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Model and Simulation Details

We use dissipative particle dynamics (DPD) simulation method in this study1–3. In DPD, the time evolution of coarse-grained beads is
governed by Newton’s equations of motion4,

dri

dt
= vi, (S1)

and
m

dvi

dt
= f i, (S2)

where ri, vi and f i are, respectively, the position, velocity and force on the i-th bead with mass m at time t. The force acting on bead i
by bead j contains three non-bonded pairwise forces, i.e.,

fi = ∑
i6= j

(FC
i j +FD

i j +FR
i j), (S3)

including the conservative force FC
i j , dissipative force FD

i j , and random force FR
i j. They are given, respectively, as follows:
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1− ri j
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ei j ri j < rc,
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(S4)

FD
i j =−γω

D(ri j)(vi j · ei j)ei j, (S5)

and
FR

i j = σω
R(ri j)ξi j∆t−

1
2 ei j, (S6)

where ri j = ri − r j, ri j = |ri j|, ei j = ri j/ri j, vi j = vi − v j, αi j represents the maximum repulsion between interacting beads i and j.
ωD and ωR are weight functions for the dissipative and random forces, respectively. γ is a friction coefficient, which indicates the
strength of the dissipative interaction between the particles of the system. σ represents the noise intensity. They are related via the
fluctuation-dissipation theorem1,5

σ
2 = 2γkBT, (S7)

ω
D(ri j) = [ωR(ri j)]

2 =


(

1− ri j
rc

)2
ri j < rc,

0 ri j ≥ rc.
(S8)

kB is the Boltzmann constant and T is the absolute temperature of the system. In Eq. (S6), ξi j is a random number with zero mean and
unit variance. These forces are of short-range with a fixed cutoff distance rc. The Groot-Warren-velocity-Verlet algorithm1,6 is used here
to integrate Newton’s equations of motion. For simplicity, we choose the bead mass m, the cutoff distance rc, and the kinetic energy kBT
as units: m = rc = kBT = 1. Therefore, the relevant time unit is τ = (m r2

c/kBT )
1
2 = 1. In our simulations, we set the number density of

the system ρ = 3 , and the integration time step ∆t = 0.02. Unless specified otherwise, all dimensional values are given in DPD reduced
units.

When modeling lipids and polymer grafted chains, the bonds between beads in the chain are described via the harmonic spring
potential

Ubond(r) =
1
2

kb(r− r0)
2. (S9)

Here kb is the spring constant and r0 is the equilibrium bond length. According to Ref.7, we set kb = 128 and r0 = 0.5. In the previous
studies of Xia et al.8,9, Alexeev et al.7 and Ni et al.10, they have demonstrated that applying a weaker bond between the first hydropho-
bic beads on the two tails of the lipids is a rational means to maintain the same directionality of the hydrophobic tails but not to change
the function of the bilayer membrane. We thus take the same means to limit the directionality of the hydrophobic tails of the lipid, and
we introduce a weaker bond (kb = 32) between the first hydrophobic beads on the two tails of the lipid. We also introduce a three-body
bond angle potential to describe the rigidity of lipid tails.

Uangle = ka(1+ cosθ), (S10)

where ka is the bond angle force constant, θ is the the angle formed by three adjacent beads. We set ka = 20 and θ = 180 in this study.
The amphiphilicity of the lipids is captured by specifying repulsive interactions between different components. For any two beads

of the same type (except for NP), we set the repulsion parameter to αii = 25. Considering the rigid structure of the Janus NP and the
non-interpenetration of the beads, we set αNN = 10011. Hence, αi j will be larger than 25 when the bead-bead repulsion interaction is
stronger. Suitable combination of these parameters can effectively illustrate the driving force for the self-assembly in water. Given that
H stands for the hydrophilic lipid head, T stands for the hydrophobic lipid tail and W stands for the water (the solvent), we take the
interaction parameter αHW = 25, αTW = 100 and αT H = 100. These values are found to give well-ordered membrane bilayer structure
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of the lipids in water7. Other interaction parameters in the present simulations are carefully selected based on the properties and
interactions of different beads. In this work, we attempted to construct a model of Janus PGNPs that can effectively mimic the behavior
of repair proteins, that is, the PGNPs can specifically adsorb to the pore of damaged lipid membrane and then shed automatically
after the membrane repair. In view of this, the parameters (αi j) were carefully set to satisfy the following aspects: 1) normally, the
hydrophilic chains of amphiphilic PGNPs should make the PGNPs stable in the solvent and meanwhile have a strong exclusion to the
lipid hydrophobic layer, both of which contributes to ensuring the lowest impact of the introduced PGNPs on the lipid bilayer structure.
Here, we refer to the work of Xu et al.12 to set the parameters of the graft chain interactions; 2) as for the hydrophobic chains of
PGNPs, their affinity to the hydrophobic tail of lipid membrane should be strong enough to drive the adsorption of PGNPs to the pore
edge of damaged membrane; 3) when the lipid membrane is restored to its initial state, the repulsion between the hydrophobic chains
of PGNPs and the lipid hydrophilic head, as well as the attraction of the solvent to the hydrophilic chains of PGNPs, should collectively
promote the shedding of PGNPs. Based on the above considerations, in combined with our and others’ previous research works13, we
made small adjustments by referring to the parameters of the solvent and the lipid membrane, and finally determined the parameters
in the article, as listed in Table S1.

Generally, the value of the hydrophilic and hydrophobic parameters corresponds to a certain category of substances, which can be
corrected according to the relationship between αi j and the Flory–Huggins χ-parameters, that is, αi j = αii + 3.27 χi j

14. We have
calibrated the Flory-Huggins parameters between different types of beads, as shown in Table S2.

Table S1 DPD interaction parameters used in the simulations

αi j(kBT/rc) H T N A B W
H 25.0 100.0 40.0 60.0 25.0 25.0
T 25.0 40.0 25.0 40.0 100.0
N 100.0 60.0 60.0 25.0
A 25.0 40.0 30.0
B 25.0 25.0
W 25.0

Table S2 Flory–Huggins χ-parameters used in the simulations

χi j(kBT/rc) H T N A B W
H 0.0 22.9 4.6 10.7 0.0 0.0
T 0.0 4.6 0.0 4.6 22.9
N 22.9 10.7 10.7 0.0
A 0.0 4.6 1.5
B 0.0 0.0
W 0.0

In our system, each lipid molecule is modeled as an amphiphilic molecule consisting of three hydrophilic head beads (H, blue)
and two tails with respective three hydrophobic beads (T, pink and cyan, Fig. 1(a) in the paper). The nanoparticle (NP, orange) is
constructed via the geodesic subdivision method. In practice, to make sure the NP is impenetrable, we generate an outer shell and an
inner shell with slight radius difference (e.g., Router−Rinner = 0.5rc). In each shell, the surface density of the NP-type beads is 3.0. This
two-layer surface model can well represent the hard sphere surface, and to prove it, we further calculate the radial density distribution
of the grafted chains on the NP with a radius of 1.5 (Fig. S1). It clearly shows that that the density value is zero for r < 1.5, indicating
that there are no grafted chains inside the NP. Thus, it can be concluded that the grafted chains do not overlap with the NP and will
not penetrate and enter the interior of the Janus NP. These results indicate that the NP we constructed is impenetrable. This method of
constructing NP surface models by geodesic meshing is a method developed by our group in the early stage and has been widely used,
see literature 15–18 for details. In our simulations, all beads of the NP are treated together as a rigid body. The quaternion method is
applied on the beads of the same NP to constrain mutual movement of the NP-type beads in the same NP. The size of the NP is set to
be 3 in DPD units, which is comparable to the thickness of the bilayer membrane. This parameter setting is mainly based on a previous
study, where Alexeev et al.7 chose NPs with a size similar to the thickness of the membrane, in order to investigate the behavior of
NPs when stretching and shrinking a lipid membrane. The grafted sites are uniformly distributed on the surface of NPs. In order to
enhance the interaction between the graft chains on the surface of NPs (or ensure that the graft chains can fully contact each other),
we set the graft density of polymer chains on the surface of NPs as 1.0 chains/rc

2, that is, 1.9 chains/nm2. This graft density is easily
attained in experimental studies. For example, many experimental studies 19–21 have shown that the graft density of poly(ethylene
glycol) (PEG) on the surface of NPs is within the range of 0−2.0 chains/nm2. The ratio of hydrophobic to hydrophilic grafted sites on
the NP is 1:1. The hydrophobic chain (A, red) or hydrophilic chain (B, gray) grafted on the NP is composed of several connected beads,
and the number of the beads (denoted as n) varies from 5 to 10 in different simulations.
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Fig. S1 Radial density distribution profile of the grafted chains on the Janus PGNP with a radius of 1.5. The hydrophobic and hydrophilic grafted
chains on the PGNP have the same chain length of 5.

The interaction of the grafted polymer chains may have an effect on the rotation of the NPs. In order to investigate the effect of the
grafted chains on the rotation of the NPs, we simulate the motion of the bare NP and the NP with graft chains in a 20×20×20 cube box
and plot their orientation correlation profiles. When taking the initial vector formed by the mass center of two Janus hemispheres as a
reference vector, we calculated the dot product of the reference vector and the newly generated vector as a function of time during the
motion. When the values of dot product tend to zero, it indicates that there is no orientation correlation between the reference vector
and the newly generated vector. The larger the dot product value, the stronger the orientation correlation. We measure the effect of
the graft chains on NP rotation by comparing the length of time it takes to reach orientation independence. As shown in Fig. S2, Janus
PGNP need a longer time to reach orientation independence. Thus, the graft chains do not enhance the rotation of the NP, but rather
slow it down.

We stretch and shrink the bilayer membrane by changing the lateral dimensions of the simulation box and simultaneously modify
the height of the box to keep the volume of the system constant. During this process, the surface tension and stress are recorded. In our
simulations, the surface tension ς and stress γ are calculated as following:

ς =
1
2

〈
Lz(Pzz−

Pxx +Pyy

2
)

〉
, (S11)

γ =
1
2
(Pxx +Pyy)−

1
2
(Pxx +Pyy)t=0, (S12)

where Lz is the box length along the z direction (i.e., normal to the bilayer membrane), and Pλλ is the diagonal component of the
pressure tensor (λ = x, y, or z). The rate of stretching or shrinking is defined as

v = Dx/t, (S13)

here Dx is the change in the x-direction of the simulated box and t is the total time of stretching or shrinking. We start with a tension-free
membrane, and then increase the area of the box by 40% to create a pore to mimic the plasma membrane rupture. We then restore the
box to its initial size at a slower rate to simulate the membrane repair process.

We would like to clarify that the membrane repair process mainly includes three steps: 1) rapid accumulation of the repair proteins
at the edge of the membrane wound, helping reduce wound stress and in turn the degree of membrane damage; 2) cell proliferation
or the migration of vesicle membranes in the cytoplasm to repair the damaged area; 3) the detachment of the repair proteins from the
wound after membrane repair. Therefore, the repair proteins act as a regulator during the membrane repair process. In our simulation,
shrinking the simulation box is used to mimic the functions of cell proliferation or the migration of vesicle membranes in the cytoplasm.
As such, shrinking the simulation box can repair the pore of the damaged membrane in the absence of Janus PGNPs, but the function of
the repair proteins cannot be reflected throughout the simulation. Furthermore, there are two key roles of the introduced Janus PGNPs
in the repair process: 1) they are specifically adsorbed at the edge of the pore in the damaged membrane to effectively reduce the
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Fig. S2 The correlation of the centroid vector of the two hemispheres of a NP during particle rotation. The diameter of the NP is 3, and the length
of the hydrophobic and hydrophilic grafted chains on the PGNP is 5.

membrane stress, which helps to decrease the degree of membrane damage; 2) as mentioned in the introduction, when used to mimic
the function of proteins, all the reported Janus NPs were eventually embedded in membrane, which might affect the biological function
of the cell membranes. This deviates from the true behavior of repair proteins. In contrast, our work shows that after the membrane
is repaired, Janus PGNPs will be detached from the lipid membrane and can be reused without affecting the normal function of the
membrane. Thus, our designed Janus PGNPs well mimic the functions of repair proteins.

To correlate the simulation results to physical length and time scales, we calculate the mean squared displacement (MSD) of lipid
molecules in the tensionless membrane as a function of simulation time (Fig. S3), from which, we can obtain the diffusion coefficient
D = 0.011r2

c/τ. In our simulations, the area per lipid is calculated as 1.21r2
c . Typical area per lipid in a tensionless DPPC membrane is

about 0.61 nm2, and an experimental measurement of the in-plane diffusion coefficient of lipids is D = 5µm2/s 22. We use these values
to establish the length scale and time scale in our simulations, thereby rc = 0.71 nm and τ = 1.2 ns.
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Fig. S3 Mean squared displacement (MSD) of lipid molecules in a bilayer membrane as a function of time t. The line is a best fit to the data.

Fig. S4 (a)Side view of a stretched lipid bilayer membrane in the presence of the Janus PGNP with a radius of 7.5. The length of the hydrophobic
and hydrophilic grafted chains on the PGNP is 25. The ratio of the grafted polymer length to the NP size, as well as the graft density were the same
as those in Fig. 3 and Fig. 4. Solvent is not shown for clarity. (b) Side view of the lipid membrane with the Janus PGNP when the membrane returns
back to its initial state. The component’s color settings are the same as those in Fig. 1.
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Fig. S5 The probability distribution of the number of Janus PGNPs in a cluster. PGNP50, PGNP30 and PGNP10 represent that the total number of
Janus PGNPs in the system is 50, 30, 10, respectively.
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Fig. S6 (a)-(c) Snapshots for the systems with lipid membrane and block copolymers of different chain lengths and compositions, taken after the
membrane stretching is released and the pore is closed: (a) A5B10, (b) A10B10 and (c) A10B5. A and B represent hydrophobic and hydrophilic blocks,
respectively, and the subscript indicates the length of the corresponding block. These snapshots could be compared to the snapshot shown in Fig.2(d)
of the paper. (d) Density profiles of the lipid membrane and block copolymers in (a)-(c). In the system, the number of block copolymer chains is
equal to the total number of grafted chains in the Janus PGNPs system. The interaction parameters between the hydrophilic and hydrophobic blocks
of copolymers and the membrane are the same as those of the hydrophilic and hydrophobic grafted chains of Janus PGNPs. The density profiles of
block copolymers are multiplied by a factor of 30 to bring all the profiles to a comparable scale. The abscissa z = 0 is the position of the mass center
of the membrane. In the simulation snapshots, blue beads represent lipid head, while pink and cyan beads represent lipid tail. The gray and red lines
represent the hydrophilic and hydrophobic blocks of the block copolymer, respectively. The solvent beads are omitted here for clarity.
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Fig. S7 (a) Snapshot of a stretched lipid bilayer membrane in the presence of 10 Janus NPs. (b) Snapshot of the lipid membrane with Janus NPs
when the membrane stretching is released and the pore is closed. (c) and (d) show the density profiles of the lipid membrane and Janus NPs in (a)
and (b), respectively. In the system, the interaction parameters between the hydrophilic and hydrophobic parts of Janus particles and the membrane
are the same as those of the hydrophilic and hydrophobic grafted chains of Janus PGNPs. The density profiles of Janus NPs are multiplied by a factor
of 1500 to bring all the profiles to a comparable scale. The abscissa z = 0 is the position of the mass center of the membrane. In the simulation
snapshots, blue beads represent lipid head, while pink and cyan beads represent lipid tail. The gray color and red color represent the hydrophilic and
hydrophobic parts of the Janus NPs, respectively. The solvent beads are omitted here for clarity.
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Fig. S8 Snapshots for the detachment process of Janus PGNPs from the lipid membrane via laterally shrinking the pore at a rate of 2.3 µm2/s. The
corresponding simulation time t is indicated below each snapshot. In this figure, t = 120000τ is the time when the membrane begins to shrinking,
and the shrinking process lasts for 100000τ. The lengths of the hydrophobic chain and hydrophilic chain grafted on the NPs are both equal to 5. In
the simulation snapshots, solvent is not shown for clarity and the component’s color settings are the same as those in Fig. 1.
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