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Surface ligand rigidity modulates lipid raft affinity
of ultra-small hydrophobic nanoparticles: insights
from molecular dynamics simulations†

Xiaoqian Lin a,b and Xubo Lin *a

Differential preferences between lipids and proteins drive the formation of dynamical nanoscale mem-

brane domains (lipid rafts), which play key roles in the proper functioning of cells. On the other hand, due

to the potent physicochemical properties of nanoparticles (NPs), they have been widely used in drug

delivery, bio-imaging and regulating various essential biological processes of the cells. Hence, in this

work, we aim to design ultra-small hydrophobic NPs with tunable raft affinity, which is supposed to par-

tition into the hydrophobic region of lipid membranes and be able to regulate the dynamics of the lipid

raft domains. A series of µs-scale coarse-grained molecular dynamics simulations and umbrella sampling

free energy calculations were performed to investigate the role of surface ligand rigidity of ultra-small

hydrophobicNPs in their raft affinity. Our results indicated that the preferred localization of NPs can be

tuned by adjusting their surface ligand rigidity. Generally, rigid NPs tended to target the raft domain, while

soft NPs preferred the interface of the raft and non-raft domains. The free energy analysis further indi-

cated that the surface ligand rigidity of NPs can enhance their targeting to lipid raft domains. Besides, we

found that these ultra-small NPs had no significant effects on the phase separation of the lipid membrane

although they might cause some local interference to surrounding lipids. These results indicate that the

targeting to the lipid raft domain can be achieved by the surface ligand rigidity of NPs, which provides

helpful insights for further regulations of lipid raft-mediated biological processes.

Introduction

In the past several decades, nanoparticles (NPs) have been
widely used in many biomedical applications such as bio-
imaging,1,2 drug carriers3–7 and implant materials.8 In order to
further broaden the biomedical applications of NPs, it is very
essential to study the interactions between NPs and cells,
which serve as the basic structural and functional units of
organisms. As the first selection barrier of cells, the cell mem-
brane consists of various lipids and proteins, which participate
in many important biological processes. Hence, understanding
the interactions of NPs with cell membranes in detail is
of great importance for their potential biomedical
applications.5,9,10 As indicated by both experimental and com-
putational research studies, penetration mechanisms of NPs

across the cell membrane vary with their physicochemical pro-
perties including size,11,12 shape,13–15 or surface properties.5,16

In particular, ultra-small hydrophobic NPs can penetrate into
the hydrophobic region of the cell membrane.17,18 It has been
shown that the preferred localization of these hydrophobic
NPs can be regulated by the hydrophobicity, grafting density
and charge of the surface ligands.19–21 In addition, ligand
rigidity has been shown to be important in NPs’ translocation
processes across the cell membrane.22–25 However, it is still
not clear whether the surface ligand rigidity can affect NPs’
preferred localization in the cell membrane.

In the cell membrane, thousands of lipids and proteins
work together to achieve their critical biological functions.
Due to the differential interaction preferences between these
molecules, the cell membrane can segregate into a series of
nanoscale dynamical and ordered membrane domains (lipid
rafts).26,27 Generally, the dynamics of lipid rafts, which
includes both the inner-leaflet and inter-leaflet dynamics, can
be modulated by lipid/protein compositions, interleaflet coup-
ling strength and embedded nanoparticles.28–33 The inner-
leaflet dynamics of the raft domain is mainly regulated by the
differences in the lipid chain unsaturation,28 which can
further affect the partitioning thermodynamics of the trans-
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membrane proteins.30,33 Factors such as the lipid acyl chain
cis double bond position31 and the cholesterol flip-flop rate32

could affect the interleaflet coupling strength and thus modu-
late the interleaflet dynamics of the raft domain. The disrup-
tion of lipid raft domain stability and dynamics may be closely
related to many diseases including infectious diseases, cardio-
vascular diseases, and tumors.34–37 Hence, it is important to
design NPs with appropriate surface properties to target either
the lipid raft or non-raft domains. NPs with specific raft
affinity may regulate not only the lipid raft domain stability
and dynamics, but also protein dynamics within the mem-
brane domains. In this work, we will reveal the correlation
between the surface ligand rigidity of NPs and their affinity to
lipid raft domains.

In order to achieve the above goal, molecular dynamics
(MD) simulation, which is widely used to quantify the inter-
actions between NPs and lipid membranes at the molecular/
atomic scales,38–42 may provide a powerful computational tool
for the purpose. In particular, coarse-grained (CG) MD simu-
lations make it more feasible to study the lipid raft membrane
systems,20,43–47 which requires a length scale of tens of nm
and a time scale of a few µs. For example, Lunnoo et al.43

revealed the internalization pathways of Au nanostructures
with different sizes, shapes, surface charges, and aggregation
states across mammalian model plasma membranes via
CGMD simulations. Liang et al.20 used CGMD simulations
to study the interactions between NPs coated with neutral/
charged ligands and phase-separated lipid bilayers. They pro-
posed that the penetration and adsorption process of NPs and
the final distribution can be easily modulated by changing the
ligand density and the surface charge of NPs. On the other
hand, many experiments have indicated that ultra-small hydro-
phobic NPs can be easily encapsulated into the hydrophobic
region of the lipid membrane.18,48 In the current work, we will
employ µs-scale CGMD simulations to reveal the correlations
between the surface ligand rigidity of hydrophobic NPs and
their raft affinity. Umbrella sampling simulations as well as
the weighted histogram analysis method (WHAM)49 are used
to obtain the penetration free energy of these NPs from the
bulk water region to the interior of lipid membranes.

Model and methods
Molecular dynamics simulation

CGMD simulations have been widely used to study proteins
and lipid membranes. In the current study, we used the
MARTINI CG model47 (version 2.0) and the GROMACS simu-
lation package50 (version 2016.05) to study the dynamical be-
havior of the lipid raft membrane systems. The Martini CG
model is based on a four-to-one mapping, i.e., on average four
heavy atoms are represented by a single interaction center,
which includes four main types of CG beads: polar (P), apolar
(C), non-polar (N) and charged (Q), and each bead type can be
further divided into 4 or 5 different levels, a total of 20 sub-
types, which can more accurately represent the chemical pro-

perties of the basic atomic structure. All CGMD simulations in
this work were run with constant pressure and temperature, as
well as periodic boundary conditions. The temperature was
controlled by v-rescale heat baths51 at T = 310 K with τ = 1 ps
for lipids and water plus ions. The pressure was kept at 1 bar
using a semi-isotropic Parrinello–Rahman pressure coupling
scheme52 with a coupling constant τ = 5 ps and a compressibil-
ity of 3 × 10−4 per bar. The default value of the relative dielec-
tric constant of the force field was 15. The particle-mesh Ewald
method with a real-space cutoff of 1.2 nm was used to calcu-
late the electrostatic interactions, which was smoothly shifted
to zero from 0 to 1.2 nm. The Lennard-Jones potential was
smoothly shifted to zero between 0.9 and 1.2 nm, with a cutoff
of 1.2 nm to reduce the cutoff noise. Generally, each CGMD
simulation was run for 5 µs (effective time was around 20 µs)
with a time step of 20 fs and a trajectory-saving frequency of
500 ps.

Nanoparticles

In the current study, we constructed a smooth surface NP core
by uniformly distributing Martini CG beads on a concentric
spherical surface with a basic packing constant of 0.47 nm.
The core diameter is about 2.2 nm and consists of 59 CG
beads, of which C5 type CG beads are used to mimic the
hydrophobic NP core similar to the gold NP.53 As for the
surface ligands of NPs, inspired by previous work,21 we used 5
C1 type CG beads for them (Fig. 1a), which have the potential
to target lipid raft domains. The equilibrium distance between
two adjacent beads is 0.47 nm, and the ligand is uniformly
modified on the surface of the NP core. The surface ligand
rigidity is adjusted by changing the force constant of the bond
angle constraints within the ligand, which is adapted from pre-
vious dissipative particle dynamics simulations.25 On the one
hand, the simplified treatment enables us to study the exact
role of the ligand rigidity (the only variable) in physics-based
simulations. On the other hand, it can directly represent the
case that changes in the ligand rigidity are caused by changes
in the ligand physical structures (e.g. temperature-sensitive
polymers54).

Fig. 1 Schematic illustrations of the coarse-grained lipids and NPs used
in this work. (a) Ligand-modified NPs with different ligand rigidities. An
NP core is colored in yellow and the ligand in pink. (b) Saturated lipids
(DPPC), unsaturated lipids (DUPC) and cholesterol (CHOL). DPPC is
colored in red, DUPC in green, and CHOL in white. All the snapshots in
this work are generated by VMD.55
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Lipid bilayers

The initial symmetric bilayers were set up with the tool insane.
py developed by Wassenaar et al.56 We chose the widely used
three-component lipid bilayer containing saturated dipalmi-
toyl-phosphatidylcholine (DPPC), unsaturated dilinoleoyl-
phosphatidylcholine (DUPC), and cholesterol (CHOL) mole-
cules in a molar ratio of 5 : 3 : 2.28,57 The MARTINI-based con-
figurations of DPPC, DUPC and CHOL molecules can be found
in Fig. 1b. Among them, a DPPC/DUPC molecule is composed
of 12 CG beads. The headgroup consists of two charged beads
and two nonpolar beads forming the glycerol ester backbone
(GLY). Each of the two tails includes four apolar beads (C1/
C4). A CHOL molecule is composed of 8 CG beads. Here, each
system includes 572 DPPC, 342 DUPC, 228 CHOL, 21873 water
molecules and 0.15 M NaCl. The initial box size is 20 nm ×
20 nm × 10 nm. After energy minimization, each system was
simulated at T = 400 K and the isobaric isothermal (NPT)
ensemble to homogenize the distribution of molecules for the
reasonable initial system configuration. Then, the system was
gradually adjusted to the body temperature (T = 310 K) and
went through the production run of 5 µs. In the initial 1 µs
CGMD simulation, the lipid membrane showed a clear phase
separation, which allowed us to quantify the partitioning
dynamics of NPs in phase-separated lipid membranes during
the subsequent 4 µs simulation period.

Analysis of trajectories

Two-dimensional (2D) number-density map. To explore the
localization of NPs in the lipid membrane, the two-dimen-
sional number density map of DPPC molecules and the move-
ment tracking of NPs were carried out. Here, the motion of the
NP was recorded, in which the black points represented the
position of the center-of-mass (COM) of the NP during the last
1 µs trajectory. Meanwhile, the GROMACS tool gmx densmap
was used to generate the 2D number density map of the DPPC
molecules. All DPPC COM positions in the last 1 μs trajectory
can be mapped to the x–y plane of the lipid membrane. The
number density was calculated based on these points on the 2D
plane, and all points were colored according to their number
density for visualization. In the 2D density map, the high prob-
ability area represents the lipid raft domain, while the low prob-
ability area represents the lipid non-raft domain. By simply
superimposing the two analysis data, we can determine the rela-
tive partition preferences of NPs of different stiffnesses.

NP’s preference for lipid rafts or non-rafts. In order to reveal
the effects of surface physicochemical properties of NPs on
their preferred localization, NP’s preference to lipid rafts or
non-rafts can be determined directly based on the number of
contacts of NPs with raft lipids (DPPC and CHOL) and non-raft
lipids (DUPC) using the GROMACS tool gmx mindist (cutoff:
0.6 nm).

Lipid chain order parameters. The lipid chain order para-
meter (Sz) can be calculated using the formula

Sz;n ¼ 1
2
ð3 cos2 θn � 1Þ

where θn is the angle between the vector connecting the n − 1
and n + 1 beads of the lipid tail and the bilayer normal z, and
the lipid chain order parameter is the average over the two
chains of the same lipids in the entire bilayer and certain
simulation periods.

Voronoi tessellation analysis. In this work, Voronoi analysis
was used to quantify the detailed local packing disruption of
the lipid membrane by the NP. The lipid DPPC/DUPC COM is
used for Voronoi tessellation analysis, which divided the lipid
bilayer plane into polygonal regions based on the vertical
bisector of two adjacent lipids, and each polygonal region rep-
resented the area of a single lipid. For clarity, the area per lipid
was directly colored with the area value for visualization. These
processes were implemented using MATLAB.

Membrane thickness. The membrane thickness was calcu-
lated to investigate the effect of NPs’ ligand rigidity on the
membrane. A 16 × 16 grid on the plane was generated, and the
information for every point of the grids was calculated; then
MATLAB was used to reconstruct the calculated information.
Moreover, in order to reduce edge effects, periodic boundary
conditions and interpolation fitting were applied.

Umbrella sampling simulations

In order to reveal the penetration thermodynamics of NPs with
different surface ligand rigidities in lipid raft/non-raft mem-
brane domains, umbrella sampling49 simulations and the
WHAM analysis method58 were used here. The COM distance
between the NP and model lipid bilayers along the membrane
normal (z axis) was chosen as the reaction coordinate (ξ) for
umbrella sampling simulations. One raft-like lipid bilayer con-
sisting of DPPC and CHOL in a molar ratio of 5 : 2, and one
non-raft lipid bilayer containing only the unsaturated lipid
DUPC were studied. In both cases, ξ ranges from 0 to 5 nm
with Δξ = 0.2 nm, resulting in 26 independent sampling
windows. The starting configuration for each window was gen-
erated from a pull simulation, where the embedded NP was
pulled away from the lipid bilayer. Harmonic potentials with a
force constant of 1500 kJ mol−1 nm−2 were used to constrain
the COM distance between the NP and the lipid membrane in
the umbrella sampling simulations. Each umbrella window
was run for 500 ns. The initial 100 ns was reserved for the
equilibration process, while the last 400 ns of each 500 ns tra-
jectory was used to calculate the potential of mean force (PMF,
relative free energy) profiles. This 400 ns trajectory was evenly
divided into four blocks. Block averaging was performed to
obtain the mean value and standard deviation (s.d.).

Results and discussion
Effects of ligand rigidity on the partitioning dynamics of NPs
in phase-separated lipid membranes

As indicated in our previous work,21 more hydrophobic NPs
(C1 type in MARTINI force field47) with sufficient surface
coating have the tendency to partition into the lipid raft mem-
brane domain. However, the exact localization of these NPs is
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always very close to the interface between lipid raft and
non-raft membrane domains. On the other hand, the modifi-
cation density of 66% is much closer to the experimental
situation.59,60 Hence, in the current work, we chose ultra-small
hydrophobic ligand-modified NPs with C1 type beads for
ligands and a modification density of 66% (details can be
found in the Model and methods section). The maximum size
of these NPs was still in the favorable NP size range to be
encapsulated in the hydrophobic region of the lipid mem-
brane.20 Ligands with different stiffnesses were achieved by
adopting weaker (70 kJ mol−1) and stronger (700 kJ mol−1)
bond angle constraints. In our simulations, these NPs with
different surface ligand rigidities were initially embedded in a
randomly distributed three-component lipid bilayer containing
DPPC/DUPC/CHOL (5 : 3 : 2). For each system, 5 µs CGMD
simulation was performed. During the first 1 µs CGMD simu-
lation, stable phase separation occurred forming the lipid raft
and non-raft domains, which is consistent with previous
research studies.21,28,61,62 We could clearly find that the raft
domain is mainly composed of saturated lipids (DPPC and
CHOL), while the main component of the lipid non-raft
domain is unsaturated lipids (DUPC).

As shown in Fig. 2a and b, both the system snapshots and
the 2D number-density map of DPPC molecules plus the rela-
tive location of the NP clearly indicated that rigid-NPs tended
to reside in the bulk raft domain, while soft-NPs preferentially

selected the boundary of the non-raft domain and the lipid
raft domain. It is further quantitatively validated in Fig. 2c that
the raft affinity of the ligand-modified NP could be improved
by increasing the ligand rigidity. This role of surface ligand
rigidity in NP’s raft affinity shares the same mechanism with
the role of ligand modification density,21 where 100% ligand
modification (C1 type) and longer ligands can fully encapsu-
late the NP core to make the external molecules only sense the
presence of surface ligands. Similarly, in the case of soft NPs
in the current work, the ligands are very flexible and can col-
lapse onto the surface of the NP core, which even exposes part
of the NP core, which prefers to interact with non-raft domain
lipids. This explains why soft NPs prefer to locate around the
boundary of the lipid raft domain. As for the rigid NPs, ligands
almost do not collapse, which can well shield the presence of
the NP core. Then, the hydrophobic ligands (C1 type) will
bring NPs to the bulk raft domain. In short, the ligand rigidity
affects the NP’s raft affinity by tuning the conformation of the
modified ligands and thus the interactions between the NP
core and the surrounding lipids. Rigid ligands have a thicker
modification thickness and thus induce weak interactions,
which in turn makes the ligand hydrophobicity the dominant
factor for NP’s raft affinity. In real applications, the rigidity of
molecules can be changed by varying the molecular packing
(different physical interactions)54 or chemical crosslinking
(different chemical interactions)63 with different external
stimuli. Our results will provide helpful insights into the
design of ligand-modified NPs with the stimuli-adaptive
affinity for lipid rafts.

It is worth noting that there are always a few DUPC lipids
covering the upper and lower parts of NPs when they penetrate
into raft domains (Fig. 2a and e). On the other hand, NPs
with higher raft affinity will have fewer DUPC lipids around
(Fig. 2e). The presence of DUPC lipids accompanying NPs can
be ascribed to the much more flexible lipid tail of unsaturated
DUPC lipids, which makes them relatively easier to reside in
the local curved area where NPs are embedded. On the other
hand, the coverage of DUPC molecules on the NP surface can
avoid direct contact between water molecules and the hydro-
phobic ligands, which are energy unfavorable. Moreover, the
interdigitation between NP surface ligands and lipid chains
brings spatial restrictions and additional entropy to these sur-
rounding lipids in both the membrane leaflets.64,65 Besides,
NPs with a lower raft affinity tended to partition around the
interface between the lipid raft and non-raft domains, which
gave them more chances to directly interact with DUPC lipids
(Fig. 2e). In other words, an NP with higher raft affinity has
more contacts with the raft domain lipids (e.g. DPPC, Fig. 2d).

The designed ultra-small hydrophobic NPs first need to
enter into the hydrophobic region of the lipid membrane and
then partition into their preferred localization. As for the
latter, our above results indicate that the surface ligand rigidity
can regulate the raft affinity of ultra-small hydrophobic NPs. In
order to evaluate how the ligand rigidity affects NP’s transloca-
tion ability to enter into the lipid membrane, we performed
umbrella sampling simulations and WHAM analysis to obtain

Fig. 2 Effects of ligand rigidity on the membrane partitioning dynamics
of ligand-modified NPs. (a) Top-view system snapshots of the last frame
of each 5 μs trajectory. Dashed black circles indicate the localization of
NPs. (b) 2D number-density maps of DPPC molecules and the instan-
taneous location of NPs (black points) derived from analysis over the last
1 μs trajectory. (c) Percentage contact of NPs with raft domain lipids,
non-raft domain lipids, and their differences for NP-embedded lipid
membrane systems. Time evolution of contact number of NPs with (d)
DPPC and (e) DUPC. The coloring style is the same as in Fig. 1.
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the PMF profiles for NPs translocating into raft/non-raft mem-
brane domains. When small molecules/NPs begin to induce
disruption to the nearby lipids and spontaneously enter into
the lipid membrane,66–70 there is usually an affordable energy
barrier at the lipid head-group region where the resistance
force is slightly greater than the driving force. The resistance
force is mainly due to the steric hindrance. In our cases, no
net energy barriers exist (Fig. 3). This is probably due to the
strong hydrophobicity of NPs, which gives NPs a strong pene-
tration ability and an overwhelming advantage over the trans-
location barrier.71 As shown in Fig. 3, both soft and rigid NPs
(C1-type ligands) showed much more preferred localization in
the hydrophobic region of the raft-like lipid bilayer than that
of the non-raft-like lipid bilayer. Compared to soft NPs, the
penetration ability of rigid NPs into the raft-like lipid bilayer is
better. In other words, the surface ligand rigidity can affect the
lipid raft targeting efficiency of these ultra-small hydrophobic
NPs, and the membrane partitioning dynamics (raft affinity)
after they enter into the lipid membrane.

Embedded NPs show no significant effects on the properties
of phase-separated lipid membranes

To evaluate the effects of embedded NPs on the general pro-
perties of phase-separated lipid bilayers (DPPC/DUPC/CHOL),
we analyzed the normalized lateral contacts of unsaturated
lipids (Fig. S1†), lipid chain order parameters (Fig. S2†), chole-
sterol preferences (Fig. S3†) and lipid diffusion coefficients
(Fig. S4 and Table S1†), which are essential indicators for the
lipid raft dynamics.28,72 The results clearly showed that the
embedded NPs in our work did not have significant effects on
the lipid raft dynamics. In other words, NPs of this kind will
be suitable for targeting raft or non-raft domains without sig-
nificantly disrupting the properties of the overall membrane
domains. In order to further evaluate the NPs’ local disturb-

ance to the membrane region around the NP, we used a 2D
phase map that provides the location of each lipid and its
corresponding chain order parameters (Fig. 4 and Fig. S5†). As
shown in the map, the lipid chain order differences between
saturated (DPPC) and unsaturated (DUPC) lipids became more
obvious when the lipid bilayer was fully phase-separated
(Fig. 4 and Fig. S6†). Moreover, for the case of rigid NPs
(Fig. 4), both in the upper and lower layers of the lipid mem-
brane, chain order parameters of the closely surrounding
lipids became smaller than other saturated lipids far from the
NP, indicating that the encapsulation of the NP could induce
the local membrane curvature and make the surrounding
molecules disordered. As for soft NPs (Fig. S5†), their disturb-
ance to the surrounding lipids was less obvious compared to
rigid NPs.

In addition to the lipid chain order parameters, the effects
of the embedded NPs on the local membrane packing and
thickness were also quantified. The COM positions of lipids
were used for 2D Voronoi tessellation analysis in the x–y plane.
As shown in Fig. 5b, in each Voronoi polygon, the point is the
COM position of the corresponding lipid. The area of the
polygon represents the area of the corresponding lipid, which
is visualized according to its value. We found that rigid NPs
greatly increased the area occupied by the surrounding lipids
after they embedded themselves into the raft domain, while
soft NPs seldom disrupted the local membrane packing. The
reason for this can be ascribed to the size11,73,74 and flexibility
of NPs.66,75,76 Soft NPs, which have small flexible ligand mole-

Fig. 3 PMF profiles for NP translocating into raft/non-raft membrane
domains. Error bars are standard deviations based on the statistics from
four 100 ns blocks over the last 400 ns of 500 ns trajectories.

Fig. 4 Time evolution of system snapshots and lipid order parameters
for each lipid of NP-embedded lipid membrane systems (ligand rigidity:
rigid, ligand density: 66%). Each point represents one DPPC/DUPC
molecule, and its color shows the averaged chain order parameters over
the two lipid chains. The dashed black circle indicates the localization of
the ligand-modified NP. The coloring style of system snapshots is the
same as in Fig. 1.
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cules tend to collapse on the surface of the NP core during the
simulation process, so the volume of the entire NPs will be
much smaller than that of rigid NPs. In addition, when NPs
enter the phospholipid membrane, softer ligands can change
their conformations accordingly and thus have less impact on
the lipid bilayers. In contrast, rigid NPs with stiffer ligands can
insert into the lipid bilayer easily, which may cause much
greater disruptions to the surrounding lipids. The effects of
these NPs on the local membrane packing (Fig. 5) and lipid
chain order parameters (Fig. 4) mentioned above are consist-
ent. Besides, in both cases, the embedding of NPs did not sig-
nificantly change the overall thickness of the raft or non-raft
membrane domain. However, they indeed greatly increased
the local membrane thickness or membrane curvature, and
the effect of rigid NPs on the local membrane thickness was
much more obvious. Similarly, rigid ligands increased the
effective size of the ligand-modified NPs. The size differences
of these NPs directly caused different effects on the local mem-
brane thickness.21,60

Conclusions

In this work, we investigated the role of surface ligand rigidity
in determining the membrane partition kinetics of hydro-
phobic ligand-modified NPs (C1-type ligands). By changing the

force constants of the bond angle constraints within surface
ligands, we obtained model hydrophobic NPs of different
surface ligand rigidities without changing the chemical pro-
perties (e.g. hydrophobicity) of ligands. This makes surface
ligand rigidity the only variable in our study. Through µs-scale
CGMD simulations, our results clearly indicated that the pre-
ferred localization of hydrophobic NPs could be modulated by
the surface ligand rigidity. Rigid NPs tend to locate into the
bulk region of the lipid raft domain, while soft NPs prefer the
lipid raft domain boundary. On the other hand, PMF profiles
obtained from umbrella sampling simulations showed that the
hydrophobic NPs preferred to penetrate into the lipid raft
domain, and ligand rigidity could affect the corresponding
penetration ability. In other words, the ligand rigidity could
regulate both the targeting ability and affinity of hydrophobic
NPs to the lipid raft domain (Scheme 1). Besides, our results
further demonstrated that these NPs did not have significant
effects on the overall properties of membrane domains, except
for the local disturbance. All these data elucidated the essen-
tial role of surface ligand rigidity in lipid raft targeting ability
and affinity, which could provide useful insights into the
design of suitable nanoprobes to target the lipid raft domain
and regulate the corresponding protein–lipid interactions.
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Fig. 5 Encapsulation of NPs with different ligand rigidities affects the
local membrane structure differently. (a) Side-view system snapshots of
the last frame of each 5 μs trajectory. (b) 2D Voronoi tessellation analysis
of lipids in one monolayer in the x–y plane at the end of 5 μs trajectory.
Dots denote the center-of-mass of the DPPC/DUPC/CHOL molecules.
(c) Local membrane thickness distribution for simulation systems aver-
aged over the last 1 μs. The black point corresponds to the NP’s trajec-
tory projected in the x–y plane. The coloring style is the same as in
Fig. 1.

Scheme 1 NPs’ targeting and lateral partitioning to lipid raft domain
can be regulated by ligand rigidity. Generally, hydrophobic NPs prefer to
penetrate into the membrane interior. Rigid NP shows much more pre-
ference to penetrate into the lipid raft domain. When NPs are embedded
inside the lipid membrane, surface ligand rigidity further affects the
lateral partitioning of these NPs.
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