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ABSTRACT OF THE THESIS 

COARSE-GRAINED MODELING OF INTERACTIONS OF 

NANOPARTICLES WITH LIPID MEMBRANES 

By PARVA KISHORKUMAR PATEL 

Thesis Director: 

Alexander V. Neimark 

Research of the mechanisms of interactions between nanoparticles (NPs) and lipid 

bilayers (LBs), which constitute the foundation of cell membranes, is important in order 

to understand not only the specifics of NP drug delivery and imaging but also to 

understand the harmful effects related to NP toxicity. In this work, a coarse-grained 

molecular dynamics (CGMD) with implicit solvent is used to elucidate the stability of 

LBs supported on silica substrates decorated with hydrophilic and hydrophobic NPs. 

We reproduce the experimental observation that large NP (>22 nm) can be coated by 

stable LBs, while smaller NPs (<22 nm) induces holes in the membrane. This result 

was achieved due to introducing novel features in CGMD set-up, which (a) secure the 

isotention membrane condition and (b) account for long-range lipid-substrate 

interactions due to the existence of the nanometer thick hydration layers between LB 

and silica. The latter effect is incorporated by using the effective long-range potential 

of interactions between lipid heads and silica mimicking the disjoining pressure 

developed in the hydration layer.  The proposed GCMD method allowed for simulation 

of large systems with up to 40 nm NPs in the simulation cell of  231 ∗ 154 ∗ 77 𝑛𝑚  

in volume. The method can be extended and applied to other NP-membrane systems, 

specifically to study the membrane stability affected by the presence of host bodies. 
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1. Introduction: 

1.1 Background and Motivation: 

Lipid bilayers (LB) constitute the foundation of cell membranes and serve as 

barriers and the interface between the cell and its environment. In order to develop new 

biomedical nanotechnologies like bio-imaging and drug delivery, for lipid-mediated 

synthesis of NP, or biosensing with NP-doped supported lipid bilayers (SLB), it is 

necessary to understand the effects of LB interactions with host particles like nanoparticles 

(NP), proteins, receptors, membrane/tissue fragments, and other bio-ingredients.1-3 When 

NP comes in contact with the LB, it may either adhere to the membrane outer surface or 

penetrate inside. The latter process may lead to the pore formation in the LB that can be 

useful in biomedical applications, like drug delivery, and harmful in case of inhaled and 

digested NP. 

In recent years, SLBs have generated research interest due to their applications in 

many areas.4-8 They can be used as a simplified model system in studies aimed at improving 

the understanding of the properties and functions of biological membranes or for 

experimental characterization techniques like NMR or FTIR10, for lateral diffusion 

measurements11 or for biosensing with NP-doped supported lipid bilayers (SLB)3. An 

important phenomenon associated with SLBs is the presence of the hydration layer formed 

by water molecules between substrate and LB. Many experimental studies12-22 and 

simulation studies9, 23-27 were conducted to understand this phenomenon. It was found that 
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due to the existence of the hydration layer, the LB upon approach to the substrate feels the 

repulsive force, whereas there is a strong adhesion force preventing its detachment. This 

effect was quantified by the disjoining pressure. Vishnyakov et. al.9 with the help of 

atomistic molecular dynamics calculated the disjoining pressure isotherm Π(ℎ) as a 

function of the separation between LB and hydroxylated amorphous silica; ℎ represents the 

effective thickness of the hydration layer. This isotherm has a double sigmoidal shape with 

two minima and one maximum which corresponds to the limits of stability of the 

equilibrium states, called the 𝛼 and 𝛽-states figure 1.1.1.9 In α-state, the LB is in close 

contact with surface hydroxyls; however, because of the molecular level roughness of the 

amorphous silica surface, there exists an inhomogeneous distribution of water molecules 

trapped between the substrate and the LB. In β-state, the membrane is separated from the 

silica surface by the hydration film of ∼2.5 nm in thickness that is stabilized by the specific 

interactions characteristic to thin water layers.  

In many cases, NP adhesion to cell membranes is affected by physico-chemical 

factors such as particle size and shape, hydrophobicity, charge density, and physisorption 

of lipids and proteins rather than by specific biochemical interactions. In experimental 

atomic force microscopy studies Roiter et al. 28, 29 have discovered a critical size 

Figure 1.1.1: Disjoining pressure of double sigmoidal shape with two minima and one maximum, 
which correspond to the limits of stability of 𝛼-states and 𝛽-states.9 
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dependence of the silica NP coating by supported dimyristoyl phosphatidylcholine 

(DMPC) lipid membrane: only particles larger than 22 nm or smaller than 1.2nm were 

blanketed by the membrane, while particle from 1.2 to 22 nm remained uncoated and 

formed nanoholes in the membrane (figure 1.1.2). Another observation was made by Lu et 

al, who measured the rates of silica NPs trans-membrane penetration into HeLa cells and 

found a non-monotonic dependence on the particle size with a maximum at ~50 nm.30 Lin 

and Haynes31 found a sizable difference between nonporous and porous silica particle 

leading to the damage of red blood cells. Burgess et. al.32 performed dissipative particle 

dynamics (DPD) simulations to study the NP-induced rupture of LBs under tension. They 

found that larger NPs destabilize the LB and rupture is initiated by the pore formation near 

the NP surface.32  

Figure 1.1.228-29 Lipid bilayer formation in the presence of particles larger than lipid bilayer thickness. 
AFM images (left) of lipid bilayer formation over a surface with 5–20 nm silica nanoparticles (a-d): (a) 
substrate with particles and no lipid, (b) surface partially covered by lipid bilayer (shown in silver color), 
(c) lipid bilayer formed on the substrate, (d) image of the lipid bilayer after “subtraction” of the particles 
and the substrate. AFM images (right) of lipid bilayer formation over the surface with mixed 5–140 nm 
silica particles (e-h): (e) the substrate with particles and no lipid, (f) partial coverage of the surface by lipid 
bilayer, (g) lipid bilayer formed on the substrate, and (h) image of the lipid bilayer after “subtraction” of 
the particles and the substrate. Schematics in the center illustrate how the lipid bilayer forms a pore around 
particles smaller than 22 nm (i) and how it may envelope the larger particles (j). The structure of bilayer 
area encircled in (j) is speculative because it cannot be resolved or assumed from AFM experiments. 
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In order to study the NP-SLB interactions, a coarse-grained (CG) approach is 

needed as atomistic simulation are computationally prohibitively expensive. For example, 

Vishnyakov et. al. were just able to model a LB with 92 lipids in the simulation box size 

of 5.21 × 5.276 × 19.08 𝑛𝑚 , with the accessible time scale of 100ns.9 To simulate the 

larger systems that are necessary to observe the interaction of NPs with SLBs within larger 

scales, we employ implicit solvent (IS) CGMD method. In this method, solvent molecules 

are removed and an external force is introduced to compensate the solvent interactions. 

These interactions are incorporated using density-dependent potentials,33, 34 angular 

dependent potentials,35 Lennard-Jones tuned potentials36  or modified Lennard-Jones 

potentials37 between the lipid beads.  In this work, we use the model proposed by Cooke 

et. al.37 that was found to reproduce the properties of the DMPC membranes. 

1.2 Goals of this work: 

The main goals of this work are to understand the mechanism of interaction of LBs 

decorated with hydrophilic surfaces and hydrophilic and hydrophobic NPs. We develop an 

original methodology based on an implicit solvent method that takes into account the 

effects of disjoining pressure between LB and hydrophilic surfaces.  We model the 

disjoining pressure interaction using a long-range potential that reproduces disjoining 

pressure isotherm obtained from the atomistic simulations. Using these tools, we perform 

simulations for LB interactions with surfaces containing hydrophilic and hydrophobic NPs 

of various sizes and analyze how the NP-LB-substrate interactions affect the SLB 

morphological changes such as pore formations and NP coating. We compare the 

simulation results to the experimental work done by Roiter et. al.28, 29 
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2. Models and Methods: 

2.1 Implicit Lipid Bilayer Model: We consider a system of a lipid bilayer membrane 

consisting 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) supported by 

hydrophilic silica substrate with nanoparticles on the surface. The lipids are represented by 

an IS-CGMD model developed by Cooke and Desearno.37 In this model, the lipid molecule 

is represented by three coarse-grained beads, one head bead and two tail beads as seen in 

fig. 2.1.1.a. The solvent effects are implemented by choosing the interaction potentials 

between the beads as a combination of a hardcore repulsive and a long-range attractive 

interaction. All beads interact with the repulsive Weeks-Chandler-Andersen potential, 

𝑉 (𝑟; 𝑏) =
4𝜖 − + , 𝑟 ≤ 𝑟  

0, 𝑟 > 𝑟
      (1) 

where 𝜖 and 𝑏 is a unit of energy and effective size of the beads respectively. The cut-off 

for repulsive interactions is set to 𝑟 = 2 𝑏. The tail beads interact with the effective long-

range attractive potential: 

𝑉 (𝑟) =

−𝜖,         𝑟 < 𝑟

−𝜖 cos
( )

, 𝑟 ≤ 𝑟 ≤ 𝑟 + 𝑤

                         0, 𝑟 > 𝑟 + 𝑤

     (2) 

Figure 2.1.1: a) Coarse graining for DMPC molecule into 3 beads. b) Bilayer formed using Cooke-
Desearno model37 

a b 
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Here, 𝑤  is the tuning parameter which determines the range of the attraction. The sizes of 

the beads are taken to be 𝑏 , = 𝑏 , = 0.95𝜎 and 𝑏 , = 𝜎, where 𝜎 is unit 

of length. The value of 𝑤  is taken to be 1.5𝜎. Here, 𝜎 is equivalent to about 0.77nm. The 

attraction introduces the hydrophobic effect on tail beads and is necessary to obtain a LB 

self-assembly. 

The head-tail (H-T) and tail-tail (T-T) bonds are modelled by the finite extensible nonlinear 

elastic (FENE) potential: 

𝑉 (𝑟) = − 𝑘 𝑟 log 1 − ,      (3) 

Figure 2.1.2: a) Comparison of Tail-potential with the Lennard Jones Potential. It shows slow 
decomposition of attractive force compared to LJ. b) Potential and distance relation for Head-Head 
and Tail-Tail 
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with the stiffness 𝑘 = 30𝜖/𝜎  and divergence length 𝑟 = 1.5𝜎. In order to keep the 

lipids straight, the harmonic spring potential is used with rest length 4𝜎 between the head 

bead and second tail bead, 

𝑉 (𝑟) = 𝑘 (𝑟 − 4𝜎) ,       (4) 

which corresponds in lowest order to a harmonic bending potential 𝑘 𝜎 𝜗  for the 

angle 𝜋 − 𝜗 between the three beads. The bending stiffness is fixed at 𝑘 = 10𝜖/𝜎 . 

Figure 2.1.2.a shows the interaction potential between tail-tail beads and how it is 

compared to Lennard-Jones potential. Figure 2.1.2.b shows the interaction potential 

between head-head, head-tail and tail-tail. 

Figure 2.1.337: Self-assembly sequence for the bilayer system with 1000 lipids in a cubic box of side 
length 25%. Lipid cohesion was set to = 1.4(𝑉 ) and temperature to KbT=𝜖. Lipids quickly forms 

small clusters which slowly coarsen and eventually “zip up” to form a box-spanning bilayer sheet. The 
numbers indicate the simulation time and one-time step is equal to 10ns. 



8 
 

Fig 2.1.3 shows the evolution of LB self-assembly in the Cooke et. al.37 model. Fig 2.1.4 

a) shows the number density and its relation with the distance from the bilayer midplane. 

In Fig 2.1.4b) we can see the relation of the tension and the area of the bilayer. It can be 

seen that as the LB is stretched the LB tension increases. After 0.55𝜖/𝜎  the LB undergoes 

a sudden decrease in the tension because of the pore formation in the LB. Upon further 

stretching, the pore size grows but the tension remains relatively constant. 

2.2 Substrate Model: To model hydrophilic substrate surfaces we use a single layer of 

beads arranged in a hexagonal close packing (hcp) lattice, forming a homogeneous flat 

surface. The substrate beads interact with lipid beads through Weeks-Chandler-Andersen 

potential and an additional long-range potential is implemented between the substrate and 

LB heads in order to reintroduce the effect of disjoining pressure in this implicit solvent 

model as discussed in the next chapter. For the system consisting of 1800 lipids, the 

substrate has 2275 beads with dimension 42.35 × 0.77 × 26.95 𝑛𝑚  in X, Y and Z 

respectively; in the 4800 lipids system has 5970 beads and  dimension 69.69 × 0.77 ×

41.97 𝑛𝑚  in X, Y and Z respectively;  in the 20000 lipids system has 19000 beads and 

Figure 2.1.437: a) Profile of the density as a function of vertical distance z from the bilayer midplane for 
a system of 4000 lipids at constant zero tension and with simulation parameters kBT=1.1𝜖 and wc=1.6𝜎. 
The plotted lines are bead densities for head beads (long dashed), first tail beads (short dashed), terminal 
tail beads (dotted), and the sum of all beads (solid). b) Bilayer tension 5 as a function of (projected) area 
A for a flat membrane sheet with wc /𝜎 =1.6 at kBT/𝜖 =1.1. The bold solid line is a fit to the model of 
Farago36 and Tolpekina et al.39 

a b 
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dimension  126.28 × 0.77 × 77.00 𝑛𝑚  in X, Y and Z respectively and in the largest 

80000 lipids system, the substrate has 84000 beads and dimensions 270.00 × 0.77 ×

154.00 𝑛𝑚  in X, Y and Z respectively. 

2.3 Derivation of Head-Substrate Potential mimicking the Disjoining Pressure: With 

an implicit solvent model, a special long-range potential has to be introduced to account 

for the disjoining pressure effects. The potential is 

applied between the lipid head beads and substrate 

beads. Similarly, the same potential is applied 

between the head beads and the nanoparticle 

surface beads. It is assumed that the disjoining interactions are only between the single 

layer of substrate beads and the inner layer of head beads that is closer to the substrate. We 

also assume that both LB and the substrate are flat. 

The disjoining pressure can be expressed as, 

Π = −
, ,

        (5) 

where 𝐸  is the free energy of the membrane-substrate interaction, 𝐴 is the surface area 

of the LB and ℎ is the normal distance between the substrate and the membrane surface. 

As shown in the figure 2.3.1, the head beads of the membrane placed at a distance ℎ  

interact with the substrate bead via pairwise distance 𝑦. The substrate bead feels the equal-

interaction potential of the head group beads located at the circle of radius 𝑟, where 𝑟 =

𝑦 − ℎ . If 𝑉(𝑦) is the pair-wise interaction potential between a membrane bead and a 

substrate bead, then the total interaction felt by the substrate bead by the membrane beads 

LB 

substrate 
h y 

Figure 2.3.1: representation of flat layers 
of substrate and LB heads 
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at a distance 𝑦 from the center of the bilayer surface (𝑟 = 0) is, 𝑉 (𝑦, ℎ) =

𝑉(𝑦)2𝜋𝑟 𝑑𝑟𝜌 , where 𝜌  is the number of membrane beads per unit area of the surface. 

Total interaction potential between the substrate bead and the LB is expressed as,  

𝑉 (ℎ) = 2𝜋𝜌 ∫ 𝑉(𝑦) 𝑟 𝑑𝑟        (6) 

assuming that the membrane is homogeneous and  𝜌  is constant.  Changing variable from 

𝑟 to 𝑦, we have 𝑑𝑟 =  𝑦 𝑑𝑦. That is, 𝑟 𝑑𝑟 = 𝑦 𝑑𝑦 and the limits of integration is 

from ℎ to ∞. Thus, we have  

𝑉 (ℎ) = 2𝜋𝜌 ∫ 𝑉(𝑦)  𝑦 𝑑𝑦        (7) 

Since both substrate and membrane are assumed to be homogenous, the total membrane-

substrate interaction energy at a separation  ℎ is given by adding contributions from all 

substrate beads, 

𝐸 (ℎ) = 𝑁 𝑉 (ℎ) = 2𝜋𝑁  𝜌 ∫ 𝑉(𝑦)  𝑦 𝑑𝑦      (8) 

where 𝑁  is the total number of beads on the substrate surface. The disjoining pressure is 

related to the introduced head-substrate potential 𝑉(𝑦) as, 

Π = −  ∫ 𝑉(𝑦) 𝑦𝑑𝑦         (9) 

The interaction potential vanishes at long distance, and the disjoining pressure becomes  

Π = 𝑉(ℎ)ℎ      (10) 

Thus, we have  
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𝑉(ℎ) =
 

,        (11) 

where 𝜌 = 𝑁 /𝐴, the surface number density of substrate beads.  V is then used as a 

pairwise interaction between bilayer heads and substrate. 

Using Eq. 11 and disjoining pressure values from MD simulations of Vishnyakov et. al.9 

we develop a pairwise interaction potential 𝑉(ℎ) and force between substrate and lipid 

heads as shown in the figure 2.3.2. It must be noted Vishnyakov et. al, the water thickness 

was measured whereas we need center-to-center distance between lipid heads and 

substrate. So, considering 𝜎 = 0.77 nm and size of the bead as 1𝜎 (radius 0.5𝜎), for the 

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
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Figure 2.3.2 a) Spline plot derived from the disjoining pressure values from Vishnyakov et. al. b) head-
substrate potential which replicates disjoining pressure c) Forces derived from the potential d) Disjoining 
pressure as observed by Vishnyakov et. al.9 

a 

c 
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water thickness of 0.37 nm (ℎ ), the pair distance between two beads is 1.48𝜎.  The 

pressure data point from MD simulations are interpolated using the spline cubic fit, and the 

interpolated data is converted to the values of force and energy.  

2.4 Nanoparticle Model: The NP is formed by the beads arranged into a 3D hcp lattice. 

The NP is designed to represent an approximately spherical particle carved out of a crystal, 

which maintains its fairly spherical shape as it is kept rigid. The inner layers of the NP are 

formed by core beads that strongly repel all other beads in the system (except the outer 

layer of the NP) to ensure that the NP is impenetrable. The shell layers of the NP consist 

of hydrophobic or hydrophilic beads depending on the system studied. NP parameters are 

provided in the following sections. 

2.4.1 Particles smaller or equal to the thickness of bilayer: The smaller particles 

considered here are NPs with diameter 1.54 nm, 3.08 nm, 4.62 nm. NP with diameter 1.54 

nm consists of 13 beads in which 12 are shell beads and 1 bead consist of an inner core.  

The 3.08nm NP consist of 57 beads in which 38 beads are shell beads and 19 beads are 

Figure 2.4.1: a) Shows how the small particles are made up of the cross section view shows the inner 
core which will prevent the lipids the enter the NP b)  Hydrophilic particle with no core beads as due 
to disjoining pressure none of the beads are penetrating c) Large hydrophobic particle which is made 
up of only single large bead which will prevent the lipids from entering the NP. 

a 
b c 
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inner core beads. The 4.62 nm NP consists of 159 beads in which 72 are shell beads and 

87 beads are inner core beads. 

2.4.2 Larger particles: Large nanoparticles are composed of beads in HCP lattice with a 

single large core bead that acts like a hardcore shell so no beads can penetrate inside. The 

hardcore shell effect is modelled using Weeks-Chandler-Andersen potential with 

𝑟 =diameter of the NP. We are using NPs with diameter 9.24 nm, 15.4 nm, 23.1 nm and 

40.04 nm to study the interactions for supported lipid bilayers. NP with diameter 9.24 nm 

consists of 402 shell beads, 15.4 nm consists of 1022 shell beads, 23.1 nm consists of 2396 

shell beads and 40.04 nm consists of 6924 shell beads. 

2.5 System Setup: In order to secure the isotension conditions, the bilayer is attached to 

the frame with two solid planks (see fig 2.5.1) using the tail-tail potential (Eq. 11) between 

bilayer tails and the center region of the planks (brown beads). The planks are made up of 

2 layers of beads in hcp lattice. The top and bottom third of the inner layer and the 2nd layer 

of planks consist of purely repulsive beads towards all beads of the LB in order to prevent 

lipids from wrapping around the plank. The role of planks is to hold the bilayer and provide 

the constant tension conditions which can be achieved by restricting the movement of one 

of the planks and allowing one of the planks to move only in the lateral direction. Isotension 

condition is maintained at 0.2 𝜖/𝜎  corresponding to the lipid density of 1.6 beads/𝜎  in 

DMPC LB.  The system is equilibrated far from the substrate so there is no interaction 

between LB and substrate/NP. The NP is placed just above the substrate and both NP and 

substrate are static throughout the equilibration.  
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2.6: Interaction of LB with Silica Substrate: In order to validate the long-range pair 

potential to reproduce the disjoining pressure effect, we simulate the PV - substrate system 

and move the bilayer towards the substrate by allowing the planks to move in the y-

direction. A constant force is applied to all head beads closest to the substrate which causes 

the entire system to approach the substrate. Note, when we attempted to apply a constant 

force to all lipid beads, it caused the lipids to flip with tails towards the substrate and heads 

away.  This happened because the pairwise disjoining pressure potential is only applied to 

head beads, which had the undesirable consequence of distorting the LB. We gradually 

increase the force on the bottom heads and calculate their mean position.  From the force 

applied the position of LB position is obtained, the disjoining pressure is then calculated 

as a function of ℎ. 

 2.7 𝜷-state Simulations: In this case, we simulate systems with nanoparticles situated on 

the substrate, with LB initially placed far from the substrate without imposing the pairwise 

interaction between LB heads and the NP and substrate surface beads. Then the LB is  

moved to the β-state  by applying a very small  force on all LB beads of magnitude 0.001 

   and by moving the planks with  a velocity  𝑣  ( 𝑣 = 0.001 𝜎/𝜏 for smaller 

particle and 0.0025-0.005 𝜎/𝜏 for large particles). As the LB approaches the β-state, the 

0.2ϵ/σ2 

Figure 2.5.1: Simulation setup showing the isotensed LB between the frames and how the LB is moved 
onto the substrate. 
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constant velocity condition is removed. After the LB position stabilizes, all the external 

applied forces are removed, the planks are allowed to freely move in the y-direction and 

the LB finds its equilibrium position in the β-state.  

2.8 𝜶 -state Simulations: The bilayer in the  α-state  is simulated with a similar procedure, 

as section 2.7,  except that  to overcome  disjoining pressure barrier, that is not easy for the 

bilayer to cross without some external force,  we initially shorten the cut-off of the 

disjoining pressure to 2.55𝜎 and then allow the bilayer to move to the α  state. After it has 

reached the α-state, the full disjoining pressure potential is applied. In this way, the 

conformations of the LB in the α-state is explored. Note, the validation process for the 

substrate without the NP, see section 3.1 below, is carried out through a continuous increase 

in the force with no special treatment given at the point where the LB jumps from the β-

state to the α-state.  
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3. Results: 

3.1 Interaction of LB with Silica Substrate: Validation of Disjoining Pressure 

Potential: 

Figure 3.1.1 describes the results of the simulation for the validation of the disjoining 

potential. In this case, the interaction of the LB with the substrate that has no NP decorated 

on its surface is simulated. The force is applied on the LB beads to equilibrate LB at a mean 

a 

e 

b
 

d 

c 

f 

g 

Figure 3.1.1: a) Shows the comparison between the simulation and the expected trend of the Vishnyakov 
et. al. b) heads density profile Critical point after which on increasing the force most of the bilayer will 
start going towards the substrate in 𝛼-state. b) Snapshot at critical point for pressure 2.6 kbar d) heads 
density when most of the beads moves towards the substrate overcoming the barrier in 𝛽-state. e) 
Snapshot which shows how the bilayer propagates from 𝛽-state to 𝛼-state for applied pressure of 
2.7kbar. f) heads density when the bilayer has jumped to the 𝛼 −  state. g) Snapshot which shows the 
bilayer in the 𝛼 −state with close contact to substrate. 
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position above the substrate. The disjoining pressure corresponding to the applied force is 

plotted in Fig, 3.1.1 a, which shows very good agreement with the disjoining pressure from 

Vishnykov et. al.4 Initially the LB is placed far from the beta state and then gradually 

pushed towards the substrate. The beta state at which the LB relaxes is found to be ~2.7 

nm that is close to  ~2.6 nm obtained in 4.  The snapshots and head group density profiles 

at various points as the bilayer is pushed from beta to alpha state are shown in Fig. 3.1.1 b-

g.   Generally, the density profiles of the bottom heads are narrower, because of the 

attraction from the substrate, while the top heads have a much broader distribution since 

they do not interact with the substrate and therefore do not feel any attraction. Increasing 

the force on the LB, we observe that a few lipids gain enough energy to cross the barrier, 

and the whole LB jumps toward the substrate after a certain critical force. This critical 

force is found to be equivalent to the pressure of ~0.26 kbar which is close to 0.25 kbar 

obtained by Vishnykov et al.4  The - state configuration of the LB is given in Fig. 3.1.1 

f-g. Our model is able to reasonably reproduce the disjoining pressure in the regions of 

stability of the 𝛽-state from -0.08 kbar to 0.25 kbar and the 𝛼-state from 0.7 kbar to -0.1 

kbar. Most interesting are the - and - states with zero disjoining pressure , which 

correspond to the equilibrum states that would be obtained in the process of unforced 

adhesion. Note, that the states with the negative values of the disjoining pressure 

correspond to experimental states that could be observed during the membrane detachment.  

 3.2 LB Coating of the Substrate with Hydrophilic Particle: 

We performed simulations of systems consisting of the LB and the substrate with a 

hydrophilic NP of various sizes decorated on the surfaces. The LB configurations are 

analysed at both α-and β states by the procedures outlined in sections 2.7 and 2.8. In the β 
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state, we observe no effects on the LB, with very small NPs, while NP of intermediate sizes 

causes the formation of the hydrophilic pores.  Larger NPs cause partial covering of the 

NPs by the LB. In the α-state, we observe, pore formation in the case of small NPs, while 

large NPs cause partial to complete coverage by the LB over the NP. 

3.2.1 Hydrophilic NP with diameter 1.54nm: Figure 3.2.1 shows snapshots of the 

simulations of LB in the β state, with the 1.54 nm NP on the substrate.  The NP makes no 

influence on the LB in the β-state as can be seen from the cross-sectional (Fig. 3.2.1 c), 

side (Fig. 3.2.1 b) and top (Fig 3.2.1 a) views of the system. Although there is disjoining 

interaction between the LB and NP, it is so weak that no bulging or pore formation in the 

bilayer occurs.   The LB is able to overcome barrier separating β and α-states. 

The LB configuration in the α-state with 1.54nm NP is shown in Fig, 3.2.2. In this case, 

pore formation is observed, contrary to what is observed in the β state.   The pore is slowly 

opened (Fig. 3.2.2 a ) and is grown (Fig. 3.2.2 b )  into a hole that is larger than the NP 

(Fig. 3.2.2 c). Also,  the pore formed is a hydrophobic pore with no head groups at the rim 

(Fig. 3.2.2 c).  This can be happening due to the disjoining pressure as the top head will 

have to cross the barrier which it is unable to do so. Also, looking at fig 3.2.2 b and fig 

Figure 3.2.1: LB covering of substrate and 1.54nm Hydrophilic Particle: a) Final cross-sectional view, 
shows that there is no bulging but also shows that lipid is in 𝛼 −state wrt NP b) Side view of the NP-LB 
interaction c) Top view where we don’t see any pore formation. 

a 

b 

c 
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3.2.2 c it can be clearly understood that with respect to NP the heads beads favour staying 

in the β-state rather than the α-state due to the progression of the pore and this could be 

because of isotension nature of our LB. 

While it is unlikely the pore would be hydrophobic in a real system, such a configuration 

is likely a deficiency of the model: the lipid molecules composed of just three beads are 

way too short and do not have sufficient flexibility to form a toroidal surface that is 

commonly observed on the edge of a pore in a lipid membrane. Additionally, there is very 

little to no energy penalty for a hydrophobic pore in this model. 

Figure 3.2.2: a) Shows the pore opening at 15.1 𝜇𝑠 b) Flat pore after which propagation starts c) Final 
stable pore d) Cross Section View with NP shows the presence of cylindrical pore e) Shows 
hydrophobic pore. 

a b 
c 

d e 
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3.2.2 Hydrophilic NP with diameter 3.08 nm and 4.62 nm: Figs. 3.2.3 & 3.2.5 illustrates 

LB interaction with a substrate having NPs of diameter 3.08 nm and 4.62 nm on its surface, 

in the β-state configuration. From   Fig. 3.2.3a we can see how the LB bends around the 

NP as it is brought towards the substrate from above. As the NP approaches the β state, a 

small pore opens which then expands (fig 3.2.3d and fig 3.2.5b) into a pore of diameter 

~5.5 nm and ~7 nm in diameter respectively and stabilises (fig 3.2.3e and fig 3.2.5c). From 

a 

Figure 3.2.3: 3.08nm NP-LB Interaction a) shows the initial covering of the NP by LB when LB is still 
moving towards the substrate b) Shows clearly the bulging of the LB c) Show that bulging from the top 
d) Pore starting to form highlighted in yellow circle. Tiny red dot seen in NP e) Complete flat pre 
formation f) Final stable pore from the top g) Shoes how the bilayer with the pore has stabilized in the β- 
state h) Shows hydrophilic pore formation. 

b 

c d 

e f g 

h 
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the cross-sectional view (fig 3.2.3d and fig 3.2.5e-f) it can be seen that the pore formed are 

hydrophilic in nature due to the presence of the head group near the rims.   

Fig 3.2.4 and 3.2.6 shows the interaction at 𝛼-configuration. The dynamics of pore 

formation (fig 3.2.4a and fig 3.2.6a) and propagation to stable pore larger than NP diameter 

(fig 3.2.4b and fig 3.2.6b) is similar to what is stated for 𝛽-configuration but the only 

difference here is that the pore formed are hydrophobic in nature which is evident from 

cross sectional view (fig 3.2.4c and fig 3.2.6c), reason for such pores is discussed in 3.2.1. 

Figure 3.2.4: 3.08 NP-LB Interaction at α-configuration a) Small pore opening b) Propagation and 
formation of pores larger than NP diameter c) Hydrophobic pores. 

a b 
c 

Figure 3.2.5: 4.62nm NP-LB interaction: a) shows in the pore opening b) shows the final stable pore c) 
Shows the hydrophilic pore formed d) Shows hydrophilic pore with NP. 

a b 

c d 
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The pore formed for the 4.62 nm particle when bilayer is in the 𝛽- state is larger than the 

𝛼-state as it is evident from the fig 3.2.6.b,c,d. 

3.2.4 9.24nm and 15.4nm Nanoparticle:  

 

Figure 3.2.6: 4.62 nm NP-LB at α -state: a) Shows the pore opening b) Stable Final pore c) Shows 
side view of NP-substrate covering d) shows the formation of hydrophobic pore. 

a b 

c 
d 

Figure 3.2.7: 9.24 nm 𝛽 −state simulations: a) Shows the total covering of bilayer during propagation 
of bilayer towards the 𝛽 −state b) Shows the small pore opening c) Shows the formation of the flat 
pore formation. d) shows the stable final pore. e) Cross-Sectional View where hollow nature of the 
NP is visible. Also, hydrophilic pore can be seen) Without NP hydrophilic pore is clearly seen. 

a 

b c 

d 

e 
f 
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Fig 3.2.7 and Fig 3.2.8 shows the β-state configuration of LB above the substrate having 

the NPs of sizes 9.24 nm and 15.4 nm. As seen before, NP gets enveloped by the LB as it 

moves towards the substrate (Fig. 3.2.7a) and subsequently pores opening occurs (Fig. 

3.2.7b and Fig 3.2.8a) which grow into a large pore.  Here the pore diameter is ~12 nm and 

~18nm for 9.24 nm and 15.4 nm NPs respectively due to head groups present near the rim 

of the pore that is in the β-state of the NP disjoining potential. This process of pore 

formation is so slow that if enough equilibration steps (approximately 250𝜇𝑠 and 500𝜇s 

for 9.24 nm and 15.4 nm NPs respectively) are not given then one might assume partial 

coating of that the bilayer (fig 3.2.8). The pore is hydrophilic which can be seen in (Fig 

3.2.7e-f and Fig 3.2.8 e-f). 

Figure 3.2.8: 15.4 nm NP-LB interaction in β- state a) Small pore opening b) semi covering of NP by 
bilayer c) Flat pore formation d) Stable final pore e) Shows the hydrophilic pore when NP is removed 
and f) shows the hydrophilic pore with NP g) top view of bilayer with pore without NP. 

a 

b 

c 

d 

e 

f 

g 
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Figure 3.2.9 shows the 9.24 nm NP interaction with LB in 𝛼-state. From the figure, it is 

clear that there is a partial coating of LB on the NP and this coating is quite stable. We 

equilibrated LB for about 250𝜇s and still, the coating was present. 

3.2.5 23.1nm and 40.1nm Nanoparticle:  In this case, we simulated a large system with 

bilayer containing 20000 lipids and 80000lipids, with a box size of 115 × 77 ∗ 77 𝑛𝑚  

231 × 154 × 77 𝑛𝑚  with 23.1 and 40.1 nm NP respectively on the substrate surface. 

Figure 3.2.9: 9.24 nm NP-LB interaction in 𝛼-state: a) Top view we can see that there is partial coating 
of the LB b) Side view for partial coating c) Cross View which shows the hydrophobic pore 

a 
b 

c 

Fig 3.2.10 a) Top view shows the coating of NP b) Side view shows that the membrane has separated 
from the side c) Cross view without NP shows the hydrophobic pore d) Cross view with NP 

d 

c 

b a 
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Figure 3.2.10 and figure 3.2.11 shows the snapshots of the final configuration of the LB in 

the α-state. The NP is mostly covered by the LB as seen by the top view (Fig 3.2.10a and 

3.2.11a), however, the side views show Fig (3.2.10b-c-d and 3.2.11b-c) that the LB is 

broken at the NP-substrate contact and appear to be separated around the NP-substrate 

contact region.   

3.3 LB Coating of the Substrate with Hydrophobic Particle: 

In the case of substrates with hydrophobic NPs, we have analyzed only the LB 

configurations in the β-state.  We study the effects of hydrophobic NPs of sizes 1.54nm, 

3.08nm, 4.62nm, 9.24nm, 15.4nm and 23.1nm, that are placed on the hydrophilic substrate 

surface, on the LB that is brought towards the β-state from above. In general, the disjoining 

potential is absent between the NP-LB interactions, and as a result, the NP penetrates easily 

into the LB. For small NPs with a diameter smaller than the LB thickness, the NP is only 

partially encapsulated by the LB. As the NP size increases, the engulfing leads to 

monolayer coating on the NP. The results for NPs of different sizes are discussed in detail 

below.  

a b c 

Figure 3.2.11: 40.1nm NP-Lb interaction at 𝛼-state: a) From top view NP coated by LB b) Side view 
where it can be seen that LB coated on NP is separated from LB on substrate c) Cross View shows the 
hydrophobic pore 
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3.3.1 1.54nm Nanoparticle: The interaction of small hydrophobic NP with diameter 1.54 

nm resulted in no substantial changes in the LB configuration as there is no effective 

contact with the LB which is seen in the cross-sectional, side and top views (Fig.3.3.1).  

3.3.2 3.08 nm and 4.62 nm Nanoparticle: In this case, the NP is large enough to get in 

contact with the LB which is stable in the β state. Being hydrophobic, the NP penetrates 

the bilayer as shown by the side and cross-sectional views (Fig. 3.3.2), however, the NP is 

not engulfed from the bottom side. This is mainly because when the LB engulfs the NP LB 

or monolayer bends or curves around the NP and some energy is spent during this process 

Figure 3.3.1: 1.54 nm hydrophobic NP-LB interaction: a) Side view where it can be seen how the bilayer 
rest on top of NP in 𝛽 −state b) Cross-Section view which shows that there is no interaction between NP-
LB c) Top view. 

a 

b 

c 

Figure 3.3.2: 3.08nm hydrophobic NP-LB Interaction: a) Side view shown the penetration of the NP-
LB b) Cross View gives the better picture for the penetration c) Top View 

a 

b 

c 
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and due to which it cannot overcome the 𝛽-state energy barrier and completely engulf the 

NP. Similar behaviour is observed for slightly larger NP with diameter 4.62 nm (see 

Fig.3.3.3). 

3.3.3 9.62 nm and 15.4 nm Nanoparticles:  With larger NPs, we observe, engulfing of 

the NP by the LB with monolayer coating around the NP.  In addition, we observe a 

tendency to cover the bottom part of the NP. This could be because, as the NP size become 

larger the number of interactions increases and also as size increases the curvature of the 

bottom surface decreases, which allow the lipid tails to slide through, more easily, 

compared to the small NPs, in which the tails will have to move straight down to the 

substrate. Fig. a-c shows the LB configuration for 9.62 nm NP. 

Figure 3.3.4: a) Shows the top View b) Shows the total encapsulation of the NP c) Shows the 
monolayer surrounding the NP. 

a 

b c 

Figure 3.3.3: a) Clear penetration of NP into the bilayer b Cross View shows the penetration b) Top 
view 

a c 

b 
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 The dynamics for the 15.4 nm NP are similar to that of the 9.62 nm NP. Because of the 

size of the NP, LB envelopment requires significant disturbance of the LB structure. This 

disturbance causes many lipids to be thrown from the LB resulting in the micelle observed 

in figure 3.3.4b.  

  

Figure 3.3.5: a) Shows the top View b) Shows the total encapsulation of the NP. There is a small micelle 
which was formed during the propagation of bilayer towards the substrate c) Shows the monolayer 
surrounding the NP. 

a 

b 

c 
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4. Conclusion: 

Research of the mechanisms of interactions between nanoparticles (NPs) and lipid 

bilayers (LBs), which constitute the foundation of cell membranes, is important in order to 

understand not only the specifics of NP drug delivery and imaging but also to understand 

the harmful effects related to NP toxicity. In this work, a coarse-grained molecular 

dynamics (CGMD) with implicit solvent (IS) is used to elucidate the stability of LBs 

supported on silica substrates decorated with hydrophilic and hydrophobic NPs. We 

introduced novel features in IS-CGMD set-up, which (a) secure the iso-tension membrane 

condition and (b) account for long-range lipid-substrate interactions due to the existence of 

the nanometer thick hydration layers between LB and silica. The latter effect is 

incorporated by using the effective long-range potential of interactions between lipid heads 

and silica mimicking the disjoining pressure developed in the hydration layer.  The 

proposed IS-GCMD method allowed for simulation of large systems with up to 40 nm NPs 

and 80,000 lipids in the simulation cell of  231 ∗ 154 ∗ 77 𝑛𝑚  in volume. 

The main results of the simulations are as follows.  

1. In studies of interactions of LB with a plane silica surface, we reproduced with 

our IS-CGMD model the results of earlier atomistic MD simulations showing the presence 

the hydration layer of water molecules confined between the substrate in two distinct 

configurations: α-states with the LB closely attached to the substrate and β-states with nm 

thick hydration layer. This effect is accounted by introducing the effective long-range lipid-

silica potential that imitates the disjoining pressure in the hydration layer. 
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2. In simulations of the interaction of LB with hydrophilic NPs deposited on a silica 

substrate, we have found a dramatic dependence of the stability of SLB on the NP size, as 

demonstrated in the experiments of Roiter et al28, 29. We found that smaller NPs, from 

1.54nm – 15 nm in diameter, induce holes in SLB and cannot be coated by the LB, while 

the membrane coating of NPs of size 23 and 40 nm was almost complete (within the limited 

length of our simulations). The coating defects at the bottom of NPs in highly curved 

regions can be attributed to (a) artificially acute geometry in the vicinity of the contact 

between a spherical particle and plane surface and (b) insufficient flexibility of the lipid 

model represented by the chain of three beads. 

3. In simulations of the interaction of LB with hydrophobic NPs deposited on a 

silica substrate, we have found that smaller NP of a size smaller than bilayer thickness 

penetrates into the LB, yet are not fully encapsulated. As the NP size increases and the 

number of interactions between NP-LB increases due to the affinity between tails and the 

hydrophobic surface of NP, the lipid chains were able to reconfigure and to completely 

encapsulate the NP. 

Although the obtained results look promising, further analyses and model 

modifications are needed to avoid the formation of membrane defects in highly curved 

regions. This can be done by refining (a) the coarse-grain lipid model allowing for the chain 

flexibility and (b) the implementation of the long-range lipid-surface potential, which was 

justified for the ideal plane geometry.  The latter is a general problem of the implementation 

of the disjoining pressure effects for curved interfaces beyond the conventional Derjaguin 

approximation38 which ignores the curvature effects.    
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In conclusions, with the implementation of the novel methods in IS-CGMD 

simulations, we simulated LB interactions with NP as large as 40 nm and got comparable 

results with the experimental observations on the stability of SLB on NP-decorated silica 

surfaces. The proposed method can be extended and applied to other NP-membrane 

systems, specifically to study the membrane stability affected by the presence of host 

bodies. 
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