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Designing amphiphilic Janus nanoparticles with
tunable lipid raft affinity via molecular dynamics
simulation†

Xiaoqian Lin a,b and Xubo Lin *a

Due to the differential interactions among lipids and proteins, the plasma membrane can segregate into a

series of functional nanoscale membrane domains (“lipid rafts”), which are essential in multiple biological

processes such as signaling transduction, protein trafficking and endocytosis. On the other hand, Janus

nanoparticles (NPs) have shown great promise in various biomedical applications due to their asymmetric

characteristics and can integrate different surface properties and thus synergetic functions. Hence, in this

work, we aim to design an amphiphilic Janus NP to target and regulate lipid rafts via tuning its surface

ligand amphiphilicity using coarse-grained molecular dynamics (MD) simulations. Our µs-scale free

coarse-grained MD simulations as well as umbrella sampling free energy calculations indicated that the

hydrophobicity of the hydrophobic surface ligands not only determined the lateral membrane partitioning

thermodynamics of Janus NPs in phase-separated lipid membranes, but also the difficulty in their inser-

tion into different membrane domains of the lipid membrane. These two factors jointly regulated the lipid

raft affinity of Janus NPs. Meanwhile, the hydrophilicity of the hydrophilic surface ligands could affect the

insertion ability of Janus NPs. Besides, the ultra-small size could ensure the membrane-bound behavior

of Janus NPs without disrupting the overall structure and phase separation kinetics of the lipid membrane.

These results may provide valuable insights into the design of functional NPs targeting and controllably

regulating lipid rafts.

Introduction

The plasma membrane can segregate into a series of mem-
brane domains with different properties due to the differential
interactions among different lipids and proteins. Among
them, nanoscale dynamic functional membrane domains are
defined as “lipid rafts”.1–3 Generally, the dynamics of lipid
rafts can be divided into intra-leaflet and inter-leaflet parts. The
intra-leaflet dynamics is mainly dominated by the difference
between lipid raft and non-raft domains,4,5 which can be also
affected by embedded nanoparticles (NPs)/molecules.6,7 The
inter-leaflet dynamics is determined by the inter-leaflet coup-
ling strength, which is jointly modulated by several factors
including lipid chain inter-digitation,8 cholesterol flip-flop
rate9 and lipid chain cis double bond position.10 The lipid raft

dynamics is tightly correlated to its essential roles in various
biological processes such as endocytosis,11,12 membrane
trafficking13,14 and immune signaling.15 The destruction of
these processes will induce many diseases.16 Hence, lipid rafts
can serve as important targets for regulating these processes.

Due to the unique properties brought by the small size
effect, NPs have been widely used for various biomedical appli-
cations such as bio-imaging,17 bio-sensing,18 drug delivery19

and theranostics.20 Atomic-scale interactions between NPs
with different physicochemical properties and the cell mem-
brane revealed by molecular dynamics (MD) simulations21–23

and cell/molecular biology experiments24,25 can help reduce
the possible toxicity for safer and more effective biomedical
applications of NPs. On the other hand, the development of
NPs integrating more features may help promote NPs’ appli-
cation potential. Amphiphilic Janus NPs,26–28 which have half
hydrophilic ligands and half hydrophobic ligands, belong to
this category. In particular, the usage of Janus NPs for target-
ing and regulating the cell membrane has attracted much
attention in the past decade.6,29–32 Lee et al.6,29,30 studied the
interactions between supported lipid bilayers and amphiphilic
Janus NPs with different ratios of hydrophilic and hydrophobic
surface ligands using in vitro experiments and dissipative par-
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ticle dynamics simulations. They found that Janus NPs over a
certain concentration could induce membrane poration. Using
atomistic MD simulations, Liang and coauthors investigated
the interactions between amphiphilic Janus NPs and sym-
metric/asymmetric lipid bilayers.31 The result indicated that
Janus NPs could easily insert into the liquid-disordered and
asymmetric lipid bilayers, which might be jointly affected by
several factors including the surface ligand’s hydrophobicity,
the lipid order and the bilayer’s curvature. In other words, it
will be possible to design a Janus NP with tunable raft affinity
by changing the physicochemical properties of its surface
ligands, which may target lipid rafts and regulate the corres-
ponding biological processes.

Coarse-grained models, which map several heavy atoms
into one interaction site, allow much longer time and space
scales of MD simulations and thus provide useful tools to
directly study the phase-separated lipid membranes (model
lipid raft systems).10,33 Hence, in this work, we aim to design
Janus NPs with different physicochemical properties of surface
ligands for tunable raft affinity using coarse-grained MD simu-
lations. Spherical NPs with high density of ligand loading are
believed to obtain their unique properties through multivalent
effects, which can lead to high-efficiency affinity for cell
surface receptors.34 Inspired from our previous studies,22,23 we
mainly focused on the hydrophobicity/hydrophilicity of surface
ligands of 100%-modified Janus NPs. µs-Scale unbiased MD
simulations were used to quantify the lateral membrane parti-
tioning thermodynamics of Janus NPs in phase-separated lipid
membranes. We further employed umbrella sampling simu-
lations and the weighted histogram analysis method (WHAM)
to calculate membrane insertion free energies for different
Janus NPs into model lipid raft/non-raft membranes. The
results provide helpful insights into the design of Janus NPs
with tunable raft affinity.

Methods
Force field and system setup

For all our MD simulations in this work, we adopted the
MARTINI coarse-grained force field35 (version 2.0), which has
been widely used for studying lipid membranes36 and nano-
particles.37 In the MARTINI force field, generally four heavy
atoms are mapped into one interaction site (“coarse-grained
bead”), except for ring structures, which use 2 or 3 to
1 mapping rule. Four main types of interaction sites (polar, P;
nonpolar, N; apolar, C; charged, Q) are introduced. Each type
has several subtypes to better capture the degree of polarity
and hydrogen-bonding capabilities of the atomic structures.
Details of the interaction matrix between different types can be
found in the original paper.35

The amphiphilic Janus NPs were constructed using the fol-
lowing two steps. First, Martini coarse-grained beads (C5-type,
suitable for gold NP38) were uniformly distributed on con-
centric spherical surfaces with the lattice constant of 0.47 nm
to obtain the rigid NP core, which consisted of 59 coarse-

grained beads and had a diameter of 2.35 nm. Then, the
smooth surface of the NP core was fully modified with
23 hydrophobic ligands on one half and 23 hydrophilic
ligands on the other half, and each ligand consisted of 5
coarse-grained beads (Fig. 1a). Two hydrophobicity (C1: more
hydrophobic; C5: less hydrophobic) and two hydrophilicity
(P1: less hydrophilic; P5: more hydrophilic) were considered.
Hence, four kinds of Janus NPs were studied in total, which
were named C1–P1, C1–P5, C5–P1 and C5–P5 for clarity.
PEG,39,40 a hydrophilic protein41 and a hydrophilic peptide42

(PYY3-36) and other completely hydrophilic ligands in the
experimental system can be modified on the NPs to play a
certain biological role. Inspire by these related studies, we
adopt the completely hydrophilic ligand on the half of Janus
NPs.

The tool insane.py43 was used to set up all membrane
systems. Three-component lipid bilayers of dipalmitoyl-phos-
phatidylcholine (DPPC), dilinoleoyl-phosphatidylcholine
(DUPC) and cholesterol (CHOL) in a molar ratio of 5 : 3 : 2,5

which consisted of 624 DPPC, 374 DUPC, 250 CHOL, 87 377
water molecules and 0.15 M NaCl (the initial box size is 20 nm
× 20 nm × 30 nm), were used to model phase-separated mem-
branes. Besides, we employed a two-component lipid bilayer of
DPPC and CHOL (5 : 2) and a pure DUPC bilayer for Lo and Ld
membrane domains. The former membrane system contained
458 DPPC, 182 CHOL, 31 294 water molecules and 0.15 M
NaCl (the initial box size is 15 nm × 15 nm × 20 nm). The
latter was made up of 642 DUPC, 31 292 water molecules and
0.15 M NaCl (the initial box size is 15 nm × 15 nm × 20 nm).
The Martini-based configurations of DPPC, DUPC, and CHOL
are illustrated in Fig. 1b. Among them, a DPPC/DUPC mole-
cule is comprised of 12 CG beads. A CHOL molecule is com-
prised of 8 CG beads.

Fig. 1 Schematic illustration of the Janus NPs and coarse-grained lipids
used in this work. (a) Ligand-modified Janus NPs with different ligand
properties. The NP core (C5) is colored in yellow, hydrophobic ligand
(C1/C5) in pink, hydrophilic ligand (P1/P5) in cyan. (b) Saturated lipids
(DPPC), unsaturated lipids (DUPC) and cholesterol (CHOL). DPPC is
colored in red, DUPC in green, CHOL in white. Snapshots in this work
are generated by VMD.47
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Molecular dynamics simulation

In this work, all coarse-grained MD simulations were run using
GROMACS (version 5.1.5)44 under constant particle, pressure
and temperature (NPT ensemble) as well as periodic boundary
conditions. The semiisotropic Parrinello-Rahman pressure
coupling scheme45 is used to control the pressure at 1 bar in
both the in-plane (x–y) and the normal (z) directions of the
bilayer with a coupling constant τ = 5 ps and compressibility of
3 × 10−4 bar−1. The temperature was maintained at T = 310 K
using v-rescale heat baths46 with τ = 1 ps. The Lennard-Jones
potential, which was smoothly shifted to zero between 0.9 and
1.2 nm, was used to calculate van der Waals (vdW) interactions.
Electrostatic interactions were calculated using the particle-
mesh Ewald method with a real-space cutoff of 1.2 nm. The
relative dielectric constant was 15, which is the default value of
the force field.35 For studying NP’s membrane partitioning
thermodynamics, the Janus NP was initially placed in the water
region 4 nm above the three-component lipid bilayer. First, each
system with a fixed NP was simulated at T = 400 K and the NPT
ensemble for 10 ns to achieve the uniform lipid distribution.
Second, the system was gradually adjusted to the body tempera-
ture (T = 310 K) and run for 2 µs to achieve full phase-separation
of the lipid membrane. Third, the constraint of Janus NP was
removed and dragged towards the lipid membrane until the
hydrophobic ligands were fully inserted into the lipid mem-
brane. Finally, each system was run for 4 µs with a time step of
20 fs and a trajectory-saving frequency of 500 ps. For each simu-
lation system, at least two independent copies were performed.
Besides, in order to validate that the initial insertion position of
Janus NP does not affect its final membrane partitioning
during our μs-scale simulation, the Janus NP was inserted into
the opposite membrane position and the new system was run
for several μs (Fig. S11†).

Umbrella sampling simulations

In order to quantify the difficulty of inserting different Janus
NPs into the lipid membrane, we performed a series of
umbrella sampling simulations to calculate the potential of
mean force (PMF). The center-of-mass (COM) distance
between the Janus NP and the Lo/Ld lipid membrane along the
z axis was chosen as the reaction coordinate (ξ). 26 sampling
simulations with ξ ranging from 0 to 5 nm (Δξ = 0.2 nm) were
performed. The zero points of the PMFs were set at the posi-
tion (ξ = 5 nm) where NPs do not contact the lipid bilayer. In
each simulation, ξ was constrained by the harmonic potentials
with a force constant of 1500 kJ mol−1 nm−2 and each
umbrella window was run for 500 ns. PMF profiles were calcu-
lated using the weighted histogram analysis method48 over the
last 400 ns of each 500 ns trajectory (Fig. S10†). To determine
the convergence of PMF calculations, standard deviations from
the block averaging with four 100 ns blocks were used.

Analysis of trajectories

Two-dimensional (2D) number-density map. In order to
explore the localization of amphiphilic Janus NPs in the lipid

membrane, the combination of the 2D number density map of
DPPC molecules and the motion tracking of Janus NPs was
used. The former was generated by the GROMACS tool gmx
densmap44 over the last 500 ns trajectory, where the high prob-
ability region (red), the intermediate probability region (green)
and low probability region (blue) correspond to Lo, the inter-
face and Ld domains. The latter was achieved via the
GROMACS tool gmx traj44 for the COM coordinates of the
Janus NP over the same period. These discrete points were
plotted in the same 2D (x–y) plane. By overlapping the data of
the two analyses, the relative partition preferences of Janus
NPs can be determined.

Contact ratio of Janus NP with the Lo/Ld membrane domain.
GROMACS tool gmx mindist (cutoff: 0.6 nm) was used to calcu-
late the contact number of the Janus NP with Lo domain lipids
(DPPC & CHOL) and Ld domain lipids (DUPC), which can be
used to calculate the contact ratio of the JNP with the Lo/Ld
membrane domain and help reveal the effects of NP’s surface
physicochemical properties on their preferred membrane
localization.

Lipid chain order parameter. Lipid chain order parameter
(Sz) can be calculated with the formula

Sz;n ¼ 1
2

3 cos2 θn � 1
� �� �

where θn is the angle between the vector connecting the n − 1
and n + 1 beads of the lipid tail and the membrane normal z,
and the lipid chain order parameter is the average over the two
chains of the same lipids in the entire bilayer to compare lipid
chain order parameters among different systems.

Voronoi tessellation analysis. To quantify the disruption to
the local packing of the lipid membrane by the Janus NP, we
performed Voronoi tessellation analysis in MATLAB over the x–
y components of DPPC/DUPC COM coordinates. CHOL was
not considered due to its flip-flop properties. In this analysis,
the lipid bilayer plane was separated into polygonal regions
based on the vertical bisector of two adjacent points. Each
polygonal region represents the area of a single lipid. For visu-
alization, the area per lipid was directly colored with the area
value. The detailed procedures as well as the corresponding
commands for MATLAB are provided in the ESI.†

Membrane thickness. In order to quantify the local effects
of the Janus NP on the membrane thickness, the 2D mem-
brane thickness map was visualized. In this analysis, 16 ×
16 mesh grids were applied to the upper and lower membrane
leaflets separately. Within each grid, the membrane thickness
was calculated by the differences between the maximum
z-coordinate of upper lipids and the minimum z-coordinate of
lower lipids, which is further averaged over the selected period
of MD trajectory. After obtaining the average membrane thick-
ness for each grid, the 2D membrane thickness map was
reconstructed by MATLAB. Additionally, periodic boundary
conditions and interpolation fitting were performed to reduce
edge effects between the neighboring mesh grids.
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Results and discussion
Ligand hydrophobicity of the amphiphilic Janus NP
determines the lateral partitioning thermodynamics in phase-
separated lipid membranes

In this work, we focused on four amphiphilic Janus NPs with
two ligand hydrophobicity (C1, C5) and two ligand hydrophili-
city (P1, P5) as mentioned in the Methods section. First, a
coarse-grained MD simulation of the DPPC/DUPC/CHOL lipid
bilayer with all molecules evenly distributed was run as long as
2 µs, which could make sure the fully phase separation of the
membrane.7,49–51 The rotational motion of Janus NPs, which
were placed in the water region 4 nm above the phase-separ-
ated lipid membrane, may induce their hydrophilic ligands
close to lipid membrane, such that it will take a long time for
them to be spontaneously inserted into the lipid membrane.52

However, the focus of our unbiased MD simulations is to
reveal the lateral membrane partitioning preferences of the
inserted Janus NPs. In view of this, a force was imposed on
each NP to drag it towards the lipid membrane and their
hydrophobic ligands quickly inserted themselves into the lipid
membrane. Then, the force was removed and the obtained
system conformation was used for the subsequent unbiased
MD simulation. Finally, 4 µs coarse-grained MD simulations
were performed for each Janus NP.

In all cases, Janus NPs kept the membrane-bound state
stable over the whole simulation time. As shown in the simu-
lation snapshots (Fig. 2a), Janus NPs with more hydrophobic

(C1) ligands tend to locate in the Lo membrane domain (red
region), while less hydrophobic (C5) ligands can drag Janus NPs
fully into the Ld membrane domain (green region). The role of
the ligand hydrophobicity of membrane-bound Janus NPs in
the lateral membrane partitioning thermodynamics reported
here is consistent with the previous work of fully hydrophobic
NPs,22,23 which are embedded inside the lipid membrane. In
order to further confirm the lateral membrane partitioning
thermodynamics of these Janus NPs, we first obtained the 2D
number density map of the DPPC molecules and tracked the
position of Janus NPs over the last 500 ns of each trajectory
(Fig. 2b). Then, the contact ratios of Janus NPs with Lo (DPPC
and CHOL) and Ld (DUPC) domain lipids over the whole simu-
lation time (Fig. 2c and Fig. S1–2†) were calculated. Consistent
with simulation snapshots (Fig. 1a), these results quantitatively
indicate that Janus NPs with more hydrophobic (C1) ligands
prefer the Lo membrane domain much more than Janus NPs
with less hydrophobic (C5) ligands. Moreover, when the hydro-
philic ligands change from less hydrophilic (P1) to more hydro-
philic (P5), Janus NP’s preference to the Lo membrane domain
is further enhanced, which is very obvious for the more hydro-
phobic (C1) ligands. In other words, the raft affinity of these
Janus NPs agrees with the following order: C1–P5 > C1–P1 > C5–
P1 or C5–P5. The raft affinity of the amphiphilic Janus NP is
mainly determined by its ligand hydrophobicity, which can also
be affected by the ligand hydrophilicity.

For the role of the ligand hydrophobicity, it can be
explained by different interactions between different coarse-

Fig. 2 Effects of ligand properties on the lateral membrane partitioning dynamics of ligand-modified Janus NPs. (a) Top-view system snapshots of
the last frame of each 4 μs trajectory. The coloring style is the same as in Fig. 1. (b) 2D number-density maps of DPPC molecules and the instan-
taneous location of Janus NP (black points) derived from analysis over the last 500 ns trajectory. (c) Time evolution of the contact ratio of Janus NPs
with raft/non-raft domains.
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grained beads (Table S1†). In the MARTINI coarse-grained
model,35 the two tails of the DPPC molecule are composed of
solely C1 beads, while DUPC tails contain both C1 and C4
beads. Among coarse-grained C1, C4 and C5 beads, C1 prefers
to interact with C1 rather than C4. In contrast, C5 is more
attractive to C4 than C1. It is this interaction difference that
drives the preferences of more hydrophobic (C1) and less
hydrophobic (C5) ligands to DPPC-rich (Lo) and DUPC-rich (Ld)
membrane domains correspondingly. However, as for the role
of the ligand hydrophilicity, direct interaction differences
between hydrophilic ligands and lipids may not be able to
explain it because the presence of hydrophobic ligands pre-
vents their direct interactions (Fig. 3a). Hence, we turn to the
interactions between hydrophilic ligands and water molecules.
Compared to less hydrophilic (P1) ligands, more hydrophilic
(P5) ligands prefer to interact with water (P4) molecules
(Table S1†). This difference will induce different membrane
insertion depths of amphiphilic Janus NPs. As shown in
Fig. 3b, the COM distance between the Janus NP and the lipid
membrane clearly indicated that stronger interactions between
more hydrophilic (P5) ligands and water molecules can pull
out Janus NPs from the lipid membrane to a certain degree. In
other words, C1–P5 and C5–P5 have less membrane insertion

depths than C1–P1 and C5–P1 respectively. The differences in
the membrane insertion depth will inevitably change the
lateral diffusion ability of Janus NPs (Fig. 2b), which thus may
affect NP’s lipid raft affinity.

Ligand amphiphilicity affects the targeting of Janus NP to the
lipid membrane

As discussed above, the lateral membrane partitioning thermo-
dynamics of membrane-bound amphiphilic Janus NPs can be
mainly regulated by their hydrophobic ligands and partly
affected by their hydrophilic ligands. In other words, the
ligand amphiphilicity determined the raft affinity of Janus NPs
after they inserted themselves into the lipid membrane.
However, it is still not clear whether the ligand amphiphilicity
can affect the targeting to lipid raft or non-raft membranes
from the bulk water region. In order to clarify this, we per-
formed umbrella sampling simulations and WHAM analysis
for the membrane insertion free energy profiles of these Janus
NPs. As shown in Fig. 4, there is an obvious energy minimum
for each PMF profile, which corresponds to the optimal mem-
brane insertion depth (ξ) of the Janus NP. The existence of
these minima can be ascribed to the presence of hydrophobic
and hydrophilic ligands. The former have preferred attractive

Fig. 3 Effects of ligand hydrophilicity on the embedding depth of the ligand-modified Janus NPs into the membrane. (a) Side-view system snap-
shots of the last frame of each 4 μs trajectory. The coloring style is the same as in Fig. 1. (b) COM distance between Janus NPs and the lipid bilayers
derived from analysis over the last 2 μs trajectory.

Fig. 4 The PMF profiles for Janus NPs translocating into lipid raft (a) and non-raft (b) membrane domains. Error bars are standard deviations based
on statistics from four 100 ns blocks over last 400 ns of the trajectory and are drawn as lines with caps. (c) Membrane insertion free energy of the
Janus NP into raft-like and non-raft-like lipid membrane derived from (a) and (b).
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interactions with lipid tails,22,23 while the latter prefer water
molecules and lipid head-groups.50 These optimal depths for
Janus NP insertion into raft-like/non-raft-like lipid membranes
are more or less consistent with our previous results (Fig. 3b).
When the Janus NP was further dragged into the membrane
interior, a significant energy barrier appeared, which indicated
that the amphiphilic Janus NP will prefer the membrane-
bound state rather than the fully encapsulation into the hydro-
phobic region of the lipid bilayer. Hence, we can define an
energy difference between the bulk water region (ξ = 5 nm)
and the optimal insertion depth to quantify the membrane
insertion difficulty of the Janus NP, which determines NP’s tar-
geting ability to either lipid raft or non-raft membrane
domains.

Fig. 4c shows the membrane insertion free energy of each
Janus NP into raft-like or non-raft-like lipid membranes. The
results indicate that C1–P1 has the largest membrane insertion
free energy for both raft-like and non-raft-like lipid mem-
branes, which means that C1–P1 can easily insert into both
raft-like and non-raft-like lipid membranes. Considering the
large difference between these two insertion free energies, C1–
P1 will preferably target the lipid raft from the bulk water
region. Similarly, C1–P5 can also target the lipid raft from the
bulk water region. However, compared to C1–P1, its targeting
ability is greatly reduced due to the decreased membrane
insertion free energy differences. For C5–P1, the membrane
insertion free energy into the non-raft-like lipid membrane is
much larger than that into the raft-like lipid membrane. In
other words, C5–P1 can be used to target the lipid non-raft.

C5–P5 shows a similar preference to either raft-like or non-raft-
like lipid membrane, and thus cannot be used to specifically
target either lipid raft or non-raft. The differences in the target-
ing ability to the lipid raft induced by the different ligand
hydrophobicity are consistent with the role of the lipid anchor
type in determining the membrane localization of Ras
proteins.53,54 For the tested amphiphilic Janus NPs, more
hydrophobic (C1) ligands ensure their targeting ability to the
lipid raft, while less hydrophobic (C5) ligands prefer the lipid
non-raft. When changing hydrophilic ligands to P5-type (more
hydrophilic), both the raft targeting ability of the C1-Janus NP
and the non-raft targeting ability of the C5-Janus NP are sig-
nificantly weakened. In short, the targeting ability of Janus
NPs to either lipid raft or non-raft is jointly modulated by the
ligand amphiphilicity.

For the Janus NP in the water region, its raft affinity is
reflected in two processes: (1) membrane insertion process, (2)
lateral membrane partitioning process. Our PMF calculations
(Fig. 4) clearly showed that all the tested amphiphilic Janus
NPs could easily insert themselves into the lipid membrane
and maintain the membrane-bound states. The differences in
the insertion difficulty into raft/non-raft membrane domains
contribute to the targeting preference from the water region to
raft/non-raft membrane domains. The insertion difficulty of
the Janus NP was jointly determined by the ligand amphiphili-
city. When the Janus NP is inserted into the lipid membrane,
its subsequent lateral membrane partitioning process is also
jointly modulated by mainly the ligand hydrophobicity (Fig. 2)
as well as the membrane domain stability.50,55 In short, the

Fig. 5 Time evolution of system snapshots and lipid order parameters for C1–P1 Janus NP-embedded lipid membrane systems. For the snapshot,
the coloring style is the same as in Fig. 1. For the lipid chain order map, each point represents one DPPC/DUPC molecule, and its color shows the
averaged chain order parameters. The dashed black circle indicates the localization of the C1–P1 Janus NP.
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ligand amphiphilicity can affect both the two above-mentioned
processes and thus determines the final raft affinity.

Amphiphilic Janus NP show negligible effects on the overall
properties of phase-separated lipid membranes

In order to evaluate the effect of membrane-bound Janus NPs
on the general properties of phase-separated lipid bilayers, we
focused on important indicators of lipid raft dynamics.5,56

Hence, we obtained the normalized lateral contact of unsatu-
rated lipids (Fig. S3†), the lipid chain order parameters
(Fig. S4a†) and cholesterol preference (Fig. S4b†). The results
clearly showed that the membrane-bound Janus NP has no sig-
nificant effects on the overall properties of phase-separated
lipid membranes, which is consistent with the work of Yang
et al.51 Besides, a 2D phase map was used to show the location
of each lipid and its corresponding chain order parameters.
For Janus NPs targeting the lipid raft (C1–P1, Fig. 5; C1–P5,
Fig. S6†), the chain order parameters of the surrounding lipids
become slightly smaller (disorder) than other saturated lipids
far away from the Janus NP. This is probably because the inser-
tion of the Janus NP may induce local membrane bending,
which further causes disruption to the surrounding tightly
packed lipids.57,58 Differently, chains of unsaturated lipids are
much more flexible and disordered, and can easily adapt to
the insertion of Janus NPs. Hence, Janus NPs targeting the
lipid non-raft (C5–P1, Fig. S7; C5–P5, Fig. S8†) did not induce
obvious local disturbance to the lipid chain order. Besides, in
all cases, Janus NPs have little effects to the membrane leaflet
opposite to the membrane leaflet they inserted into.

In order to further explore the local disturbance of Janus
NPs to the lipid membrane region, we then quantified the
local membrane packing and thickness. As shown in Fig. 6a,
the area of the corresponding lipid was represented by each
Voronoi polygon, which was colored according to its value. For
Janus NPs with either high or low raft affinity, the area per

lipid of the region where Janus NPs were inserted was signifi-
cantly increased. In particular, the situation of less hydro-
phobic Janus NPs (C5–P1 and C5–P5) was much more obvious
than that of more hydrophobic Janus NPs (C1–P1 and C1–P5).
The reason is that the non-raft domain is loosely packed and
has a larger area per lipid, which can be more easily disrupted
by these Janus NPs. However, in all cases, membrane-bound
Janus NPs did not significantly change the overall thickness of
the phase-separated lipid membrane (Fig. 6b). It is worth men-
tioning that there is no significant disruption to the lipid
membrane by our Janus NPs in our MD simulations, which is
different from that for the Janus NP of 100 nm or so reported
in experiments.6,30,59 This is probably due to the differences in
the size and concentration of Janus NPs, which should be con-

Fig. 6 Effects of membrane-bound Janus NPs on local area per lipid and thickness of the membrane. (a) 2D Voronoi tessellation analysis of lipids in
the upper membrane leaflet in the x–y plane at the end of 4 μs trajectory. The dots denote the COM of the DPPC/DUPC/CHOL molecules. Area per
lipid is represented by the polygon area, which is colored according to its value. (b) Local membrane thickness for simulation systems averaged over
the last 500 ns. The black point corresponds to the NP’s trajectory projected in the x–y plane.

Scheme 1 The preferred localization of Janus nanoparticles can be
tuned by adjusting their surface ligand hydrophobicity and their mem-
brane insertion depth can be modulated by the surface ligand
hydrophilicity.
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sidered in the final applications of these Janus NPs for target-
ing and regulating lipid rafts.

Conclusions

In this work, we focused on the roles of the surface ligand
amphiphilicity in membrane partitioning and targeting
thermodynamics of amphiphilic Janus NPs using a series of
µs-scale CGMD simulations and umbrella sampling free
energy calculations. Through different ligand hydrophobicity
(C1, C5; C1 > C5) and ligand hydrophilicity (P1, P5; P1 < P5),
we found that the lateral membrane partitioning thermo-
dynamics of Janus NP was mainly determined by their surface
ligand hydrophobicity (Scheme 1), while its membrane target-
ing ability to either lipid raft or non-raft domains is jointly
modulated by ligand hydrophobicity and hydrophilicity. Both
the membrane targeting and lateral membrane partitioning
processes contribute to the final lipid raft affinity of Janus
NPs. In our simulations, the C1–P5 Janus NP inserted into the
lipid membrane shows the highest lateral partitioning ability
to lipid raft, while C1–P1 exhibits the best targeting ability to
the lipid raft from the bulk water region. Compared to C5–P5,
C5–P1 has better targeting ability and consistent lateral parti-
tioning ability to lipid non-raft. Besides, the ultra-small Janus
NPs in this work show no significant disruption to the overall
properties of the phase-separated lipid membrane except for
the local disturbance. These results may provide useful
insights into the design of functional Janus NPs with tunable
raft affinity for targeting and regulating lipid rafts.
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