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switch method The last method worth to be mentioned is the switch method,
that uses two cut-off radii rc1 and rc2. In the range r 6 rc1, the potential is in
the natural functional form, while for r > rc2 is set to 0. In the range rc1 < r 6
rc2 a switching function brings the potential to 0 smoothly; this solve both the
discontinuity of energy and forces, and let the potential in the original form within
rc1.

Non-bonded interactions can be distinguished between long range and short
range, depending whether their decay with distance happens slower or faster than
r−dij respectively, where d is the dimensionality of the system [6]. As shown in
equation (2.3.3), the VdW term decays as r−6ij , hence is to be considered a short
range interaction; on the other hand the electrostatic term, being of the form r−1ij ,
is a long range term. For short range interactions, a cut-off method like the ones
described is only a light approximations, since a cut-off range smaller than half of
the box size is enough to let the interactions decay almost to 0; on the other hand,
long range interactions require a more delicate treatment, since their decay could
be slow enough to make necessary a cut-off radius larger than the box size, hence
unusable to perform MD simulations.

It is important to mention that the parameters that set the cut-off radii and
method, despite being set in the MD configuration, are part of the FF, since their
values are strictly dependent on the particle species and their interactions; hence
the right values for these parameters must be taken from the FF and not modified
without retesting the target properties of the parameterization.

Electrostatic interactions

When different atoms in a molecule have a high difference in electronegativity,
an unequal distribution of charges arises; this leads to significant electrostatic
interactions between molecules.

There are several ways to model this charge imbalance, the simplest and most
widely used being that of assigning partial charges to each atom, and let them
interact through a Coulomb potential. The electrostatic interaction between two
molecules, for instance, can be represented as the sum of interactions between pairs
of point charges:

V =

Na∑
i=1

Nb∑
j=1

1

4πε0

qiqj

rij

Here, Na and Nb are the number of point charges in the two molecules.
In order to parameterize the electrostatic component of a force field is hence

necessary to calculate the set of atomic partial charges. For simple species these
charges can be calculated exactly, if the geometry is known; for instance if a
diatomic molecule has an experimentally determined dipole moment, it will be
reproduced by two adequate equal and opposite charges, assuming to know the
length of the bond.
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In other cases the partial charges are chosen to reproduce the experimental
thermodynamic properties using a series of simulations; to do this, the charges
are progressively tuned after every simulation until satisfactory agreement with
the experiment is obtained. Like the previous one, this approach is limited, being
viable only for small molecules or simple models.

Since they are not an experimental observable, the net charges cannot be un-
ambiguously extracted from the wavefunction, hence their direct calculation is
difficult. To overcome this problem there are many different methods, one being
obtaining them from the calculated electrostatic potential; the electrostatic potential
can be determined from the wavefunction:

Φ(~r) = Φnucl(~r) +Φelec(~r) =

M∑
A=1

ZA

‖~r− ~RA‖
−

∫
ρ(~r)

‖~r ′ −~r‖
d~r ′

where ~RA and ρ(~r) represents the positions of the nuclei and the electron distri-
bution, respectively. The potential produced by a set of finite charges is fitted to
reproduce the quantum potential, for instance by a least squares fitting procedure.

When the molecules that are being parameterized are too big to perform quantum
mechanical calculations at their atomic resolution, the net charges are calculated
for fragments, like monomers in a polymer.

Once the parameterization is complete, we have a set of net charges, that can
be one for each atom or for each molecular moiety; the partial charges for some
models can even lie in a different position from that of the atoms, for instance when
reproducing higher level multipole momenta.

The energy contribution of the electrostatic interactions have to be computed for
every non-bonded pair of partial charge in the system. Moreover, the interaction
being long ranged, each charge interacts also with the charges contained in the
periodic images of the system. Hence a general representation could be:

U =
1

2

+∞∑ ′

nx,ny,nz

N∑
i=1

N∑
j=1

1

4πε0

qiqj

‖~ri −~rj + ~n‖
(2.3.4)

where the prime indicates that for ~n = 0, i.e. for the contribution of the charges
in the simulation box, the self interaction term i = j is excluded. Of course, this
equation cannot be properly solved because of the infinite number of terms, hence a
cut-off method is needed. Since this interaction is a long-range interaction, however,
a simple cut-off method doesn’t produce a good result in most cases. This made
it necessary to develop more rigorous methods to solve equation (2.3.4), like the
Ewald summation method or its derivative the Particle mesh method, that provide a
rapidly converging form of the potential making it possible to use a cut-off.
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Van der Waals interactions

The other main class of non-bonded interactions are Van der Waals interactions,
which primarily arise from the quantum mechanics properties of the atoms. These
interactions are usually modeled as a sum of an attraction and a repulsion term.
The first is due to the dispersive forces, sometimes referred as London forces; the
latter is caused by the steric forces.

dispersive interactions The dispersive forces arise from the instantaneous
dipoles that are caused from the fluctuations in the electron clouds; these dipoles
can induce another dipole in neighbour atoms, giving rise to an attractive effect.
This effect is described by the London energy term, which is of the form:

v(~r) = −
3α4 hω

4(4πε0)2r6
(2.3.5)

where α is the polarisability of the atoms,  h the Plank’s constant and ω the
oscillatory frequence of the dipole of the isolated atom.

steric interactions The repulsive contribute is due to the large increase in
energy required to overlap two electron clouds of different atoms. This happens
because of the Pauli principle, according to which two electrons cannot share the
same set of quantum numbers, i.e. there cannot be two electrons with the same
spin in the same region of space: this leads to a reduction of the thickness of the
electron cloud, which implies a net repulsion between the to unshielded nuclei.
This repulsion energy decays exponentially as e−2r/a0 where a0 is the Bohr radius.

These two terms are usually modeled with a Lennard-Jones 12-6 function, which
takes these form for two interacting atoms:

v(r) = 4ε

((σ
r

)12
−
(σ
r

)6)
=
C12
r12

−
C6
r6

(2.3.6)

Here, σ is called the collision parameter, which is the separation for which the
energy is zero, and the well depth ε. The attractive part, i.e. the dispersive
interaction, is represented by the second term, which form is directly derived from
(2.3.5). The repulsive contribute, instead, is given by the first term proportional
to r−12; this functional form is different from the more accurate exponential one
previously mentioned, but is accurate enough to model a "wall" between the atoms
and can be computed taking the square root of the first term.

The Lennard–Jones potential represents a short-range interactions, it can be
handled in simulation with a simple cut-off method, possibly with the add of a
switch or shift method to obtain continuous forces and potential. We can see from
figure 2.9 that the Lennard-Jones function decays rapidly, being at r ∼ 2σ only the
1% of the value in r ∼ σ, hence a good choice is to set rc ∼ 2σ÷ 3σ.
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Figure 2.9: Plot of a Lennard–
Jones interaction potential
with ε = 1 and σ = 0.5. In
green and gold the separate
contributes, respectively the
attractive and the repulsive
terms.
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2.3.3 Coarse-grained models

As mentioned at the beginning of this chapter, FFs come in different resolutions.
For MD simulations of biomolecular systems, the mapping resolution of the FFs
goes from atomistic, where every particle represents a single atom, to various levels
of coarse-graining, where the particles represents groups of atoms.

Atomistic models represents the most realistic and accurate FFs, but their large
numbers of DOF affects heavily the computational performance of the simulations,
limiting significantly their time and size scales. Many of the biologically relevant
phenomena, like protein folding or membrane remodeling can occur at time scales
of tens of microseconds or even milleseconds, while atomistic simulations rarely
extend beyond the microsecond [12].

CG models were one of the methods developed to improve these sampling issue
and size limitations; coarse-graining consists in reducing the complexity of the
simulated system by grouping together atoms into virtual particles, called beads.
The improvement of the computational efficiency depends on the specific model,
and its level of detail.

Indeed, a wide variety of CG models are available; the level of coarse-graining
required depends on the range of phenomena one its interested in simulating. In
figure 2.10 different level of coarse-graining are showed.

mapping One of the most important features that characterize a CG FF is the
mapping, which is the relation between number of beads and the number of atoms
in the atomistic picture. The mapping defines the level of coarse-graining, and
can be dependent on the species of molecules mapped; the more atoms a single
bead represents, the more small-scale structural details will be sacrificed in favor of
computational speed. A single system in a simulation can be mapped at multiple
levels, in the multi-scale approach; this method allows to simulate part of the system
at a higher resolution than the others, simulating interactions at lower scales only
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Figure 2.10: Different levels of the coarse–graining of a phospholipid. From left to right
increasing levels of coarse–graining. Taken from [191]

when pertinent. Other force fields even considers the solvent as implicit, allowing
to simulate only the interesting biological structure.

Once a mapping scheme is established, interaction potentials between beads
must be assigned. The parameterization of the potential can be developed following
a top-down strategy, i.e. fitting the parameters to respect a set of macroscopic
thermodynamic properties; this is particularly suited for large biomolecular systems.
Otherwise, the aim can be that of accurately reproducing the structural properties
of the molecules, especially when dealing with the behaviour of polymers and for
other material sciences. Summarizing, the efficiency improvement of the coarse
graining procedures is due to the following reasons:

• the DOF of the system are reduced, hence reducing the number of interactions
that need to be calculated at each step;

• bead-bead potentials, which result from a removal of finer structural details,
are smoother than atom-atom interactions; this smoothening of the potential
landscape leads to faster diffusion rates;

• vibrational frequencies of bonds (the fastest processes in biomolecular simu-
lations) are lower, making it possible to sample the oscillations with a larger
time-step δt;

2.3.4 The coarse-grained MARTINI Force-Field

The simulations performed during this thesis were based on the martini FF.
The martini FF [121] is a coarse grained model developed to be fast, versatile,
and to keep chemical specificity [12]. It is based on a building block structure, where
the blocks are tuned to allow new molecules to be added to the model without
reparameterization of the force-field; martini hence permits to construct a
large variety of organic molecules. Martini is built to be used with gromacs.
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Figure 2.11: martini mapping of selected molecules: (A) Standard water bead; (B)
Polarizable water bead with embedded charges; (C) DPMC lipid; (D) Polysaccharide
fragment; (E) Peptide; (F) DNA fragment (G) Polystirene fragment; (H) C60 Fullerene
molecule. martini beads are represented as cyan transparent beads over the atomistic
structure

martini was developed to simulate lipid and surfactant systems, and was later
extended to proteins [131], carbohydrates [112] and polymers [170]. Moreover,
new extension to the martini topology database are often added, such as for
nanoparticles, which are especially relevant for this work [129, 213].

The beads of martini represent small chemical moieties, and are parameter-
ized with a top-down approach, consisting in calibration against thermodynamic
data, in particular oil/water partitioning coefficients. In fact, a broad range of
processes such as self-assembly of lipids, peptide-membrane binding and many
others depend critically on how the constituents partition between polar and non-
polar solvents. This allows martini to be flexible enough to be applied to many
different biomolecular systems.

Mapping in Martini

martini is based on a four-to-one mapping scheme, which is to say that on
average four heavy atoms (and their relative hydrogens) are represented by a single
interaction center, the bead. For instance, a martini water bead represents
four water molecules. In figure 2.11 there is a comparison between the atomistic
structure of some molecules with the CG structure. The beads are divided into
four main classes: polar (P), non polar (N), apolar (C) and charged (Q). For each
of these bead types there are a number of subtypes, which specify the chemical
nature of the moiety that the beads represents. The subtypes are distinguished by:

• their hydrogen-bonding capabilities: d (donor), a (acceptor), da (both), 0

(none)

• the degree of polarity, from 1 (low) to 5 (high)
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Moreover, there are two special particles types: the ring beads (S), useful to
reproduce ring structure in molecules, and the anti-freeze water bead BP4, which
prevents the freezing of water at high temperatures.

Bonded interactions

The potential for bonded interaction in martini is composed of two terms,
one for the bond length and one for the angles. The bonds are described with
an harmonic potential as the first term in equation (2.3.2), where the reference
length rbond = σ = 0.47nm and the force constant kbond = 1250 kJ/(mol nm2) are
generally the same for each bond; this is not a prerequisite, and they can be adjusted
for bonds in specific molecules to correctly reproduce their target properties.

The angle energy contribution is used to represent the chain stiffness, and is
expressed as a weak harmonic potential of the cosine:

U =
1

2
kangle(cos(θ) − cos(θ0))2 (2.3.7)

where θ0 = 180◦ and kangle = 25 kJ/mol; for angles that involve the cis double
bond they are set to θ0 = 120◦ and kangle = 45 kJ/mol, while for angles that
involve the trans unsaturated bond θ0 = 180◦ and kangle = 45 kJ/mol.

For the ring beads, an improper torsional term for out of plane distortion can be
used, of the form

U = kid(θijkl − θ0)
2

where θijkl represents the out of plane bending angle. Torsions as in equation
(2.3.2) may be introduced when needed, e.g. for modeling plymers at CG level
[170].

Non-bonded interactions

van der waals interactions The dispersive forces are modeled with a
Lennard-Jones potential energy function like the one in equation (2.3.6), where
the collision parameter (the effective size of the particle) σ = 0.47 nm is assumed
to be the same for each interaction pair, except for the anti-freeze water bead,
which is bigger, and the ring particles which are smaller. The other exception is
for interactions between charged (Q-type) and the most apolar types (C1 and C2),
where the repulsion range is extended by setting σ = 0.62 nm. There are instead 10

different values of the interaction strength ε, summarized in table (2.1).
Each pair of beads, defined by their type and subtype, interact with one of these

value of ε, that are shown in figure 2.12. The interaction of level I models strong
polar interactions as in bulk water, levels II and III model more volatile liquids,
level IV models the nonpolar interactions in aliphatic chains and levels V–VIII are
used to represent various degree of hydrophobic repulsion between polar and non
polar phases. Finally, level IX describes the interactions between charged particles
(Q) and a very apolar medium.
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Table 2.1: Interac-
tion strength pa-
rameter (ε). The
last one is for the
special case σ =
0.62 nm.

Level ε [kJ/mol]

O 5.6
I 5.0
II 4.5
III 4.0
IV 3.5
V 3.1
VI 2.7
VII 2.3
VIII 2.0
IX 2.0

properties such as the area per lipid for many different lipid
types or the coordination number of ions in solution could be
maintained at the same level of accuracy as obtained with the
previous parametrization.23

2.3. Bonded Interactions. Bonded interactions between
chemically connected sites are kept unaltered with respect to
the previous version of the model. Bonds are described by a
weak harmonic potential Vbond(R)

with an equilibrium distance Rbond 0.47 nm and a force
constant of Kbond 1250 kJ mol 1 nm 2. The LJ interaction is
excluded between bonded particles. Bonded particles, on
average, are somewhat closer to each other than neighboring
nonbonded particles (for which the equilibrium distance is 21/6 ).
The use of a single equilibrium bond distance and force constant
is not a prerequisite, however. Different values may be used to
better reflect the underlying chemical structure. To represent
chain stiffness, a weak harmonic potential Vangle( ) of the cosine
type is used for the angles

LJ interactions between second nearest neighbors are not
excluded. For aliphatic chains, the force constant remains at
Kangle 25 kJ mol 1 with an equilibrium bond angle 0 180 .
Extensive analysis46 of the angle distributions and configura-
tional entropy of aliphatic chains modeled with our previous
coarse grained model compared to an atomistic model has
revealed that the CG model performs very well. For cis-
unsaturated bonds, the same study showed that the force constant
was slightly too weak to reproduce the mapped angle distibution
obtained from the atomistic simulation. Therefore, in the new
model, the force constant for the angles involving the cis double
bond is set to Kangle 45 kJ mol 1 (the original value Kangle

35 kJ mol 1). The equilibrium angle remains at 0 120 .
Using the same approach for trans-unsaturated bonds, we obtain

the best fit to atomistic models with an equal force constant
Kangle 45 kJ mol 1 and 0 180 .
2.4. Ring Particles. In order to preserve the geometry of small

ring compounds, a four-to-one mapping procedure is inadequate.
The strategy to model rings is therefore to include as many CG
sites as necessary in order to keep the ring geometry, typically
resulting in a 2 or 3 to 1 mapping of ring atoms onto CG beads.
With this more detailed mapping, enough geometrical detail is
kept to mimic the geometry of small compounds such as
cyclohexane or benzene and sterol bodies such as cholesterol
(see Figure 1). As a consequence of the large density of CG
beads, the interaction parameters for ring particles need special
treatment. In the new model, we introduce a special particle
set, labeled “S”, which can be used to model ring structures. In
this set, the effective interaction size and strength for ring
ring interactions is reduced compared to the normal set.
Specifically, the of the LJ potential is set to 0.43 rather than
0.47 nm and the is scaled to 75% of the original value. This
allows ring particles to pack more closely together without
freezing, which allows reproduction of the liquid densities of
small ring compounds while retaining the correct partitioning
behavior. Thus, a hydrophobic particle of type SC1 (C1 of set
S), being part of a cyclohexane ring, will interact with like
particles using a LJ potential with 0.75 3.5 kJ mol 1

and 0.43 nm. Its interaction with C1 particles of normal
type will be unaffected, i.e., 3.5 kJ mol 1 and
0.47 nm.
Apart from a modification of the effective interaction volume,

for ringlike structures equilibrium bond lengths and equilibrium
angles are chosen to reflect the underlying geometry as
accurately as possible. To preserve the rigidity of the rings, and
to avoid fast oscillations arising from very high force constants,
bonds or angles can also be replaced by an appropriate set of
constraints. Intermolecular LJ interactions are excluded within
the ring systems. Furthermore an improper dihedral angle
potential can be used for more complicated geometries to
prevent out of plane distortions

TABLE 1: Interaction Matrixa

Q P N C

sub da d a 0 5 4 3 2 1 da d a 0 5 4 3 2 1

Q da O O O II O O O I I I I I IV V VI VII IX IX
d O I O II O O O I I I III I IV V VI VII IX IX
a O O I II O O O I I I I III IV V VI VII IX IX
0 II II II IV I O I II III III III III IV V VI VII IX IX

P 5 O O O I O O O O O I I I IV V VI VI VII VIII
4 O O O O O I I II II III III III IV V VI VI VII VIII
3 O O O I O I I II II II II II IV IV V V VI VII
2 I I I II O II II II II II II II III IV IV V VI VII
1 I I I III O II II II II II II II III IV IV IV V VI

N da I I I III I III II II II II II II IV IV V VI VI VI
d I III I III I III II II II II III II IV IV V VI VI VI
a I I III III I III II II II II II III IV IV V VI VI VI
0 IV IV IV IV IV IV IV III III IV IV IV IV IV IV IV V VI

C 5 V V V V V V IV IV IV IV IV IV IV IV IV IV V V
4 VI VI VI VI VI VI V IV IV V V V IV IV IV IV V V
3 VII VII VII VII VI VI V V IV VI VI VI IV IV IV IV IV IV
2 IX IX IX IX VII VII VI VI V VI VI VI V V V IV IV IV
1 IX IX IX IX VIII VIII VII VII VI VI VI VI VI V V IV IV IV

a Level of interaction indicates the well depth in the LJ potential: O, 5.6 kJ/mol; I, 5.0 kJ/mol; II, 4.5 kJ/mol; III, 4.0 kJ/mol;
IV, 3.5 kJ/mol; V, 3.1 kJ/mol; VI, 2.7 kJ/mol; VII, 2.3 kJ/mol; VIII, 2.0 kJ/mol; IX, 2.0 kJ/mol. The LJ parameter

0.47 nm for all interacion levels except level IX for which 0.62 nm. Four different CG sites are considered: charged (Q), polar (P), nonpolar
(N), and apolar (C). Subscripts are used to further distinguish groups with different chemical nature: 0, no hydrogen-bonding capabilities are
present; d, groups acting as hydrogen bond donor; a, groups acting as hydrogen bond acceptor; da, groups with both donor and acceptor options;
1 5, indicating increasing polar affinity.

Vbond(R)
1
2
Kbond(R Rbond)

2 (3)

Vangle( )
1
2
Kangle cos( ) cos( 0)

2 (4)

Vid( ) Kid( id)
2 (5)

7814 J. Phys. Chem. B, Vol. 111, No. 27, 2007 Marrink et al.

Figure 2.12: Interaction strength association matrix for the martini bead types and
subtypes. Taken from [121]

electrostatic interactions The charge distribution is modeled with an
atom-centered net charge scheme. Charged groups (Q) have a full charge qi and
interact via a potential of the form

Uel(r) =
qiqj

4πε0εrr

which is a Coulomb potential with relative dieletric constant εr = 15 for explicit
screening.

Simulation parameters and effective time scale

In martini simulations the non-bonded VdW interactions are cut off at a distance
rc = 1.2 nm; the switch of the potential can be applied from rswitch = 0.9 nm.
With this setup, systems can be simulated with an upper limit to the integration
step of δt = 40 fs.This simulation parameters are de facto part of the FF, although
they have to be set in the MD software; they can be tuned if necessary but with
special attention because they can affect other properties of the simulated system.

In general, for CG systems the interpretation of the time scale is not straightfor-
ward. This is because in comparison to atomistic simulations, CG models produce
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faster dynamics. This is beacause the potential landscape is smoothened, since the
interacting particles are of significant larger size: friction arising from the atomic
DOF is simply missing. In martini, the effective time sampled is 2- to 10-fold
larger; for instance the factor of speed up for the water bead is about 4. These
estimation of speed-up, which are different for each molecule, are based on compar-
ison of single-molecule diffusion times between CG and atomistic simulations. It is
worth noting that this speed-up is not related to the computational speed-up of CG
simulations that depends on the reduction of the DOF: this second optimization
for martini is about 200.

MARTINI Parameterization

To parameterize the interactions of the beads, they were tested by comparing a set
of thermodynamic properties obtained in experiments with those obtained with
martini. The selected properties were the free energy of hydration, vaporization and
partitioning between polar (water) and non-polar phases, in particular hexadecan
(H), chloroform (C), ether (E) and octanol (O).

Hydration and vaporization free energies were measured from the partitioning
of the target CG bead between bulk water (for hydration) or the liquid phase
of the bead itself (for vaporization) and the vapor phase. These systems were
simulated in a canonical NVT ensemble. The free energy was then computed from
the equilibrium density of the bead in both phases with the equation:

∆G = kBT ln
(
ρvap

ρbulk

)
The free energies of partioning between water and organic solvents were obtained

in a NPT ensemble, with simulations performed of a system half filled with water,
half with the organic solvent; again, a small fraction of the target CG bead was
placed in the simulation box, and the equilibrium densities of the water and
non-polar phases were calculated, giving the free energy:

∆G
part
SW = kBT ln

(
ρoil

ρwat

)
where the notation SW means "Solvent-Water". In figure 2.13 the results are shown
and compared when possible with experimental results.

The results show that the performances for vapor-liquid systems are not very
reliable, being the free energies of vaporization and hydration generally too high
with respect to the experimental data. On the other hand, the partitioning free
energies between liquid phases match accurately the experimental ones.

Limitations of MARTINI

It is important, when using any FF, to know its limitations; it is necessary to
take them into account when interpreting the results of the simulation, and when
developing improvements of the model itself. Some of martini limitations
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slab in equilibrium with a dodecane slab. In order to study size
effects, both a small system (400 CG beads per solvent phase)
and a large system (1600 beads) were simulated. Simulations
of 1 s proved long enough to accurately calculate the interfacial
tension. The results are summarized in Table 4. Finite size
effects are actually important when calculating the interfacial
tension. The tension is systematically smaller for the larger
system size. We attribute this to the development of capillary
waves which are supressed in the small system. Additional
simulations for even larger systems show no further decrease
of the measured tension. Assuming that capillary waves are also
present in the experimental measurements, both the dodecane/
vapor and dodecane/water interfacial tension are in good
agreement with the experimental data. The water/vapor tension,
however, is too low. This observation fits with the inability of
the CG model to correctly reproduce the hydration free energy

of water, discussed above. Because the hydration free energy
is too low, the cost of creating a water/vapor interface is also
too low.

3.2. Improved Bilayer Properties.Many properties of lipid
bilayers could be reproduced on a semiquantitative level with
the original version of the CG model,23 including the area per
headgroup for both saturated and unsaturated PC and PE lipids,
the distribution of groups across the membrane, and the bending
and area compression moduli (for DPPC). With the new model,
these properties stay unaffected within the statistical uncertain-
ties. In the next paragraphs we focus on a few thermodynamic
properties of lipid bilayers that have not been addressed before,
namely, the stress profile across the bilayer, the transformation
of a lamellar structure into micelles, and the process of lipid
desorption and flipflopping.

3.2.1. Bilayer Stress Profile. One particular problem with
the original CG force field became apparent in a number of
studies concerning the spontaneous curvature of the lipids. In
the original publication of the CG force field23 it was already
noted that the tension required to stabilize a pore, characterized
by a predominantly positive curvature, in a DPPC bilayer was
too high. Simulations of mixed bicelles consisting of long-tail
DPPC and short-tail DCPC lipids also revealed that the
propensity of the short-tail lipids for the positively curved rim
of the bicelle was too low.40 In fact, systems of pure DCPC

TABLE 3: Thermodynamic Properties of the CG Particle Typesa

Gvap Ghyd GHW
part GCW

part GEW
part GOW

part

type building block examples exp CG exp CG exp CG exp CG exp CG exp CG

Qda H3N C2 OH ethanolamine (protonated) 25 30 18 13 18
Qd H3N C3 1-propylamine (protonated) 25 30 18 13 18

NA OH sodium (hydrated) 25 30 18 13 18
Qa PO4 phosphate 25 30 18 13 18

CL HO chloride (hydrated) 25 30 18 13 18
Q0 C3N choline 25 30 18 13 18
P5 H2 N C2 O acetamide sol sol 40 25 27 28 ( 20) 18 15 13 8 10
P4 HOH ( 4) water 27 18 27 18 25 23 14 10 7 8 9

HO C2 OH ethanediol 35 18 33 18 21 23 14 7 8 9
P3 HO C2 O acetic acid 31 18 29 18 19 21 9 10 2 6 1 7

C NH C O methylformamide 35 18 18 21 10 6 5 7
P2 C2 OH ethanol 22 16 21 14 13 17 5 2 3 1 2 2
P1 C3 OH 1-propanol 23 16 21 14 9 11 2 2 0 1 1 1

2-propanol 22 16 20 14 10 11 2 2 1 1 0 1
Nda C4 OH 1-butanol 25 16 20 9 5 7 2 0 4 2 4 3
Nd H2 N C3 1-propylamine 17 13 18 9 ( 6) 7 (1) 0 ( 3) 2 (3) 3
Na C3 O 2-propanone 17 13 16 9 6 7 1 0 1 2 1 3

C NO 2 nitromethane 23 13 17 9 6 7 0 2 2 3
C3 N proprionitrile 22 13 17 9 5 7 0 2 1 3
C O C O methylformate 16 13 12 9 ( 6) 7 (4) 0 ( 1) 2 (0) 3
C2HC O propanal 13 15 9 4 7 0 2 2 3 3

N0 C O C2 methoxyethane 13 10 ( 8) 2 (1) 2 6 (3) 6 (3) 5
C5 C3 SH 1-propanethiol 17 10 1 5 10 10 6

C S C2 methyl ethyl sulfide 17 10 6 1 (7) 5 10 10 (9) 6
C4 C2 C2 2-butyne 15 10 1 5 9 13 13 9 9

C C C C 1,3-butadiene 10 2 5 11 9 13 13 11 9
C X4 chloroform 18 10 4 5 (7) 9 14 13 13 11 9

C3 C2 C2 2-butene 10 5 13 13 13 13 14
C3 X 1-chloropropane 16 10 1 5 12 13 13 13 12 14

2-bromopropane 16 10 2 5 13 13 13 12 14
C2 C3 propane gas 10 8 10 16 15 14 14 16
C1 C4 butane 11b 10 9 14 18 18 18 14 16 17

isopropane gas 10 10 14 18 18 14 16 17

a Free energies of vaporization Gvap, hydration Ghydr, and partitioning Gpart between water (W) and organic phases (H, hexadecane; C, chloroform;
E, ether; O, octanol) are compared to experimental values. The experimental vaporization free energy was calculated from the vapor pressure pvap70

using Gvap kBT ln(pvap/kBTcM), where cM denotes the molar concentration of the liquid. The experimental free energies of hydration and partitioning
were compiled from various sources76 84 based on log P values. The temperature for the experimental data is in the range 298 300 K, except
where indicated. Simulation data were obtained at 300 K. Experimental properties between parentheses are estimates obtained from comparison to
similar compounds. The statistical accuracy of the free energies obtained from the simulations is 1 kJ mol 1. b The temperature for the experimental
data is 273 K.

TABLE 4: Interfacial Tension (mN/m) between Different
Phasesa

system small big experimental

water/vapor 45 30 73
dodecane/vapor 25 23 24
water/dodecane 70 50 52

a Results from simulations are obtained both in small and in big
systems. Experimental data taken from refs 70 and 85. The temperature
is 293 K in all cases. The error bars are smaller than 1 mN/m.
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Figure 2.13: Free energies of vaporization ∆Gvap, hydration ∆Ghydr and partitioning ∆Gpart,
compared with experimental results. All the free energy differences are expressed in
kJ/mol. The statistical accuracy of the free energies obtained from the simulations is
±1 kJ/mol. Temperature of the experimental data were 298− 300K except were indicated.
Experimental properties in parentheses are estimates obtained from comparison to similar
compounds. The statistical accuracy of the free energies obtained from the simulations is
±1 kJ/mol. b The temperature for the experimental data is 273 K. Taken from [121].

have to do primarily with its CG nature, and are shared with other CG FFs. These
include the already mentioned low chemical and spatial resolution, compared to
the atomistic models; a shifted balance between entropy and enthalpy due to the
lower number of DOF; other unpredictable modifications of kinetics.

Moreover, there are some limitations which arises specifically from the features of
martini; with the limited set of martini beads it can be difficult to reproduce
subtle differences in structure between similar molecules, that sometimes can lead
to large differences in thermodynamic behaviour; the fact that martini was
parameterized to reproduce a set of target properties, and specially free energies of
partition, implies a limited accuracy in prediction of other properties like the free
energies of hydration and vaporization, as we shown previously. Other limitations
are linked with the lack of electronic polarizability.

To improve the FF it is necessary to keep in mind that adding details to a CG
model, making it more similar to the reference atomistic model, while increasing
the accuracy, can reduce the computational advantages.
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2.4 membrane model

The main biological systems studied in this work is the membrane bilayer. The
membrane is present as an active player in each of the result chapters, coupled with
CNP and AuNP. In section 1.2 we described the importance of the biomembranes
in life, particularly in our organism, and its most important properties. In our
research the membrane is studied in its environment using MD, thus we need a
computational model that captures its most important features at the nanometer
scale. These include the movement and disposition of individual lipids, but also the
collective undulations of the membrane and its eventual large curvature regions.

The cell membrane is an extremely complex environment due to the large
number of different biological molecules (lipids, proteins and so on) that compose
and reside in it. Nevertheless, the model membrane that we will use in this thesis
will be composed of lipids only. This choice is dictated by three main reasons. First,
it is still too early for current models and computational power to effectively tackle
the complexity of a real plasma membrane[120]. Second, this approximated system
allows to answer fundamental questions concerning the physical and molecular
mechanisms of interaction between NPs and lipids, decoupling from the effects
of other inclusions and of composition. Last but not least, the model membrane
we will consider resembles closely the model membranes used in a number of
experimental and simulation results.

In the bilayer models we will use, we consider mainly two different kind
of membrane lipids. The first (Chapter 3) is 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine lipids (POPC), whose chemical structure is shown in of Figure
2.14. It is a zwitterionic glycerophospholipid of type phosphatidyl–choline whose
head is made of a phosphate (PO–

4
) and a choline (C5H14NO+) groups. It has

two hydrocarbon chains: one is a saturated chain (palmitoyl) and the other is an
unsaturated chain (oleoyl). The head groups and tails are both bounded to the
glycerol group (C3H8O3). The second membrane lipid we used, for the works of
Chapters 4 and 5, is 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) which, as
POPC, is a phosphocholine lipid, but has two unsaturated chains.

2.4.1 Martini membrane model

Since we needed to explore the properties of the membrane including both the
configurations of single lipids and the collective behaviour of the membrane on
larger scale, in this thesis we will use the CG martini FF for lipids [121].
The martini model for PC lipids maps the choline and the phosphate groups
into two beads of type Q0 and Qa, which are negatively and positively charged,
respectively. The saturated tails are modeled with four beads of type C1 while the
unsaturated tail are built up of four C1 beads and one C3 bead that corresponds to
the unsaturated group of atoms. The glycerol group is modeled with two beads of
type Na. A comparison of the chemical and CG structures of the lipids is shown in
Figure 2.14.
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Figure 2.14: Chemical structures of a POPC and a DOPC lipid, with their respective
representations in the martini model. Among the headgroups, the choline group is
represented in blue, the phosphate in tan, the glycerol group by the two pink beads. The
tails are represented in cyan, with the beads corresponding to the unsaturations highlighted
in red.

model accuracy The standard martini FF is able to capture the main physical
properties of a lipid bilayer. These properties include the area per lipid, the
distribution of groups across the membrane, the trend of the bending and the area
compression moduli in function of the lipid composition and the unsaturation
degree of the lipids, the stress profile across the membrane, and many other
as better described in [121, 119]. As any model, the martini model has its
limitations. Most of the properties strongly depending on electrostatic interactions
are not well described. These are ion translocation, electroporation of the membrane
by water, due to a cross membrane ion imbalance, water-helped ion permeation
and many other water defects inside the membrane as better described in the
works of Marrink[119] and Yesylevskyy[218]. As we have seen in Section 2.3.4,
this is because the standard martini FF does not take into account long range
electrostatic interactions. To overcome this problem the use of the PME method and
the PW models is a possible way to better describe the processes that involve the
interaction between ions, water and lipid bilayer, but it increases the computational
cost hindering one of the crucial advantages of martini.
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