 ϵ,

Unn = 0,

th
Uhh
=
m =U

= 100 ϵ

0,

Utt = - 6 ϵ
2800 ϵ

100 ϵ.
where, h represents the head particles, t the tail particles and n the nanoparticles.
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CHAPTER 3
RESULTS AND DISCUSSIONS
Since the interaction between the nanoparticles and the lipid membrane depends
on the size and the number density of the nanoparticles and the interaction potential
between the lipid membrane and the nanoparticles, simulations were performed by
varying these parameters systematically.
One of the most important properties of lipid membrane is its fluidic nature which
allows for mobility and transmembrane transport. The lipid membrane can deform under
thermal fluctuations and this mediates several of its functions including the endocytosis
process. The clustering effect seen in the current simulations can also be explained by
this particular property of the lipid membrane.
3.1 Endocytosis of Single Nanospheres
When nanoparticles interact with the lipid membrane, they give rise to local
membrane curvatures which in turn causes the membrane to bend.25 For single particles,
the level of bending depends on the size of the nanoparticles and the interaction potential
between the nanoparticles and the membrane. As the size of the nanoparticles and the
interaction potential increase, high local curvature and high level of bending of the
plasma membrane become energetically unfavorable leading to the internalization of the
nanoparticles inside the cell.25 Endocytosis was observed for nanospheres with diameter
of 2.82 nm occur at |Umin| of 7.0 ϵ as shown in Figure 3.1.1. This result is in direct
contradiction to the penetration of the membrane by small NPs as observed in the DPD
simulation by Chen, Tian, et al.28 At a very high value of |Umin|, endocytosis was seen for
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NPs with size smaller than the thickness of the lipid membrane, unlike in the study
mentioned above.
The cutoff value of |Umin| for particles of diameter of 5.64 nm was found to be 1.0
ϵ. For the diameter of 8.42 nm, the |Umin| required for endocytosis process was 0.8 ϵ and
for the diameter of 14 nm the cutoff |Umin| was found to be 0.6 ϵ. Just below these values
of |Umin|, the level of bending increased with increase in size and |Umin|, as seen in Figure
3.1.5 verified by the graph for the global distance (the distance from the center of mass of
the NP to the center of mass of the lipid membrane) in Figure 3.1.9. The graphs for total
number of head particles surrounding the nanoparticle and the projected area graphs show
that the systems have equilibrated in time as seen in Figures 3.1.3 and 3.1.8. At very
small values of |Umin| and diameter the particle floats around the surface of the membrane
with very low curvatures. As the |Umin| and the size of the particles increase, the
membrane tends to wrap itself around the nanoparticles to reduce the increase in free
energy caused by the formation of high local curvatures. The degree of wrapping
increases until it reaches a critical value of |Umin| and diameter at which point a vesicle
with the nanoparticle inside detaches itself from the membrane. This process results in
the minimization of the free energy and the whole system reaches an energetically
favorable equilibrium state as shown in the area graphs in Figures 3.1.2 and 3.1.7.
Argument for curvature driven endocytosis process is supported by the fact that in the
case of constant area for similar parameters, endocytosis process occurs only for a highly
dense lipid membrane (low tension) as seen in Figures 3.1.4. In the constant area
simulations, endocytosis for a particle with |Umin| of 2.0 ϵ and diameter of 5.62 nm
occurred at the lipid density of 3.42 lipids/nm2 while it was not observed for lipid
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densities of 3.2 lipids/nm2 and 3.1 lipids/nm2. Highly dense lipid membranes have the
property of allowing high local curvatures while less dense membranes can accommodate
adsorption of the nanoparticle without causing intense curvature and bending in the
membrane. The endocytosis in constant area simulations for a highly dense membrane
can therefore be attributed to lateral stretching of the membrane causing high interfacial
tension thus leading to the detachment of the nanoparticle filled lipid vesicle from the
membrane itself.28
It is important to note that single particle endocytosis processes occur without the
formation of pores. This can be attributed to the isotropy in spherical nanoparticles and
also to the fact it would cost more energy for the pore formation to occur. The time
required for these processes decreases with increasing |Umin| and radius beyond the cutoff
values. A phase diagram for the endocytosis process is provided in Figure 3.1.10 for the
relationship between |Umin| and 1/D2, where D is the diameter of the nanoparticles. This
diagram suggests that |Umin| is linearly dependent on 1/D2 for the endocytosis process to
occur.
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(a)

(b)

(c)
Figure 3.1.1. Sliced and lateral snapshots of different simulations for single nanospheres
of diameter 2.82 nm and (a) |Umin|= 1.0 ϵ (b) |Umin|= 2.0 ϵ (c) |Umin|= 3.0 ϵ.
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(d)

(e)

(f)
Figure 3.1.1. Sliced and lateral snapshots of different simulations for single nanospheres
of diameter 2.82 nm and (d) |Umin|= 4.0 ϵ (e) |Umin|= 5.0 ϵ at 100000 τ and (f) |Umin|= 7.0 ϵ
at 17000 τ.
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Figure 3.1.2. Graph for projected area of the membrane for single nanospheres of
diameter 2.82 nm and |Umin| of 1.0 ϵ, 2.0 ϵ, 3.0 ϵ, 4.0 ϵ, 5.0 ϵ and 7.0 ϵ.
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Figure 3.1.3. Graph for number of head particles surrounding the nanoparticle for single
nanospheres of diameter 2.82 nm and |Umin| of 1.0 ϵ, 2.0 ϵ, 3.0 ϵ, 4.0 ϵ, 5.0 ϵ and 7.0 ϵ.
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Figure 3.1.4. Graphs for (a) global distance and (b) local distance for single nanospheres
of diameter 2.81 nm and |Umin| of 1.0, 2.0, 3.0, 4.0, 5.0 and 7.0 ϵ.
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(a)

(b)

(c)
Figure 3.1.5. Lateral, sliced and top view snapshots of different simulations for single
nanospheres of diameter 5.64 nm and (a) |Umin|= 1.0 ϵ (b) |Umin|= 1.6 ϵ (c) |Umin|= 1.8 ϵ at
100000 τ.
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(d)

(e)

(h)

(f)

(g)

Figure 3.1.5. Snapshots of different simulations for single nanospheres of (d) diameter
5.64 nm and |Umin|= 2.0 ϵ at 27000 τ and (e) diameter 8.46 nm and |Umin|= 1.0 ϵ at 36000
τ. Constant area simulations for (f) lipid density of 3.1 lipids/nm2 and |Umin|= 2.0 ϵ at
100000 τ, (g) lipid density of 3.2 lipids/nm2 and |Umin|= 2.0 ϵ at 100000 τ and (h) lipid
density of 3.41 lipids/nm2 and |Umin|= 2.0 ϵ at 28000 τ.
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(a)

(b)
Figure 3.1.6. Lateral and sliced view of single particle endocytosis for (a) |Umin|= 0.6 ϵ,
D= 14.1 nm at 39000 τ and (b) |Umin|= 0.8 ϵ, D= 11.28 nm at 37000 τ.
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Figure 3.1.7. Graph for projected area for nanospheres of diameters larger than
2.82 nm.
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Figure 3.1.8. Graph for number of head particles surrounding the nanoparticle
for single nanospheres of diameter 5.64 nm and |Umin| of 1.0 ϵ, 2.6 ε, 1.8 ϵ and 2.0 ϵ.
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Figure 3.1.9. Graph for global distance for particles of diameter greater than 2.82 nm.
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Figure 3.1.10. Phase Diagram for Endocytosis of Single NPs.
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3.2 Multiple Particle Interactions
As the particle density is increased, effects like multiple particle endocytosis,
clustering of the nanoparticles, pore formation in the membrane and destruction of the
membrane are seen. These effects are the results of curvature driven interactions between
the nanospheres despite there being repulsive interactions between them. Formation of
local high curvatures due to individual nanoparticles’ interaction with the membrane is
energetically unfavorable for moderate and large values of |Umin| and diameter as well as
large particle density. The whole system prefers an energetically low state of
configuration and for this to occur the particles either cluster together in linear chains28 or
group themselves together in a vesicle like structure that is wrapped by the membrane
(Figures 3.2.5, 3.2.7 and 3.2.10) with head particles aggregating around the NPs.
Endocytosis was also observed for some cases of high |Umin| and large diameter for
multiple particles as seen in Figures 3.2.4 and 3.2.11, the cause of which is again the
minimization of free energy. For some of these cases, pores were formed on the
membranes during the endocytosis process. The membrane managed to reseal itself after
the endocytosis process was complete. This is justified for constant pressure simulations
since the existence of pores within the membrane is energetically more costly. For other
cases, endocytosis process also occurred without the formation of pores. For large values
of |Umin|, size and particle density of nanospheres, total destruction of the membrane is
observed which can lead to the death of a cell. This process occurs with particles
clustering together inside multiple vesicles. This can be attributed to high surface
coverage of nanoparticles. When large number of nanospheres interact with the
membrane, they significantly increase the interfacial area which in turn increases the
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interfacial energy causing the membrane to rupture. In the process, nanospheres
aggregate inside the vesicles surrounded by head particles on all sides.
Figure 3.2.1 shows the clustering of two particles of diameter 2.82 nm.
Simulations were done for |Umin| values of 0.6 ϵ, 1.0 ϵ, 1.3 ϵ, 1.6 ϵ and 2.0 ϵ. It was
observed that for two particles of small radius, clustering occurs at moderately high |Umin|
values of 1.6 ϵ (Figure 3.2.1 (b)) and 2.0 ϵ.
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(a)

(b)
Figure 3.2.1. Snapshots of two nanospheres of diameter 2.82 nm and (a) |Umin|= 1.0 ϵ and
(b) |Umin|= 1.6 ϵ interacting with the membrane. Clustering is seen to start at moderately
high |Umin| of 1.6 ϵ.
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For the diameter of 5.64 nm, clustering occurs at the |Umin| value of 0.8 ε. Large
depressions are formed in the membrane at the |Umin| value of 1.0 ε without the clustering
of NPs suggesting that the interaction potential is strong enough to prevent clustering of
the particles. At the |Umin| value of 2.0 ε, two separate endocytosis takes place.
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(a)

(b)
Figure 3.2.2. Sliced and top view snapshots showing (a) cluster formation at |Umin|= 0.8 ϵ
and (b) large depressions at |Umin|= 1.0 ϵ for two particles of diameter 5.64 nm.
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Figure 3.2.3. Graph for projected area of the membrane for 2 particle simulations with
particles’ diameter of 2.82 nm and |Umin| values of 1.0 ε and1.6 ε, and diameter of 5.64
nm and |Umin| values of 0.8 ϵ and 1.0 ϵ. Simulations ran for 100000 ι.
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Figure 3.2.4. Sliced and lateral view of two particles simulation with |Umin|= 2.0 ϵ and
diameter of 5.63 nm at 47000 τ.

Figures above suggest that cluster formation for low particle density occurs either
at moderately high values of |Umin| and small size of NPs or moderately low values of
|Umin| and large size of NPs. For high |Umin| and large radius as in the case of |Umin|= 2.0 ϵ
and diameter of 5.64 nm, due to strong attraction between the head particles and the NPs,
endocytosis process occurs in a very short time frame thereby preventing clustering of the
NPs.
Increasing the nanosphere’ density can also lead to cluster formation due to the
effects of high surface coverage and curvature driven interactions. This is particularly
true for the case of low values of |Umin| (i.e. 0.6 ϵ) for large particles. For a two NP
system with NP diameter of 5.64 nm, clustering is not observed for a |Umin| of 0.6 ϵ while
for the same system with three nanospheres and five nanospheres, we see linear chains of
NPs. Figure 3.2.5 shows the effect of particle density on the cluster formation process.
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(a)

(b)

(c)
Figure 3.2.5. Lateral view and top view of snapshots of simulations with NP diameter of
5.64 nm, |Umin|= 0.6 ϵ for (a) 2 NPs at 100000 τ, (b) 3 NPs at 23000 τ and (c) 5 NPs at
63000 τ. Clustering is seen for 3 NPs and 5 NPs.
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Figure 3.2.6. Projected area graphs for 2, 3 and 5 particles with |Umin|= 0.6 ϵ and D= 2.82
nm.
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For diameter of 2.82 nm, linear chains were seen for two NPs at moderately high
values of |Umin| of 1.6 ε and 2.0 ϵ. As the NP density is increased, linear chains are seen at
moderate effective interactions, which are shown in Figure 3.2.7 (a) and (b). This
particular observation is also supported by the similar kind of simulations done by Chen,
et al.28
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(a)

(b)
Figure 3.2.7. Sliced and top view of linear chain formation for (a) 12 particles at 89000 τ
and (b) 18 particles at 90000 τ for diameter of 2.82 nm and |Umin|= 1.0 ϵ.
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It is important to note that for small sized particles (D= 2.82 nm) with small value
of |Umin|= 0.6 ϵ we do not see clustering of particles as shown in Figure 3.2.6. The local
curvatures on the membrane are not as pronounced as in the case of large sized particles
and large values of |Umin|.
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(a)

(b)
Figure 3.2.8. Side and top view of (a) 12 particles and (b) 18 particles, with |Umin|= 0.6
ϵ and D= 2.82 nm.
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Figure 3.2.9. Projected area graph 12 and 18 particles with |Umin| value of 0.6 ϵ and
diameter of 2.82 nm.
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For large values of |Umin| and small size or moderate values of |Umin| and large
size, adsorption of NPs into the membrane is observed. The NPs aggregate together and
are wrapped by the membrane and surrounded by head particles as shown in Figure
3.2.10.
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(a)

(b)

(c)
Figure 3.2.10. Sliced and lateral view of aggregation of particles inside the membrane for
5 particles of (a) |Umin|= 2.0 ϵ, D= 2.82 nm and (b) |Umin|= 1.0 ϵ and D= 5.64 nm and
(c) 12 particles of |Umin|= 1.6 ϵ and D= 2.82 nm.
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An interesting case is that of endocytosis of 12 particles of diameter 2.82 nm and
|Umin|= 2.0 ϵ shown in Figure 3.2.11. Endocytosis in this case is aided by curvature driven
interactions between the NPs, high surface coverage and linear chain formation.
Simulations with various parameters are currently being run to study this behavior.

Figure 3.2.11. Sliced and lateral view of endocytosis of 12 particles with |Umin| value of
2.0 ϵ and diameter of 2.82 nm at 88000 τ.

Pore formation and destruction of the cell was also observed in my simulations. In
the current simulations, membrane manages to reseal itself after the pore-formation
process, an instance of which is shown in Figure 3.2.12.
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(a)

(b)

(c)
Figure 3.2.12. Snapshots of (a) top view of 5 NPs at times 5000 τ and (b) top view and
(c) lateral view of 5 NPs at 50000 τ for |Umin|= 2.0 ϵ and D= 5.64 nm.
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Figure 3.2.13 shows the destruction of the membrane. This process occurs for large
particle density with high and moderate values of |Umin| (1.6 ϵ and 2.0 ϵ) and large size
due to high NP surface coverage. This implies that working with large number of
particles which are strongly attracted to the head groups of the lipid membranes is not
feasible for the process of drug delivery and other medical purposes. This process takes
place very quickly.

53

(a)

(b)
Figure 3.2.13. Snapshots of sliced and top view of (a) 12 NPs with |Umin|= 2.0 ϵ and D=
5.64 nm at 1000 τ and (b) 18 NPs with |Umin|= 1.0 ϵ and D= 5.64 nm at 34000 τ.
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(c)

(d)
Figure 3.2.13. Snapshots of sliced and top view of 18 NPs with (c) |Umin|= 1.6 ϵ and D=
5.64 nm at 1000 τ and (d) |Umin|= 2.0 ϵ and D= 5.64 nm at 1000 τ.
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CHAPTER 4
CONCLUSION
Because of their size and unique properties, nanoparticles have a wide variety of
applications in medicine and industries. In this regard, a thorough characterization of NPs
and their effects on human body is necessary. Detailed simulations of NPs interaction
with the lipid membrane were performed to study the effects of interaction on the lipid
membrane as well as to understand the endocytosis process which is a viable mechanism
for delivery of drugs and cancer treatment.
In the current simulations, endocytosis is observed for single nanospheres with
high interaction potential. Endocytosis is also observed for low interaction potential
between the head beads and nanospheres for large nanospheres. Endocytosis for a single
particle is dependent on interaction potential as well as the size of the particle and it is
mediated by high local curvature on the membrane.
Clustering of the nanoparticles takes place when their interaction with the
membrane is attractive enough. For high surface coverage, clustering was observed for
moderate and small effective interaction between the head beads and nanospheres and
large radius of the nanospheres, while for large radius and high effective interaction
aggregation of NPs in the membrane as well as deformation of the membrane were seen.
Pore formation was observed for high particle density and large size of NPs. It is
understood that clustering of the NPs as well as the aggregation of the NPs inside the
membrane is due to the curvature-driven interaction between the NPs to reduce the
overall free energy of the lipid membrane-nanosphere system.
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RECOMMENDATIONS
In the present study, nanoparticles interacted only with the lipid bilayer while the plasma
membrane itself consists of other components like proteins and carbohydrate besides the
bilayer. So, it is recommended that further research in the future consist of interactions
between nanoparticles and lipid membrane with proteins and carbohydrates in them.
Nanoparticles in this research interact via soft-core potential with the membrane. Future
simulations can be performed by adding external forces to the nanoparticles.
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