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ABSTRACT: A reaction coordinate that can be used when investigating
binding to dynamical surfaces with molecular dynamics is introduced. This
coordinate measures the distance between the adsorbate and an isocontour in
a density field. Furthermore, the coordinate is continuous so simulation biases
that are a function of this coordinate can be added to the Hamiltonian to
increase the rate of adsorption/desorption. The efficacy of this new
coordinates is demonstrated by performing metadynamics simulations to
measure the strength with which a hydrophilic nanoparticle binds to a lipid
bilayer. An investigation of the binding mechanism that is performed using the
coordinate demonstrates that the lipid bilayer undergoes a series of concerted
changes in structure as the nanoparticle binds.

The binding and insertion of solutes into biomembranes
has important consequences for biological processes such

as cellular uptake, transport,1 molecular recognition,2 and
cellular stress response.3 In addition, the flux of matter across
cell membranes is normally mediated by specific ligand−
receptor interactions. Biomembranes are thus commonly in
contact with a variety of solutes ranging from ions and small
molecules4,5 all the way up to biological macromolecules such
as proteins and polymeric sugars, and many of these molecules
will cross the membrane via osmotic processes. Furthermore,
there has been much recent interest in how cell membranes
interact with the nanoparticles,6−9 which are increasingly being
used in commercial products10,11 and new health technolo-
gies.12−16 In all these cases, solute−membrane interactions are
paramount when it comes to determining the integrity of the
membrane and its permeability.
Many simulation studies have probed the mechanism by

which drug molecules cross the cell membrane,4,7,8,17−25 as this
process has important consequences in terms of drug delivery
and design.4,26 The effective interaction between the drug and
the membrane is normally quantified by measuring the binding
free energy profile, which provides information on the
thermodynamic cost for bringing the solute from the solution
up to a point in the proximity or inside the lipid bilayer. One
problem with this approach is the way the distance between the
drug and the membrane is evaluated. Typically, the distance
between the center of mass of the molecule and the center of
mass of the membrane is used.8,19,20,23,27−31 This is problem-
atic,32−36 however, as the shape and structure of the membrane
can change dynamically. In particular, lipid bilayers can undergo
shape fluctuations that are caused by long-wavelength capillary
waves, bending, curvature, or even changes in volume.

Furthermore, deviations of these sorts are often enhanced
when the membrane is perturbed by a bulky solute. The reason
this is problematic is that all of these effects serve to bend the
membrane and thus make the distance between the center of
mass of the solute and center of mass of the membrane, zcom, a
poor reaction coordinate.
Willard and Chandler37,38 proposed a potential solution to

this problem in the context of studying the evaporation of
water. They introduced a coarse-grained representation of the
atomic density and used the distance between the evaporating
water molecule and an isocontour in this three-dimensional
density as a collective variable (CV) for measuring how far the
evaporating water molecule is from the liquid surface. Willard
and Chandler’s method has since been used to study a range of
liquid−liquid interfaces.38,39 Furthermore, many researchers
have used techniques similar to Willard and Chandler’s to
extract the properties of a membrane from a simulation
trajectory.40−42 To our knowledge, however, no one has applied
this technique to study membrane−solute interactions and no
one has used it in tandem with metadynamics. In the present
paper, we thus use Willard and Chandler’s method to examine
the binding between a nanoparticle and a fluid lipid bilayer.
Metadynamics simulations are performed to extract the
nanoparticle binding free energy curve and to investigate how
the adsorption of the nanoparticle affects the shape and
thickness of the membrane. We show that the new CV
effectively resolves the problems of dealing with the dynamic
interface of the membrane that were encountered in previous
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studies and that we can thus rapidly extract reliable estimates
for the free energy of binding by making use of it.
Willard and Chandler’s method37,38 for finding the position

of the water surface starts by introducing an instantaneous
density field for water molecules
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In our work, the sum in this expression runs over the atoms
in the molecules that make up the membrane. Each of these
atoms is located at a position (xi, yi, zi) and the K is a smooth,
three-dimensional Kernel function (e.g., a Gaussian) that
integrates to one. Each atom in the membrane thus contributes
a function that is peaked at the atom’s position and which
decays over some characteristic length scale λ to the final field
ρ(x,y,z). The value of ρ(x,y,z) is thus large if this function is
evaluated at a point that is inside the membrane and small if it
is evaluated at some position outside the membrane.
Consequently, we can find interfaces that separate the
membrane from the surrounding solution by finding the two-
dimensional manifold containing points for which

φ φ− =x y z( , , ) 00 (2)

In this expression, φ0 is a parameter and φ(x,y,z) is calculated
using eq 1. As shown in the first two panels of Figure 1, this

procedures convert a particle-based representation of the
membrane and surrounding solution into a coarse-grained
representation that describes the extents of the membrane and
aqueous phases and the location of the interface between them.
In this work, we are interested in studying the binding of a

nanoparticle to a lipid bilayer. We thus do not need to calculate
the full Willard−Chandler surface and can instead simply
compute the perpendicular distance between the nanoparticle
and the membrane surface as illustrated in the second panel of
Figure 1. In other words, if the nanoparticle is at (x0, y0, z0) and

if we choose to set up the cell so that the membrane surface is
perpendicular to the z axis, we can evaluate (zs − z0) with zs
being the value of z that satisfies

φ φ− =x y z( , , ) 0s0 0 0 (3)

A potential problem with this approach is illustrated in the
middle panel of Figure 1. As this figure shows that there are
generally two points along the z axis, which satisfy this
condition. One of these points lies on the top surface of the
membrane, while the other lies on the bottom surface. The
manner in which we resolved this problem is illustrated in the
third panel of Figure 1, however. We find the two z values that
satisfy eq 3, zs

(1) and zs
(2), and then evaluate the following CV

= − −s z z z z( )( )s s0
(1)

0
(2)

(4)

As shown in the final panel of Figure 1, the value of this CV
is thus positive if the CV is outside of the membrane envelope
and negative if it is inside the membrane. Furthermore, the
value of the CV and its derivatives are all continuous and can
thus be used in free energy calculations. We thus implemented
this new CV and its derivatives in PLUMED 2.3.43

The final problem to resolve is related to the periodic
boundaries of the simulations cell. When the nanoparticle
moves far from either membrane surface, the value of s
becomes negative, even though it is not inside the membrane
envelope. The reason for this spurious behavior is that when
the nanoparticle is far from the membrane one of the solutions
of eq 3 corresponds to the position of the membrane surface in
one of the periodic replicas. This problem is easily solved,
however, by adding a wall on the value of s so as to prevent the
nanoparticle from diffusing too far from the membrane surface.
To test the CV outlined in the previous paragraphs, we ran

metadynamics simulations of a negatively charged lipid bilayer
interacting with a positively charged nanoparticle in solution.
The lipid bilayer was composed of 200 lipids and was placed in
contact with an aqueous phase that contained 16 000 water
molecules. 25% of these lipids were dipamitoylphosphatidyl-
glycerol (DPPG) which has a negatively charged head group,
whereas the remaining lipids were dipalmitoylphosphatidylcho-
line (DPPC), which has a zwitterionic head group. We analyzed
the average radial distribution function around the DPPC beads
for the DPPC and DPPG beads once the simulations were
equilibrated. We found that the first peaks in these two
distributions were at the same distance and thus concluded that
the two lipids are fully mixed in the model of the membrane.
The nanoparticle had a radius of 0.5 nm and each bead on its
surface carried a positive charge, so that the total charge of the
particle was +12. This particle was designed to mimic a cargo
with a cationic coating, which would be likely to favor binding
to and permeating through the membrane.44 It should be noted
that the charge of the nanoparticle is overcompensated by the
negative charges on DPPG molecules, and so, to make the
system charge neutral overall, 38 Na+ counter ions were added
to the aqueous solution. We examined the distribution for the
distances between each of these counter ions and the
membrane surface when postprocessing the trajectories and
found it to be uniform. We therefore concluded that the
counter ions are not binding to the surface of the membrane
and disrupting its structure.
Calculations were run using GROMACS 5.045 and

PLUMED 2.3.43,46 The coarse-grained Martini force field was
used to represent the molecules47,48 and 16 independent

Figure 1. An illustration showing how the distance from contour CV
that we have introduced in this work is defined. The left panel shows a
snapshot of the simulated system. The atoms in the nanoparticle are in
red, the lipid heads are in orange, and the lipid tails are in cyan. The
two intrinsic surfaces, which we used to describe the spatial extent of
the membrane, are shown in blue. These surfaces are shown again in
the central panel, together with lines that indicate how the distances
from the closest and other surfaces of the membrane, zs

(1) and zs
(2), that

appear in eq 4 are measured. The graph in the right panel shows how
the final CV, s = (z0 − zs

(1))(z0 − zs
(2)), depends on the Z-coordinate of

the nanoparticle. The green shading is used to indicate that this CV is
negative when the particle is inside the membrane and positive when
the particle is outside the membrane.
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replicas of the system were run for a total time of 48 μs. Each of
these simulations was started from different initial config-
urations. A 0.02 ps timestep was used to integrate the equations
of motion in all calculations, together with a velocity rescale
thermostat that fixed the temperature at 325 K and a semi-
isotropic Parrinello−Rahman barostat that fixed the pressure at
1 bar. We used well-tempered metadynamics49,50 and adaptive
Gaussians51 with a sigma parameter of 0.5 nm. The CV we
biased in these simulations ran over one-third of the atoms in
the membrane, that is, two atoms per lipid, and was thus a
computationally less-expensive version of eq 4, which has the
sum running over all lipid atoms. The kernels in eq 1 were
isotropic Gaussians with bandwidth λ = 3.0 nm. Meanwhile,
when solving eq 2, we used φ0 = 0.42. For the metadynamics,
the hills had a height of 1.3 and were added every 100 steps.
The well-tempered factor was set equal to 25. Free energy
surfaces (FES) were extracted from these simulations using
reweighting52,53 as we wanted to display the free energy as a
function of the distance to a contour that was computed from a
density field that took all the atoms in the membrane into
account. The density field used to compute the CV when
reweighting was thus constructed using isotropic Gaussians (λ
= 0.6 nm) centered on each of the lipid’s atoms. This final CV
was then the vertical distance, zs

(1), between the nanoparticle
and an isocontour at φ0 = 7.29. More details of the calculations
together with sample input files are provided as Supporting
Information.
Figure 2 shows the final FES extracted from the simulations

described in the previous paragraph. The blue curve shows the
free energy as a function of the distance to the closer of the two
surfaces, zs

(1). Meanwhile, the red curve shows the free energy as
a function of the distance between the particle and membrane

centers of mass, zcom. Both of these curves were obtained by
reweighting the metadynamics simulations, and in both cases,
error bars were computed using block averaging and are of the
order of 1.37 kJ mol−1.
The free energy profiles in Figure 2 have a shape that is

typical of an adsorption process. The nanoparticle does not
interact with the membrane when it is far from its surface.
However, as the particle gets closer to the membrane it begins
to interact with the lipid molecules in the membrane through
the electrostatic and van der Waals interactions. In addition, the
process of adsorption displaces bound water molecules from
the membrane surface and is thus entropically favorable. All
these effects together thus ensure that there is a deep minimum
in the free energy when the nanoparticle is in contact with the
hydrophilic heads of the lipids. Having said that, however, as
the particle indents the bilayer, the local elastic deformation of
the membrane causes the free-energy to increase substantially.
The two curves in Figure 2 appear on first inspection to be

very similar. A closer look reveals substantial differences
between the two free energy profiles, however. The standard
representation, F(zcom) (red curve), suggests a much softer and
symmetric effective interaction potential than the locally
defined F(zs

(1)) (blue curve). The apparent softness of
F(zcom) at the minimum is at least partially misleading. The
restoring force-constant (lower curvature) in this curve comes
about because the position of the center of mass of the
membrane can easily change as the membrane moves through
undulatory and peristaltic modes. It is important to note,
however, that these modes are not necessarily excited by the
presence of the nanoparticle. In other words and as discussed in
the introduction, when the free energy is shown as a function of
zcom there are problems in deconvolving the effect of changes in
the shape of the membrane from the effects of binding. These
issues are not present when the free energy is instead shown as
a function of our new CV.
An additional advantage of using the new CV over the

customary zcom for analysis is that we can also investigate how
the structure and shape of the membrane is perturbed by the
nanoparticle. The center of mass of the membrane is a
collective property that depends on the position of all the lipid
atoms. Consequently, for a relatively large membrane patch, its
value is almost unperturbed by the adsorption of a single
particle. By contrast, the distance from contour CV is sensitive
to the local shape of the membrane, right where the
nanoparticle adsorbs. Figure 3 illustrates one possible way
to use such local insight. In this figure, the free energy is
shown as a function of the distance between the nanoparticle
and the closer contour, zs

(1), and the distance between the
contours, |zs

(1) − zs
(2)|. This latter quantity measures the

thickness of the bilayer right under the particle. Clearly,
nanoparticle adsorption has a substantial effect on the local
thickness of the membrane. When the nanoparticle is in
solution, the average thickness of the membrane is 3.1 nm.
When the nanoparticle gets close to the membrane surface,
however, the membrane thickness initially increases to an
average value of 3.4 nm, as the nanoparticle pulls lipid
molecules out of the membrane. Subsequently, as the particle
gets even closer to the surface the local thickness decreases
down to 3.0 nm as the particle begins to enter the membrane so
as to become surrounded by lipid head groups. What is more
remarkable in Figure 3, however, is the degree to which
nanoparticle adsorption enhances the fluctuations in the local

Figure 2. Free energy as a function of the distance between the center
of the nanoparticle and the closest surface of the lipid bilayer, zs

(1)

(blue line), and as a function of the distance between the center of the
nanoparticle and the center of mass of the lipid bilayer, zcom (red line).
In both cases, the minimum occurs when the nanoparticle touches the
membrane surface. For lower values of these distances, a pocket must
form within the membrane to accommodate the nanoparticle and this
elastic deformation of the bilayer increases the free energy. The two
snapshots show configurations of the system at the minimum and
when the nanoparticle indents the membrane and experiences a
repulsive force.
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thickness of the bilayer. In other words, nanoparticle adsorption
appears to excite some localized peristaltic modes.
Figure 4 further emphasizes the contrast between the insight

that is provided when the CV defined by eq 4, s, is used and
when the reaction coordinate that is customarily used in these
types of simulations, zcom is used. Contour plots of two FES are
depicted in this figure. The lower contour map corresponds to
the adsorption free energy written as a function of zcom and the
distance between the particle and the upper membrane surface,
zs
(1). In the upper free energy landscape, meanwhile, zs

(2) is used
in place of zs

(1). It is clear from these two surfaces that when the
nanoparticle is far from the membrane all three of these CVs
are perfectly correlated. When the particle gets close to the
membrane, however, there is no longer a perfect correlation
between zs

(1) and the z-component of the distance between
centers of mass, zcom. As shown in the snapshots of Figure 4,
the correlation disappears because the adsorption of the
nanoparticle locally distorts the shape of the membrane,
bending its closest surface both outward into solution and
inward into itself. As a case in point, consider the snapshots
shown around this figure. In three of these snapshots, the
distances between the nanoparticle and the upper surface, zs

(1),
are almost identical. The figure shows, however, that the
distances to the distal surface, zs

(2), and to the center of mass of
the membrane differ substantially in these three configurations.
In other words, the fact that zcom changes even though zs

(1)

remains constant shows that our new CV, unlike zcom, is not
affected by distortions in the shape of the upper membrane
surface and long-wavelength undulations in the membrane. In
addition, the fact that zs

(2) changes while zs
(1) remains constant

proves that the nanoparticle’s binding to the membrane has an
effect on the membrane’s thickness.
To summarize we have, in this work, used well-tempered

metadynamics with adaptive hills in combination with a CV
that measures the distance from an isosurface in a density field
to study the adsorption of positively charged nanoparticles into

membranes. Our results show that the free energy decreases
when a positively charged nanoparticle adsorbs onto a
membrane that contains negatively charged lipids. Furthermore,
we have shown that the new CV we have introduced provides
insights into the mechanism of adsorption that are missed when
simulations are performed using the CV that is used
conventionally, namely, the distance between the nanoparticle
and the center of mass of the lipid bilayer. In particular, when
we use our CV we are able to follow the deformations in the
surface underneath the nanoparticle that occur during the
adsorption process. What we observe is that as the nanoparticle
moves toward the lipid membrane its closest surface initially
moves outward and toward the nanoparticle. Then, once the
nanoparticle is touching the lipid bilayer and pushing on it, the
surface moves inward. These movements of the closest surface
that take place during the adsorption process obviously affect
the thickness of the lipid membrane by first increasing it and
then decreasing it.
We have also observed that when the free energy is displayed

as a function of our new CV the curvature at the bottom of the
basin for adsorption is larger. The stiffness is larger when the
distance from the membrane is used rather than the distance
from the center of mass of the membrane because the distance
from the intrinsic surface is less sensitive to the global
fluctuations in the shape of the membrane that affect the
position of the center of mass. In other words, when it is shown

Figure 3. Contour map of the free energy computed as a function of
the thickness of the bilayer under the nanoparticle and the distance
between the center of the nanoparticle and the closest membrane
surface, F(|zs

(1) − zs
(2)|,zs

(1)). The figure shows that when the
nanoparticle is in solution and not interacting with the membrane
(zs

(1) > 2 nm), the membrane’s thickness takes a constant value of 3.1
nm. When the nanoparticle adsorbs, however, the thickness of the
membrane initially increases before decreasing as the nanoparticle
pushes aside the lipid molecules.

Figure 4. Contour plots of two FES. In both cases, the x axis measures
the distance between the center of the nanoparticle and the center of
mass of the membrane, zcom. For the lower FES, however, the y axis
measures the distance between the nanoparticle and the closest
membrane surface, zs

(1). For the upper FES, it measures the distance
between the particle and the distal surface of the membrane, zs

(2) (see
Figure 1). The shape of the contour plots and the accompanying
simulation snapshots indicate that the nanoparticle and the upper
surface move up and down in a concerted manner and that this
process alters the local thickness of the membrane.
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as a function of the distance from contour CV that we have
introduced the shape of the free energy is not affected by the
physical effects such as long wavelength capillary modes or
changes in volume that affect the shape of the free energy
versus distance from the membrane center of mass curve.
The CV we have introduced could be useful when it comes

to studying the process via which many solutes adsorb into lipid
membranes. In particular, for membranes that exhibit ripple
phases or highly deformed membranes the distance from the
center of mass is an inappropriate choice of reaction coordinate.
Furthermore, a particularly interesting case would be the
binding of curvature-sensing peptides to membranes bearing a
drifting standing wave.54 More generally the freely available and
portable implementation of this CV in the PLUMED code will
be useful to researchers studying the interaction between
solutes and dynamical surfaces in other fields where these sort
of approaches are already used widely.
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