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1 Introduction

ABSTRACT

The main phase transition temperature of a lipid membrane, which is vital for
its biomedical applications such as controllable drug release, can be regulated
by encapsulating hydrophobic nanoparticles into the membrane. However, the
exact relationship between surface properties of the encapsulating nanoparticles
and the main phase transition temperature of a lipid membrane is far from clear.
In the present work, we performed coarse-grained molecular dynamics simulations
to meet this end. The results show the surface roughness of nanoparticles and
the density of surface-modifying molecules on the nanoparticles are responsible
for the regulation. Increasing the surface roughness of the nanoparticles increases
the main phase transition temperature of the lipid membrane, whereas it can be
decreased in a nonlinear way via increasing the density of surface-modifying
molecules on the nanoparticles. The results may provide insights for understanding
recent experimental studies and promote the applications of nanoparticles in
controllable drug release by regulating the main phase transition temperature
of lipid vesicles.

Furthermore, lipids may improve the biocompatibility
of NPs, which promotes the biomedical applications of

Hybrid lipid vesicle-hydrophobic nanoparticle (NP)
systems have attracted broad interest based on their
advantages in diagnostic and therapeutic applications
[1]. NPs can stabilize the lipid vesicle [2], modulate
the phase behavior of the lipid vesicle [3, 4], and
trigger the lipid vesicle to release its inclusions under
an external field for controlled drug release [5-7].
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hydrophobic NPs such as in medical imaging [8, 9].
The synthesis of hybrid lipid vesicle-hydrophobic
NP systems has been extensively studied. Theoretically,
neutral hydrophobic NPs of size less than or com-
parable to the membrane thickness can be easily
encapsulated into the bilayer of the lipid vesicle
[10-12]. Besides, shape also affects the efficiency of
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encapsulation [13, 14]. Experimentally, for one thing,
the encapsulation of certain NPs can be achieved by
modifying proper molecules to the surface of NPs [15].
For another, synthesizing inorganic NPs of specific size,
shape, surface chemistry has already become possible
[16-19], which ensures the success of the encapsula-
tion. For example, Rasch et al. [20, 21] coated Au NPs
(diameter less than 2 nm) with dodecanethiol, mixed
the products with lipids, and successfully obtained
hybrid systems using the self-assembly method. Lee
et al. [22] functionalized NPs with hydrophobic and
hydrophilic ligands and realized the incorporation of
NPs with size greatly exceeding the bilayer thickness.

Since NPs with various properties can be incor-
porated into the lipid bilayer, many further studies

have focused on the effects of NPs on the lipid bilayer.

Park et al.[23] entrapped Ag NPs into the hydrophobic
region of dipalmitoylphosphatidyl-choline (DPPC)
liposomes and found Ag NPs can increase membrane
fluidities above the main phase transition temperature
of DPPC molecules (41 °C). They further found Au
NPs have the similar effects [24]. Bothun et al. [25]
embedded Ag-decanethiol NPs into the bilayer and
demonstrated, using differential scanning calorimetry
and fluorescence anisotropy, that increasing the
nanoparticle concentration suppresses the lipid pre-
transition temperature, reduces the main phase
transition temperature, and disrupts gel phase bilayers.
Recently, they further found that a high loading
of embedded stearylamine (SA)-stabilized Au NPs
induced large increases in the main phase transition
temperature of DPPC/dipalmitoylphosphatidylglycerol
(DPPG) vesicles [26]. They ascribed this behavior to the
cooperative effects of excess free SA ligands and NPs.
As a result, the main phase transition temperature of
the lipid bilayer can be either reduced or increased
by encapsulating NPs with specific surface properties.
However, the precise relationship between surface pro-
perties of NPs and changes in the main phase transition
temperature is far from being fully understood, and
this is the focus of this work.

The main phase transition process (gel-to-fluid
phase transition) is primarily a cooperative rotameric
disordering of the hydrocarbon chains, which is
determined by combined excluded volume interactions
and attractive van der Waals interchain interactions
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[27]. Both these two main interactions can both be
properly reproduced using the MARTINI force field
[28]. Hence, it is valid to use the MARTINI force field
to study the main phase transition of lipid membranes.
Several recent simulation studies have validated the
applicability of the MARTINI force field to study
phase transition process of lipid membranes [29-33].
It is worth mentioning that the size of the lipid vesicle
for the hybrid NP-vesicle system generally exceeds
hundreds of nanometers in diameter and the small
local region of the hybrid system can be approximated
as a planar lipid bilayer (about tens of nanometers in
size) encapsulating the hydrophobic NPs. Therefore,
in this study, we focus on the effects of surface
chemistry—such as surface roughness and surface
ligand density on the hydrophobic NPs—on changes
in the main phase transition temperature of planar
lipid bilayer.

2 Model and simulation details

Briefly, the MARTINI CG model is based on a four-
to-one mapping, i.e., on average four heavy atoms
are represented by a single interaction site. Only four
main types of interaction sites are defined: Polar (P),
nonpolar (N), apolar (C), and charged (Q). Each
particle type has a number of subtypes, which allow
for a more accurate representation of the chemical
nature of the underlying atomic structure. Within a
main type, subtypes are either distinguished by a
letter denoting the hydrogen-bonding capabilities
(“d” donor, “a” acceptor, “da” both, and “0” none), or
by a number indicating the degree of polarity (from 1,
low polarity, to 5, high polarity). A shifted Lennard-
Jones (LJ) 12-6 potential energy function

Uy (1) =4, (07] —(07] M

(o, representing the closest distance of approach
between two particles and ¢; the strength of their
interactions) and a shifted Coulombic potential energy
function
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(relative dielectric constant &,=15 for explicit screening)
are used to describe the non-bonded interactions. A
weak harmonic potential

1
Vbond (R) = E Kbond (R - Rbond )2 (3)

(an equilibrium distance R, =0 =047 nm and a
force constant of K, ,=1,250kJ-mol”-nm™) is
applied for the bonded interactions. A weak harmonic
potential

Vangle (0) = %Kangle {COS(@) - COS(HO )}2 (4)

is used for the angles to represent chain stiffness. For
angle =25 K] -mol ™
and the equilibrium bond angle 6, =180°; for the cis
double bond, K. =35kJ-mol™ and 6, = 120°. More
details can be found in the Electronic Supplementary
Material (ESM) or in the paper by Marrink et al. [28].
Considering that the size of the lipid vesicle for the

aliphatic chains, the force constant K

angle

hybrid NP-vesicle system generally exceeds hundreds
of nanometers in diameter, the small local region of
the hybrid system can be approximated as a planar
lipid bilayer encapsulating hydrophobic NPs. In this
study, our systems each include a planar DPPC bilayer
of 512 DPPC molecules, 17,920 CG water molecules,
and a NP. The CG representations of DPPC and water
molecules are the same as in the literature [28]. In this
work, we focus on physical surface properties, such
as surface roughness and surface molecule density,
rather than the surface chemistry of NPs. Hence, we
choose a Cl-type bead, which is the same as the tails
of DPPC molecules (Fig. 1(a)), to build hydrophobic
NPs and ligand molecules. Beads are placed evenly
on the concentric spherical surfaces to obtain a NP
with a smooth surface (Fig. 1(b)); beads are stacked in
a face-centered cubic (FCC) manner to form a NP with
a rough surface (Fig. 1(c)), and all beads of NP within
1 nm are constrained by a bond to ensure a rigid NP.
This modeling method for a nonspecific NP has been
widely used with the MARTINI and other coarse-
grained models [11, 34—44] and helps to elucidate
the general effects of the properties of NPs (such as
size, shape, surface chemistry, and stiffness) on its
interactions with the lipid bilayer. As for the ligand
molecule, we choose a three-bead model, the length
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Figure 1 Snapshots of (a) a coarse-grained DPPC molecule, (b) a
smooth NP, (c) a rough NP, (d) a ligand molecule, (¢) a smooth NP
with ligand molecules, and (f) a rough NP with ligand molecules.
The CG beads of NP (yellow) and ligand molecule (lime) have the
same hydrophobic properties as that of the DPPC tail (cyan).

of which is close to that of 12-carbon straight-chain
alkanes. 0%, 33%, 50%, 100% of the surface beads of
NPs (diameter d = 3 nm) are evenly modified with
ligand molecules to realize different ligand densities on
the surface. In addition, NPs (d = 4 nm) are considered
as a control group to evaluate the effects of size increase
induced by surface ligands.

A hydrophobic NP was first placed in the water near
the DPPC bilayer (the minimum distance between
NP and the bilayer is 0.5nm) and the system was
relaxed for 200 ns at a temperature of T = 335 K. Then,
an external force was exerted on NP to drag it into
the hydrophobic region of the DPPC bilayer. (The
dynamics of NPs penetrating into a lipid bilayer has
been widely probed. Hence, we use an external force
just to obtain conformation of the lipid bilayer with
the encapsulated NP.) All NPs can be easily embedded
in the DPPC bilayer to form stable hybrid systems.
The hybrid system was cooled by AT = 5K step by
step until 280 K. The output configuration at T was
used as starting input for the system at T-AT and a
400 ns equilibrium run was performed at each tem-
perature with last 100 ns for data analysis (at each
temperature, the system can reach equilibrium within
300 ns). The final conformation at T =280 K was used
as the initial state for the gel-to-fluid phase transition
simulation (heating process), which had a similar
procedure as mentioned above but in the reverse
direction.
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For all simulations, a cutoff of 1.2 nm was used for
van der Waals (vdW) interactions, and the Lennard—
Jones potential was smoothly shifted to zero between
09nm and 1.2nm to reduce cutoff noise. For
electrostatic interactions, the Coulombic potential, with
a cutoff of 1.2 nm, was smoothly shifted to zero from
0 to 1.2 nm. The relative dielectric constant was 15,
which is the default value of the force field [28]. DPPC,
water and NPs were coupled separately to Berendsen
heat baths [45] at T, with a coupling constant 7 =1 ps.
The monolayer compression was simulated using
semiisotropic pressure coupling (Berendsen coupling
scheme [45], with a coupling constant of 4 ps, com-
pressibility in the lateral direction of 5 x 10~ bar™ and
in the normal direction of zero). Each of the simulations
was performed for 400 ns with a time step of 40 fs.
The neighbor list for non-bonded interactions was
updated every 10 steps. Snapshots of the simulation
system in this paper were all rendered by the Visual
Molecular Dynamics (VMD) software [46]. All simu-
lations were performed with the GROMACS simulation
package [47].

3 Results and discussion

3.1 Phase transition kinetics of the pure DPPC
bilayer

The different phases of the pure DPPC bilayer have
been studied by various experimental methods. It is
known that the DPPC bilayer can exist in many phases
such as the fluid phase, the ripple phase, the gel phase,
the subgel phase, the nonlamellar cubic phase, and
the inverse hexagonal phase [30, 48, 49]. The transition
from the ripple phase to the fluid phase is defined as
the main phase transition. The occurrence of the main
phase transition is always accompanied by sudden
shifts in parameters such as the volume, the area per
lipid, and the lipid tail order parameter, which can
be easily quantified both in experiments [48, 49] and
simulations [29-32, 50].

In order to capture the process of the main phase
transition, the area per lipid (Fig. 4) and the lipid order
parameter (Fig. 5) were calculated. Above T = 315K,
the area per lipid experiences a sudden increase and
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the lipid order parameter showed a sudden decrease,
which characterizes the occurrence of the main phase
transition. Hence, we can obtain the main phase
transition temperature (T,,) of the pure DPPC bilayer
as about T,, = 315K from our simulation results,
which is similar to gel-to-fluid simulations reported
by Rodgers et al. [30]. It is worth mentioning that this
value is quite different from the value of 295+5K
calculated by the developer of the MARTINI force
field [51]. By carefully comparing the differences be-
tween our simulation systems and related systems, we
can ascribe the difference between the results mainly
to the system size together with the force field itself.
295 + 5K is the result for larger systems using the
initial version of the MARTINI force field [51, 52]
while 315 K is the value obtained for smaller systems
using the improved MARTINI force field [28-30]. To
enable direct comparison, we enlarged the smaller
systems to four-fold systems (2,048 DPPC molecules),
and found the main phase transition temperature of
the pure DPPC bilayer was reduced to 310 K (Fig. S4
in the ESM). But the trends in the effects of NPs are
the same both for the smaller and the larger systems,
which validates our results of smaller systems.

We further calculated the two-dimensional (2D)
phase map of the DPPC bilayer to capture the details.
The 2D phase map was constructed using the lipid
order parameters of DPPC molecules as described in
our previous work [36]. As shown in Fig. 2(a), the 2D
phase map clearly shows the lipid tail order parameter
of the DPPC bilayer at different temperatures. At
T=280K, the tail order parameters of all lipids are
large, representing consistent orientation of lipid tails,
which corresponds to the gel phase. On increasing
the temperature to 290K, a liquid-disordered lipid
nanodomain appears (the green region in the images
at 290-315K in Fig.2(a)). The snapshot (Fig. 2(b))
further shows this is a ripple-like phase, which is
similar to “the intermediate phase” reported by
Rodgers et al. [30]. Then above 315 K, the whole map
is green, corresponding to a lipid-disordered state and
thus the fluid phase. Our simulation and analysis
methods reproduced the main phase transition of the
pure DPPC bilayer very well.
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Figure 2 (a) Two-dimensional (2D) phase map of a pure DPPC bilayer during the gel-to-fluid phase transition, where different colors
correspond to different order parameters as shown in the color bar; (b) Snapshots of section views of DPPC bilayer marked using the
blue line in (a). The DPPC bilayer experiences transitions from a gel phase (280 K), to ripple-like phase (290 K), to fluid phase (320 K).

3.2 Phase transition temperature of the DPPC
bilayer encapsulating hydrophobic NPs

As has been reported, hydrophobic NPs with size less
than or comparable to the membrane thickness can be
easily encapsulated in a lipid bilayer [10-12]. In the
present work, our focus is the relationship between
the main phase transition temperature of the DPPC
bilayer and the surface properties of encapsulating
NPs rather than the penetration dynamics of different
NPs. The latter has been widely studied by many
other researchers [11, 34—44]. Hence, we just perform
pulling simulations to drag NPs into the hydrophobic
region of the DPPC bilayer at T = 335 K. All the NPs
can be easily encapsulated into the DPPC bilayer and
remain stable in the hydrophobic region of the bilayer

throughout the simulation time. Then the obtained
NP-bilayer complex systems were cooled to T =280 K
as the initial systems for the main phase transition
simulations.

With the encapsulation of hydrophobic NPs, the
orientation of DPPC molecules adjacent to NPs are
disrupted (Fig.3 and Fig. S1 in the ESM), which is
consistent with the reconstruction of neighboring
DPPC molecules induced by NPs reported in the
experiments of Wang et al. [3]. This disruption is similar
at all temperatures considered in our simulations.
Furthermore, no liquid—disordered lipid nanodomain
far from NPs exists before the main phase transition.
This does not represent the disappearance of the
ripple-like phase, since NPs may prefer to interact with
the fluid phase lipid bilayer rather than the gel phase

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1200

Nano Res. 2014, 7(8): 1195-1204

9

) i

Ts

Ad)

Figure 3 Snapshots of a smooth NP of (a) 3 nm size (0% ligands), (b) 3 nm (33% ligands), (c) 3 nm (50% ligands), (d) 3 nm (100%
ligands), (e) 4 nm (0% ligands) and their encapsulation in the DPPC bilayer of the gel phase (middle of the orange box) and the fluid
phase (bottom of the orange box). (a')—(e') are the corresponding cases for rough NPs. The colors of DPPC and NPs are the same as in

Fig. 1. Water molecules are not shown for clarity.

lipid bilayer [53]. In other words, the liquid-disordered
lipid nanodomain may appear at the location of the
NPs. In addition, it is worth mentioning that the
disruption does not dominate the whole phase behavior
at each specific temperature, and all the hydrophobic
NPs can remain stable in the DPPC bilayers of both
the gel phase and the fluid phase during the whole
gel-to-fluid phase transition simulations (Figs. S2 and
S3 in the ESM).

The area per lipid and the lipid tail order parameter
were calculated to study the phase transition kinetics
of the DPPC bilayer encapsulating NPs (Figs. 4 and 5).
Lipids of the fluid phase are characterized by larger
area per lipid and smaller lipid tail order parameter
compared with the corresponding values for the gel
phase. The sudden increase of the area per lipid and
the sudden decrease of lipid tail order parameter
correspond to the occurrence of the gel-to-fluid phase
transition. In general, Figs. 4 and 5 show that the main
phase transition temperature can be either increased
or decreased by encapsulating NPs with appropriate
surface roughness and density of surface ligand

TSINGHUA
UNIVERSITY PRESS

molecules into the DPPC bilayer. Figure 6 further
summarizes the effects of surface roughness and
the density of ligand molecules on the main phase
transition temperature of the DPPC bilayer. For smooth
NPs, addition of 3 nm (0% ligand) NPs has no effects
on the T,,. With the increase of the density of ligand
molecules (from 0 to 100%), T, first decreases to a low
value and then increases slightly. Addition of 4 nm
(0% ligand) NPs also has little effect on the T, which
therefore excludes any effects of the size increase
induced by ligand molecules. For rough NPs, 3 nm
(0% ligand) NPs increase T,,. The effect of the density
of ligand molecules is similar to that for smooth
NPs. With the increase in number of surface ligand
molecules, the effects of adding NPs gradually become
dominated by the ligand molecules (as in the cases of
50% and 100% ligands). These results are supported
by some recent experimental studies on the effects
of hydrophobic NPs on the main phase transition
temperature of lipid bilayers [25, 26]. For example,
Bothun [25] embedded Ag-decanethiol NPs into a
DPPC bilayer and found the main phase transition

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 4 Variation of the area per lipid during the main phase

transition process for the DPPC bilayer encapsulating (a) smooth

NPs and (b) rough NPs. The green line is for the case of the pure

DPPC bilayer.

temperature was reduced. Decanethiol molecules mo-
dify the surface of Ag NPs via covalent interactions to
form Ag-decanethiol NPs, whilst covalent interactions
are strong enough to keep decanethiol molecules on
the surface of Ag NPs while in the hydrophobic
region of the DPPC bilayer. Here, Ag NPs with
sufficient surface molecules can bring down the main
phase transition temperature of the DPPC bilayer,
which is consistent with our simulations. More recently,
White et al. [26] demonstrated that the main phase
transition temperature of DPPC/DPPG vesicles can be
markedly increased by encapsulating stearylamine
(SA)-stabilized Au NPs. SA molecules are attached to

the surface of Au NPs due to electrostatic interactions.

However, it is well documented that surface roughness
has influence on the attachment and detachment of
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Figure 5 Variation of order parameter during the main phase

transition process for DPPC bilayer encapsulating (a) smooth

NPs and (b) rough NPs. The green line is for the case of the pure

DPPC bilayer.
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Figure 6 The relationship between the main phase transition
temperature (7y,,) of the DPPC bilayer and the surface properties
of its encapsulating NPs. The green line (315 K) is for the case of
the pure DPPC bilayer.
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colloids on surfaces [54-56]. Hence, SA molecules
may detach from the surface of NPs to form naked
Au NPs in the hydrophobic region of the DPPC/DPPG
bilayer. The naked Au NPs, which have rougher
surface, further increase the main phase transition
temperature of the lipid bilayer together with the free
SA molecules. The results of the FCC-stacked rough
NPs in our simulations are completely consistent with
the behavior of Au NPs mentioned above.

4 Conclusions

We have performed coarse-grained molecular dynamics
simulations to probe the effects of encapsulated NPs
on the main phase transition temperature of a DPPC
bilayer. The results show that tuning the properties
of NPs—such as surface roughness and the density of
ligand molecules—can help modulate the main phase
transition temperature of the DPPC bilayer. Increasing
the surface roughness of NPs raises the main phase
transition temperature of the DPPC bilayer, while
increasing the density of surface ligand molecules of
NPs causes the main phase transition temperature of
DPPC bilayer to initially decrease and then increase.
The results may provide insights into optimizing
the design of hybrid NP-vesicle systems and thus
promote their biomedical applications in drug release
systems and other areas.
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