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I. Supplementary Methods

The DPD is a coarse-grained simulation technique with hydrodynamic interaction1. The

dynamics of the elementary units which are so-called DPD beads, is governed by Newton’s

equation of motion dvi/dt = fi/m. Typically, in the DPD, there are three types of pairwise

forces acting on bead i by bead j: the conservative force, dissipative force, and random force.

In the present work, the electrostatic force is introduced to take into account the electrostatic

interactions between charged beads. The conservative force FC
ij = aij(1 − rij/rc)êij is used

to model the repulsive interaction of beads i and j, where rij = |rij| is the distance between

beads i and j, êij = rij/rij is the unit vector, rc is the cutoff radius of the force, and aij

represents the maximum repulsion interaction of beads i and j. For any two beads of the

same type, we take the repulsive parameter aii = 25, and for any two beads of different types,

we set the interaction parameter aWH = aWP = aWI = aWC = aHP = aHI = aHC = aPI =

aPC = aIC = 25 and aWT = aPT = aHT = aIT = aCT = 100 (W stands for water bead,

and I represents counterion bead which is introduced into the system to ensure the charge

neutrality) to denote the hydrophilic/hydrophobic property of the beads2,3. The dissipative

force FD
ij = −γ(1−rij/rc)(êij ·vij)êij and random force FR

ij =
√
2γkBT (1−rij/rc)ζij∆t−1/2êij

are for thermostat, where vij = vi − vj is relative velocity between beads i and j, γ is the

strength of friction, ζij is a symmetric random variable with zero mean and unit variance,

and ∆t is the time step of simulation1.
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Electrostatic interactions were incorporated into the DPD simulations by Groot4. Since

soft potential in the DPD allows for the overlap between DPD beads, when the charged

DPD beads are modeled, this can lead to the formation of artificial ion pairs and cause the

divergence of the electrostatic potential. To avoid this problem, Groot chose to spread out

the charges using the distribution4: ρe(r) = 3
πre3

(1 − r/re) with r < re, where re is the

electrostatic smearing radius, and is typically set as 1.6rc (for details of the method, see Ref.

4).

Moreover, in order to mimic the receptor-ligand interaction, we use a modified LJ

potential5: ULJ
ij = 4ϵ[( σ

rij
)12 − ( σ

rij
)6] + 0.22ϵ, where rij ≤ rcut, σ = 0.624rc, and ϵ is used to

identify the strength of the receptor-ligand interaction (we fix it as 10 kBT ). The cutoff rcut

of the potential is the same as that in the DPD (i.e., rc) unless otherwise stated. Addition-

ally, to guarantee the proper running of the DPD technology, the repulsive force is set to be

25kBT/rcut if it is larger than 25kBT/rcut, therefore this potential becomes “soft”.

Further, we use a harmonic bond Us = ks(1 − ri,i+1/l0)
2 (here we choose ks = 64, l0 =

0.5rc) between the neighboring beads to ensure the integrality of lipids and polymers, and

insert a weaker bond (ks = 10, l0 = 0.5rc) between the first hydrophobic beads on two

tails of the lipid to keep the tails oriented in the same direction3. We also use a three-body

bond angle potential Ua = ka(1− cos(ϕ− ϕ0)) to depict the rigidity of lipid tails (ka = 10,

ϕ0 = 180◦).

Our simulations apply the velocity-Verlet integration algorithm and the integration time

step ∆t = 0.015τ . In addition, we choose the cutoff radius rc, bead mass m, energy kBT as

the simulation units. All simulations are performed in the NVT ensembles. The size of the

simulation box is 65rc×65rc×40rc with the number density of ρ = 3/r3c . The area (A0) per

lipid when the membrane is under zero tension at the beginning of the simulations is about

1.28nm2. During the simulations, to keep the membrane surface under zero tension, the box

shape changes with the area (Ab) per lipid on the boundary, i.e., if Ab > A0, the box will be

compressed in X-Y plane until Ab = A0; while if Ab < A0, the box will be stretched in X-Y

plane until Ab = A0. At the same time, the box length in membrane-normal direction will

change correspondingly to keep the box volume fixed2. And we perform the above operation

every 1000 time steps. The periodic boundary conditions are adopted in three directions.

We can convert the DPD units into SI units via examining the membrane thickness and

the lipid diffusion coefficient5. Usually, the thickness of DPPC bilayer is about 4nm and
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Figure S1: Additional information of nanoparticle-polymer solutions and membranes-water sys-

tems. (a) Snapshot of the initial state of placing nanoparticle in polymer solutions, where there

are 100 polymers (the water and counterion beads are omitted). (b) Density profiles of water

beads, lipid head beads, lipid tail beads and receptor head beads.

the in-plane diffusion constant of lipids is about 5.0µm2/s in experiment. Comparing that

the thickness is about 4.0rc (the distance between two peaks in density profiles describing

the first two beads of lipid molecules) and diffusion constant is about 0.012rc
2/τ , we can

yield rc = 1.0nm and τ = 2.4ns. All simulations in this work are carried out by using the

modified soft package Lammps (12 Jun 2011)6.

II. Supplementary Figures and Discussions

Figures S2a-d show the snapshots of the final equilibrium of nanoparticle-polymers

complex (NPC) under different ionized degrees (i.e., external pH value). With the increase

of ionized monomer number, the electrostatic attractive interaction becomes stronger,

and the number of adsorbed polymers on the nanoparticle will increase. However, with

a further increase of ionized monomer number, the number of adsorbed polymers will

decrease, i.e., the maximum number of adsorbed polymers corresponds to the middle

range of N (from 4 to 6), as shown in Fig. S2e. This is due to an increase of the

electrostatic repulsive interaction between the adsorbed polymers on the particle surface

with ionized monomer number N, while the averaged attractive interaction energy be-
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Figure S2: Final equilibrium of charged nanoparticles in polymer solutions. (a) N=1, (b) N=4,

(c) N=8, and (d) N=11. The bead colors are the same as those of the snapshot in Fig. 1 in the

main text. (e) The total adsorption number of polymers on the nanoparticles surface as a function

of ionized number N. (f) The averaged attractive interaction energy (absolute value) between

nanoparticles and polymers increase monotonously with ionized number N, indicating that the

adsorbed polymers on the nanoparticle surface become more and more stable. The red line is the

linear fitted line. Error bars are obtained by taking the standard derivation of ten independent

simulations.

tween single polymer and nanoparticle increase linearly with the increase of N (see Fig. S2f).

In order to determine the zeta potential ζ of the nanoparticle-polymer complex, we first

calculate the mean electrostatic potential ϕ at the distance r from the nanoparticle center7:

ϕ(r) =
∞∫
r

dr′E(r′) = q
4πε

∞∫
r

dr′ P (r′)
r′2

, where E(r) is the electric field and P(r) is the integrated

charge in units of q within the distance r, and ε is the dielectric constant of water. The

mean electrostatic potential as functions of the distance r under different pH conditions is

shown in Fig. S3. Then we can obtain the zeta potential in various cases. Interestingly, as

shown in the inset of Fig. S3, it is found that the zeta potential will drop below zero when

N ≥ 6, indicating that the surface charge sign of nanoparticle could be changed because of
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Figure S3: Mean electrostatic potential (ϕ) as a function of distance (r) from nanoparticle center.

The inset shows the zeta potential (ζ) of nanoparticle-polymer complex as a function of the ionized

number N. Note that the zeta potential cannot be obtained exactly in simulations because the shear

plane is not easy to be determined7, here we just use the electrostatic potential corresponding to

r=5.5nm as the zeta potential8. Error bars are obtained by taking the standard derivation of ten

independent simulations.

the associated anionic polymers on its surface.
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