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ABSTRACT: Nanodiamonds (NDs) are nanoscale diamond
particles with broad applications in biosensing, drug delivery,
and long-term tracking. Their interactions with a membrane
dictate both the endocytosis process and subsequent intra-
cellular fate of the nanoparticles. However, details of ND-
membrane association and the energetics of this process
remain largely unknown. In this work, we use all-atom
molecular dynamics (MD) simulations to determine the free
energy profile and molecular details of ND-membrane
association, with a focus on the impact of shape and surface
functionalization. Through altogether 6.5 μs umbrella sampling on six atomistic ND models of different shapes (spherical or
pyramidal) and surface functionalization (5%, 35%, and 55%), we show that nanodiamonds associate favorably with the
membrane, which is largely driven by ND−lipid interactions. During its membrane association, the shape of a nanodiamond
plays a key role in determining the location of the free energy minimum, while its surface functionalization modulates the depth
of the minimum. Of the six models studied here, all spherical NDs adhere to the bilayer surface, whereas pyramidal NDs, with the
exception of the most functionalized P55, anchor inside the membrane. Shape also dominates the height of the free energy
barrier: the sharp pyramidal NDs have much lower barriers against penetrating a POPC bilayer than spherical ones. Our all-atom
ND models and their bilayer association strength determined here can be combined with future coarse-grained or continuum
models to further explore ND−membrane interactions on larger length scales.

■ INTRODUCTION

Nanoparticles have broad applications in biosensing, cellular
imaging, and intracellular delivery of various cargoes, such as
DNAs, siRNAs, and drug molecules.1−3 A major route of their
cellular entrance is endocytosis, during which they are engulfed
by the cell and reside in lipid vesicles named endosomes.4,5 Apart
from experimental studies,6−8 the endocytosis of nanoparticles
has been the subject of extensive computational work.9−12 For
instance, results from continuum modeling11,12 indicate that this
process can be understood as a competition between elastic
deformation energy and nanoparticle−membrane attraction
while the bending rigidity and surface tension of a membrane
oppose the uptake of the particle, the attraction between the two
parties favors this process. Interactions with a membrane not
only affect endocytosis, but also play a key role in determining the
intracellular fate of nanoparticles. Once they are inside a cell, the
next stop of nanoparticles is determined by whether they can
penetrate the endosomal membrane: if so, they enter the
cytoplasm, often an ideal location for biosensing and cargo
delivery; otherwise, they are subjected to changes in the
chemical/biological environment as an endosome matures and
can be eventually excreted through exocytosis, the reverse
process of endocytosis.
In recent years, nanoparticle−membrane interactions have

been increasingly studied with molecular dynamics (MD)

simulations.13−18 The MARTINI coarse-grained (CG) force
field, for example, is widely used in such studies (see ref 19 and
references therein). A CG model with further reduced
granularity has also been developed, where a phospholipid is
represented by three beads20 and certain headgroup beads can be
assigned an attractive interaction with the nanoparticle. Using
this model, Vaćha et al. studied receptor-mediated endocytosis21

and pH-induced release of endocytosed nanoparticles.22 Addi-
tionally, dissipative particle dynamics (DPD) simulations have
been performed to examine the translocation of nanoparticles
across a membrane.23,24 Compared with CG MD or DPD
simulations, all-atom MD has higher spatial resolution, although
this advantage is normally achieved at the cost of system size and
simulation length. Therefore, only a limited number of all-atom
simulations have been performed to study the interactions of
nanoparticles with a membrane.25−29

In this work, we focus on nanodiamonds (NDs), which are
nanoscale diamond particles with wide applications in drug
delivery, ultrasensitive biosensing, as well as long-term
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tracking.30−32 Our goal is to examine the energetics and
molecular details of ND−membrane association, with a focus
on the impact of shape and surface hydrophilicity. To this end,
we constructed six atomistic ND models with different shapes
(spherical or pyramidal) or surface functionalization (5%, 35%,
or 55% of surface atoms). As NDs are negatively charged at pH≈
7 due to surface oxidation, two types of functional groups (−OH
or −COO−) were modeled using the CHARMM general force
field (cGenFF).33 Thus, surface functionalization determines the
hydrophilicity of our ND models: the more functionalized a ND
is, the more hydrophilic its surface becomes. Using these models,
we performed altogether 6.5 μs umbrella sampling to determine
the potential of mean force (PMF) as NDs approach a POPC
bilayer. Results of our calculation indicate that the negatively
charged nanodiamonds associate favorably with the membrane,
during which their shape plays a key role in determining the
location of the free energy minima, while their surface
functionalization modulates the depth of the minima. Notably,
NDs of different shapes tend to have different interaction modes
with the bilayer: while spherical NDs adhere to the bilayer
surface, pyramidal NDs are more likely to anchor in the
membrane. The latter NDs also have much lower energy barriers
of penetrating the bilayer, consistent with a recent experiment34

where only NDs with sharp corners spontaneously escape from
the endosome.

■ METHODS

Model Construction and Parametrization. Six nano-
diamond models with different shapes and surface functionaliza-
tion were constructed (Figure 1). We began by replicating a
diamond unit cell in space and then cut the bulk diamond into a
pyramid or a spherical cap. The former has a square top surface of
15 Å by 15 Å and a height of 25 Å, while the latter is
approximately a semisphere with a radius of 15 Å. For simplicity,
we will refer to them as pyramidal ND and spherical ND,
respectively. Such truncated ND models can be considered as
representing the tip of a nanodiamond used in a recent
experiment,34 which has an average size of ∼115 nm. Excluding
atoms on the top surface, the pyramidal and spherical NDs have a
similar number of surface carbons (219 and 196, respectively),
which are defined as carbons with less than four neighboring
atoms. To mimic NDs’ oxidized surface35−37 with different
hydrophilicity, we selected approximately 5%, 35%, and 55% of
surface carbons at random and functionalized them with

hydroxyl (−OH) or carobxylate (−COO−) groups at a molar
ratio of 7:1. The remaining surface carbons and carbons on the
top surface are terminated by hydrogen atoms. We should note
that nanodiamonds used in experiments have more complex
surfaces:32 apart from various functional groups, surface carbons
may exist in both sp3 and sp2 forms, although the oxidation
process tends to remove the latter.35−37 Modeling of an all-atom
nanodiamond as described above faces another complexity:
steric clashes must be monitored throughout the functionaliza-
tion process, in order to avoid, for instance, adding COO− groups
to neighboring surface carbons, which may place their atoms too
close to each other. Due to such steric clashes, the highest surface
functionalization we could achieve with the all-atom sp3 ND
model is ∼65%.
Following the construction of the above ND models, we used

ParamChem38,39 to assign atom types and atomic partial charges
for the functional groups. Interior carbon atoms, i.e., carbons
with four neighboring carbons, were given a zero atomic partial
charge. To simplify the modeling of different ND surfaces,40

nonpolar hydrogens were not modeled explicitly. Instead, we
used a united atom model for carbons bonded to 1, 2, or 3
hydrogens. Parameters for these carbons were obtained from
Heńin et al.41 and subsequently validated by comparing the radial
pair distribution function of water surrounding the united-atom
ND model and an all-atom ND model with explicit hydrogens
(Figure S1). Bond, angle, and dihedral parameters were taken
from bulk diamond (if available) or by analogy to existing
cGenFF parameters. All ND structures and force field parameters
are provided in the Supporting Information.
Finally, we constructed the ND-membrane systems by

combining the above ND models with a POPC bilayer. The
bilayer has 85 lipids in each monolayer and was previously
equilibrated in a 1-μs simulation performed on the specialized
machine Anton.42 Using the autoionize plugin of VMD,43 the
ND-membrane systems are neutralized by adding sodium and
chloride ions at a concentration of 0.1 mol/L. The final systems
contain ∼56 000 atoms, with a size of approximately 76 × 76 ×
98 Å3. Based on the different shapes (spherical cap or pyramid)
and surface functionalization of their NDmodels, we will refer to
these systems as S05, S35, S55, P05, P35, and P55, respectively
(Figure 1).

Umbrella Sampling. The ND-membrane systems con-
structed above are minimized for 5000 steps and equilibrated for
3 ns, in order to relax water molecules surrounding the newly

Figure 1.Nanodiamonds studied in this work. Except for their top surfaces, the pyramidal (P) and spherical (S) NDs are functionalized at 5%, 35%, and
55% by two functional groups (−OH or −COO−). Structure files and force field parameters of all NDs are provided in the Supporting Information.
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introduced ND. Starting from the end structures of the
equilibration, we performed up to 40 ns steered molecular
dynamics (SMD) simulation44−46 to pull the NDs toward the
membrane at a speed of 1 Å/ns. In both SMD and subsequent
umbrella sampling, we set the reaction coordinate to be the
distance between the nanodiamond and themembrane projected
along the z axis. Specifically, as the top lipid monolayer is
significantly perturbed upon contacting the nanodiamond, we
choose the center-of-mass (c.o.m.) of phosphorus atoms from
the bottom lipid monolayer as the reference point. The distance
between this reference point and the bottom central carbon on a
ND is measured, and its projection along the z axis is used in
SMD and umbrella sampling calculations. We should add that
unlike pyramidal NDs, the bottom central carbon is 1.778 Å away
from the bottom carbons in spherical NDs (Figure S2).
Therefore, we shifted the PMFs of all spherical NDs by
−1.778 Å to ensure a fair comparison with the pyramidal NDs.
The same treatment is used in all analyses of spherical NDs.
The SMD simulations generated a set of starting frames in the

range of z ≈ 20 Å to z ≈ 60 Å, which are used in the subsequent
umbrella sampling calculation. For each ND system, 19 to 23
umbrella windows are used at a spacing of 1.5 Å. Once a ND
reaches its free energy minimum, an additional ∼10 Å region is
sampled, resulting in a left boundary of z≈ 20 Å for P05 and P35
and z ≈ 25 Å for the remaining NDs. Depending on whether the
free energy profiles “plateau out” in bulk water, additional
windows are used for some systems. Each umbrella window is
simulated for 50 ns, with a force constant of 4 kcal/mol/Å2. In
both SMD and umbrella sampling, the distance between the ND
top and bottom central carbons, projected on the xy plane, is
constrained at zero with a force constant of 100 kcal/mol/Å2.
This constraint, achieved through the collective variable
module47 of NAMD,48 ensures that the nanodiamond does not
“tilt” during the simulation. Therefore, the resulting PMFs
represent free energy profiles with ND orientation fixed at a
specific value. The impact of varying ND orientation is discussed
in the following section.
Simulation Protocols. All simulations were performed with

the 2.9 release of NAMD,48 with the cGenFF33 force field for
small molecules and the CHARMM3649 force field for lipids.
The top surface of an ND, which arises from cutting a bulk
diamond, was treated with extra bonds to avoid any conforma-
tional change of this artificial surface: the distance between
adjacent carbons separated by 2.51 Å was constrained with a
force constant of 890 kcal/mol/Å2. A time step of 2 fs was
adopted in all simulations, with bonds involving hydrogen atoms

constrained using RATTLE50 and water geometries maintained
using SETTLE.51 The multiple-time-stepping algorithm was
used, with short-range forces calculated every step and long-
range electrostatics calculated every two steps. The cutoff for
short-range nonbonded interactions was set to 12 Å, with a
switching distance of 10 Å. The CHARMM force switching was
used for vdW forces, in order to be consistent with the
CHARMM36 force field for lipids.49 Assuming periodic
boundary conditions, the Particle Mesh Ewald (PME) method52

with a grid density of at least 1/Å3 was employed for computation
of long-range electrostatic forces. Langevin dynamics with a
damping coefficient of 1 ps−1 was used to keep the temperature
constant at 310 K, while a Nose−́Hoover−Langevin piston53 was
used to keep the pressure constant at 1 atm. The pressure control
was performed semi-isotropically: the z axis of the simulation
box, which is normal to the membrane, was allowed to fluctuate
independently from the x and y axes. To better illustrate the
above simulation protocols, an example simulation input file is
provided in the Supporting Information.

Analysis. The GROMACS tool g_wham is used to construct
the PMFs, with the error estimated through 1000 rounds of boot-
strapping analysis using the “trajectory” method.54 The first 5 ns
of each 50 ns umbrella sampling simulation is considered as
equilibration and not used in the PMF construction or any other
analysis. Calculations of radial pair distribution functions,
interaction energies, hydrogen bonds, and number of molecules
or atoms within a certain distance of selected part of the system
were all performed using the umbrella sampling trajectories with
the program VMD.43 Results of these calculations were further
analyzed by binning the data based on ND locations along the z
axis and subsequently averaging the data within each 1 Å bin.
Standard errors of the results were obtained as Si/(Ni/gi)

1/2,
where Si andNi are the standard deviation and sample number of
bin i, respectively, while gi is taken as the statistical inefficiency of
the umbrella window centered nearest bin i. The calculation of gi
follows Chodera et al.,55 although instead of truncating the
autocorrelation function at 0, we set the threshold to 0.05 to be
consistent with that used in g_wham.54 To characterize the shape
of a bilayer, average occupancy of lipid atoms is calculated on a
3D grid with a 1 Å resolution and averaged over all snapshots in a
given umbrella window. The occupancy calculation is performed
using the VOLMAP56 plugin of VMD.43

■ RESULTS
We performed a total of 6.5 μs of umbrella sampling calculation
to study the energetics and molecular details of nanodimaond−

Figure 2. Side view of the simulation box (a) and the PMFs obtained from umbrella sampling (b). Water molecules are shown as a transparent surface in
a. In all PMF calculation and subsequent analysis, z = 0 is placed at the c.o.m. of bottom-monolayer phosphorus atoms. The location of the bilayer center
(z = 19.2 Å) and the c.o.m. of upper-monolayer phosphorus atoms (z = 38.4 Å) are shown as dashed lines in b.
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membrane association. The resulting free energy profiles, as
shown in Figure 2, can be divided into two phases, i.e., an

attraction phase and a repulsion phase: as nanodiamonds first
approach the membrane, the free energy is generally favorable;

Figure 3. Snapshots of umbrella sampling simulations of S55. Nitrogen atoms of POPC headgroups are highlighted as blue spheres.

Figure 4.ND−lipid interaction energy changes and the number of ND−lipid hydrogen bonds during umbrella sampling simulations. (a, d) The change
in ND−POPC electrostatic interaction energy as the nanodiamonds approach the bilayer. (b, e) The change in ND−POPC vdW interaction energy. (c,
f) The total number of ND−POPC hydrogen bonds. All calculations were performed using umbrella sampling trajectories and subsequently binned to
yield the average value at a given z (see Methods).

Figure 5. (a, d)Number of water molecules within 5 Å of NDs. (b, e) Number of water molecules within 5 Å of POPCheadgroups. (c, f) Number of lipid
atoms within 5 Å of NDs. All calculations were performed using umbrella sampling trajectories and subsequently binned to yield the average value at a
given z (see Methods).

Journal of Chemical Theory and Computation Article

dx.doi.org/10.1021/ct500194s | J. Chem. Theory Comput. 2014, 10, 2751−27582754



this trend is quickly reversed once they become attached to or
partially inserted into the membrane. In general, we found that
the shape of NDs plays a key role in determining the location of
the free energy minima, while their surface functionalization
modulates the depth of the minima. Of particular interest are the
two modes of ND−membrane interactions revealed by the
comparison of spherical and pyramidal NDs: while the former
NDs adhere to the bilayer surface, the latter NDs are more likely
to anchor in the membrane. Overall, the shape of a nanodiamond
largely determines the barrier against its membrane penetration:
regardless of surface functionalization, pyramidal NDs have
lower barriers of penetrating the bilayer than spherical NDs.
Below we discuss these results in detail.
Adhesion of Spherical NDs. Despite small differences, the

free energyminima of all three spherical NDs are located within 2
Å of the c.o.m. of upper-monolayer phosphorus atoms (z ≈ 38.4
Å), indicating their preference for the membrane surface. Figure
3 shows representative snapshots from the umbrella sampling
simulation of S55. It is clear that the bilayer is not significantly
perturbed when S55 adheres to the membrane. Given its PMF,
this result is somewhat expected, as otherwise unfavorable
membrane deformation energy will oppose the adhesion of the
nanodiamond. However, the absence of membrane deformation
alone does not explain the favorable adhesion of NDs to the
bilayer. To analyze the driving force of such adhesion, we
calculated the interaction energies between the nanodiamond
and the POPC lipids. As shown in Figure 4, although the large
system size produces significant fluctuation in the data, both
electrostatic and vdW interaction energies are found to favor
ND-bilayer adhesion. Such favorable interactions with lipids are
also reflected in the increased number of hydrogen bonds formed
between the nanodiamond and POPC (Figure 4c,f). Qual-
itatively, adhesion of NDs to the membrane surface also benefits
from an entropic gain due to the release of ND-bound as well as
lipid-bound water (Figure 5).
The depth of the free energy minima, which measures the

strength of ND adhesion, ranges from −9.8 kcal/mol in S05 to
−14.7 kcal/mol in S35 and −9.9 kcal/mol in S55. The difference
in these values can be partly explained by the different surface
hydrophilicity of the NDs: with a largely hydrophobic surface,
S05 has the least favorable electrostatic interactions with lipids,
although this is somewhat compensated by vdW interactions and
a favorable contribution from the release of water (Figure 5).
Between S35 and S55, the latter has initially stronger ND−lipid
electrostatic interactions, which contribute to a more favorable
PMF during the early stage of its adhesion. For example, Figure
3a shows a snapshot of S55 at z = 54 Å, where POPC headgroups
reach out for the S55 surface. Such behaviors are not observed

when S05 and S35 are at the same location (data not shown).
Nevertheless, as NDs become closer to the bilayer, the highly
functionalized surface of S55 and the resulting large solvation
shell (Figure 5a) hinders its close contact with the lipids. As
shown in Figure 5c, although the number of lipid atoms within 5
Å of the nanodiamond is initially larger in S55, S35 quickly
establishes more contact with the bilayer as the two NDs further
approach the membrane. The hindered contact of S55 with lipids
is also reflected in its smaller number of hydrogen bonds with the
bilayer than S35 (Figure 4c). These differences contribute to a
weaker free energy minimum in the former ND, which is also
slightly shifted away from the bilayer.

Anchoring of Pyramidal NDs. As shown in Figure 4d,e,
pyramidal ND−lipid interactions only become significant around
z ≈ 48 Å, reflecting a slower onset than spherical NDs.
Furthermore, the free energy minima of P05 and P35 are located
below the upper-monolayer phosphorus atoms, suggesting that
these NDs prefer to anchor inside the membrane. Specifically,
the free energy minima are located at z = 27 Å (P05) and z = 30 Å
(P35), the depth of which is −15.3 kcal/mol and −7.9 kcal/mol,
respectively. Unlike these two NDs, P55 has a small free energy
minimum (−2.0 kcal/mol) located around z = 43 Å. The
difference in the above values reflects the different interactions of
pyramidal NDs with the lipids: when P05 anchors inside the
bilayer, its hydrophobic surface forms favorable contact with lipid
tails, which is evident from the snapshot taken at z = 27 Å (Figure
6a), where lipid molecules reach out to interact with the P05
surface. Note that these lipids form considerable hydrophobic
contact with the P05 surface, which differs from the electrostatic
attraction between S55 and lipid headgroups at z = 54 Å (Figure
3a). As a result, the most hydrophobic P05 has the strongest
attraction to its anchoring position located inside the membrane.
Similar to spherical NDs, water molecules bound to the

pyramidal NDs are released when they approach the membrane
(Figure 5d). Qualitatively, this provides a favorable entropic
contribution to the PMFs, although such contribution appears to
be much smaller in P55 than P05 and P35. Similar to S55, the
large amount of water surrounding the highly functionalized P55
hinders its bilayer contact, resulting in a smaller number of
hydrogen bonds with the lipids than P05 and P35 (Figure 4f).
Anchoring of the latter two nanodiamonds may also be facilitated
by a favorable contribution from the release of lipid-bound water:
the number of water molecules within 5 Å of POPC headgroups
is reduced when these two NDs anchor inside the membrane
(Figure 5e). This is in clear contrast to P55, where no release of
lipid-bound water is observed, and the POPC headgroups are
“pushed” deeper to avoid exposing lipid tails to water (Figure
6c). As a consequence, anchoring of P55 is further penalized by

Figure 6. Snapshots of the umbrella sampling simulations of P05, P35, and P55 at the location z = 27 Å. Nitrogen atoms of POPC headgroups are
highlighted as blue spheres.
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the unfavorable membrane deformation it induces. The location
of its free energy minimum (z = 43 Å) suggests that P55 prefers
to adhere to the membrane. Nevertheless, due to weaker ND−
lipid interactions (Figure 4), the depth of P55 free energy
minimum is significantly smaller than spherical NDs.
Repulsion due to Membrane Deformation. Once

nanodiamonds reach their free energy minima, the PMFs switch
to the repulsion phase: an average increase of 42 kcal/mol is
observed from the bilayer surface to z = 25 Å for spherical NDs.
The changes in pyramidal NDs are much smaller: P55 has an
increase of ∼16 kcal/mol for the same distance, while P05 and
P35 have an increase of only 4 and 11 kcal/mol from their
anchoring positions, respectively. The amount of free energy
increase correlates approximately with the area of membrane
deformation induced by the insertion of nanodiamonds: as
shown in Figure 7, we calculated the average occupancy of lipid

atoms in the simulation, which characterizes the average shape of
the bilayer. It is clear that the pyramidal ND P35 affects
significantly less membrane surface compared with the spherical
ND S35. Correspondingly, the free energy increase is much
smaller in the former ND. Similar results are observed in the
comparison of other NDs with the same surface functionalization
(data not shown).
We should note that the size of our simulation systems may

have a profound impact on the free energy profiles, especially the
repulsion phase. As pointed out by previous studies,57 a smaller
bilayer tends to be more rigid than a larger bilayer during
simulations. Such a size effect is particularly evident when
particles interact with only one side of the membrane.58 In our

calculation, this may be found in Figure 7, which shows a highly
asymmetric response of the two monolayers to ND-induced
membrane deformation. As this effect tends to cancel for
simulations performed under the same condition, comparison of
NDs with the same shape is less affected than NDs with different
shapes. One way to eliminate the size effect is to use the P21
periodic boundary condition, which approximates a constant
chemical potential in the two monlayers.58 However, such a
simulation conditions are not yet widely available. An alternative,
which we plan to adopt in our follow-up work, is to simulate
bilayers with different sizes and extrapolate the result to a bulk
membrane.57

■ DISCUSSION

Shape vs Surface Functionalization. The PMFs of the six
nanodiamond systems studied here allow us to examine the effect
of shape and surface functionalization on ND−membrane
association. While detailed free energy profiles clearly depend
on both factors, their individual contributions can still be
analyzed. Specifically, the effect of shape is primarily found in
three aspects: (1) shape plays a key role in determining the
location of the free energy minima. With the exception of P55,
free energy minima of pyramidal NDs are located inside the
membrane, corresponding to an “anchoring” mode, whereas
those of spherical NDs are located just above it, corresponding to
an “adhesion” mode. The exception of P55 demonstrates that a
highly functionalized surface can eliminate the anchoring ability
of a nanodiamond. Note, however, that the reverse is not true;
i.e., the anchoring ability cannot be gained by simply modifying
surface functionalization (all spherical NDs adhere to the
membrane). Thus, a proper shape appears to be the prerequisite
for NDs to anchor inside the membrane. (2) Shape dictates the
strength of attraction before NDs contact the membrane. Figure
2 clearly shows that outside of the membrane, a spherical ND has
stronger attraction to the bilayer than its pyramidal counterpart
with the same functionalization. As discussed earlier, this likely
results from more favorable interactions of the former ND with
the lipids, since functional groups on spherical NDs are on
average closer to the bilayer. Such difference in spatial
distribution of functional groups also produces an earlier onset
of the attraction phase in spherical NDs’ PMFs. (3) Shape
dominates the free energy barrier of the repulsion phase. Once
the difference in free energyminima is removed, NDs of the same
shape tend to have similar repulsion phases. Although our
calculation does not cover the entire bilayer, the trend revealed
by the PMFs and membrane deformation indicates that spherical
NDs will encounter much higher barriers when they fully
penetrate the membrane. These results are in line with recent
experimental findings that shape acts as an independent factor in
controlling the endosomal escape of nanoparticles.34

The effect of surface functionalization is mainly reflected in its
modulation of the depth of the free energy minima. The result of
such modulation depends on the mode of ND−membrane
interactions: for NDs that anchor in the membrane, as they
become more functionalized, the depth of their minima
decreases, whereas there appears to be an optimal functionaliza-
tion percentage for NDs that adhere to the membrane. The
former result can be explained by the importance of hydrophobic
contact in the anchoring of NDs, while the latter reflects the
subtlety of ND−membrane adhesion: although very low
functionalization is not favored, a highly functionalized surface
may in fact weaken the attraction of a ND to the bilayer surface.

Figure 7.Membrane deformation caused by P35 and S35. Occupancy of
lipid atoms is calculated on a 3D grid with a 1 Å resolution and averaged
over all snapshots in the umbrella window centered at z ≈ 26 Å.
Isosurfaces at the value of 0.2 are shown for each ND system (yellow
solid surface: P35, purple mesh: S35). For clarity, lipid atoms and S35
are not shown.
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Impact of ND Orientation. As described in the Methods
section, ND orientation is kept fixed during our simulations (cut
surface parallel to the membrane plane). Without calculating a
2D PMF, we may estimate the impact of this missing degree of
freedom. Outside of a membrane, spherical NDs experience
stronger attraction than pyramidal NDs, which is linked to the
functional groups of the former NDs being closer to the
membrane. Therefore, once we allow NDs to vary their
orientations, the pyramidal ones will likely tilt to maximize
favorable ND−membrane interactions, a process that is also
favored entropically due to the larger number of states tilted NDs
can sample. However, as they further approach the bilayer, the
membrane deformation energy associated with large contact area
will again favor their initial orientations, which is in line with
recent DPD simulation results of nanoparticle translocation
across the membrane.23 We should note that NDs modeled here
represent only the tips of nanodiamonds used in a recent
experiment,34 which have an average size of 115 nm and
structures more complex than ideal pyramids or spheres.
Therefore, a full nanodiamond may adhere to the membrane
on a relatively smooth surface, while anchoring its tip on a
neighboring surface into the lipid bilayer. During such a process,
membrane bending might occur, with the unfavorable bending
energy compensated by ND−membrane adhesion strength.
Caveats in Our Calculation. Apart from the size effect

discussed earlier, other caveats in our calculation include the
limited number of ND models studied here and the
approximation used during their construction. Additionally, as
only one nanodiamond (spherical or pyramidal) is simulated at a
given surface functionalization, the resulting PMFs may be
affected by individual differences of the ND models. In another
word, two ND models of the same shape and surface
functionalization may have different PMFs due to the variance
in their spatial distributions of functional groups. Such variance
will be more evident in NDs with low surface functionalization.
Along this line, the effect of shape on ND surface remains largely
unknown experimentally, i.e., whether/how the shape of a ND
affects its preferences of various functional groups and/or their
distribution. Therefore, apart from enhanced sampling, future
modeling work will benefit from more details on the nano-
diamond surface as determined by experiments.

■ CONCLUSIONS
We constructed six atomistic NDmodels with different shapes or
surface functionalization to examine the energetics and
molecular details of their membrane association. A total of 6.5
μs umbrella sampling calculation reveals that the nanodiamonds
associate favorably with the membrane, which arises from
favorable ND−lipid interaction as well as the release of lipid-
bound and/or ND-bound water. Comparison of the six ND
systems indicates that shape plays a key role in determining the
location of the free energy minima, while surface functionaliza-
tion modulates the depth of the minima. Our calculation
provides a quantitative estimate of ND−membrane association
strength, whichmay be used to parametrize future coarse-grained
or continuum models, in order to explore nanodiamond−
membrane interactions on larger length scales. While we have
focused on nanodiamonds in this work, similar all-atom
modeling and free energy calculation can be used to characterize
the membrane association of other nanoparticles. Such
association not only forms the basis of endocytosis but is also
the first step in the translocation of these nanoparticles across
various cellular membranes.
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(46) von Castelmur, E.; Strümpfer, J.; Franke, B.; Bogomolovas, J.;
Barbieri, S.; Qadota, H.; Konarev, P. V.; Svergun, D. I.; Labeit, S.;
Benian, G. M.; Schulten, K.; Mayans, O. Proc. Natl. Acad. Sci. U.S.A.
2012, 109, 13608−13613.
(47) Fiorin, G.; Klein, M. L.; Heńin, J. Mol. Phys. 2013, 111, 3345−
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