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Model and Methods

Lipid membrane

One-bead solvent-free lipid model is adopted in our simulations. This highly coarse-grained

lipid model can correctly reproduce the dynamic and mechanical properties of lipid mem-

brane.S1,S2 In this one-bead lipid model, each lipid molecule is represented by a single spher-

ical bead which contains both the translational and rotational degrees of freedom. Conse-
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quently, the interactive force between lipid beads depends on both their relative distance r

and orientation. The potential function between two beads are given asS1,S2

U(rij,ni,nj) =


UR(r) + [1− φ(r̂ij,ni,nj)], r < rmin,

UA(r)φ(r̂ij, ni, nj), rmin < r < rc,

(1)

where UR(r) and UA(r) are the distance dependent repulsive and attractive potentials, re-

spectively, rmin is the repulsive force range, and rc is the cuto� distance of the pair-wise

interaction. φ(r̂ij,ni,nj) is a weight function to tune the lipid interaction force, where

r̂ij = rij/r is the vector direction of the relative distance vector rij between two beads, and

ni and nj represent the axes of symmetry of beads i and j, respectively. Speci�cally, the

distance dependent functions are taken as:S1,S2

UR(r) = ε[(rmin/r)
4 − 2(rmin/r)

2], r < rmin,

UA(r) = −ε cos2ζ
[
π(r − rmin)

2(rc − rmin)

]
, rmin < r < rc,

(2)

where ε and σ are the energy and length units, respectively, taken as unity in the simulations.

Moreover, rmin = 21/6σ and rc = 2.6σ. The repulsive part is the Lennard-Jones (LJ)-42

potential. The attractive part is a cosine function which smoothly connects the repulsive

part at r = rmin and decays to zero at the cuto� distance r = rc. ζ is taken as 4 here. The

orientation-dependent function is given asS1,S2

φ = 1 + µ[a(r̂ij,ni,nj)− 1] with

a = (ni × r̂ij) · (nj × r̂ij) + sin θ0(nj − ni) · r̂ij − sin2 θ0,

(3)

where φ reaches its maximum of 1 as the angle between two lipid molecules is θ0. Otherwise,

φ is less than 1. Here θ0 is the most energetically favorable angle between two lipids, which

is taken as 0 in our simulations. The parameter µ is correlated to the membrane bending

rigidity and taken as 3. The temperature of the membrane is controlled at T = 0.18ε/kB,
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under which the membrane maintains a �uid state. The membrane tension is maintained at

zero by controlling the xy in-plane pressure through a modi�ed Berendsen method.S3,S4

Elastic nanoparticles

The elastic NP is modeled by a spherical thin shell consisting of interactive beads as we

proposed in our previous work.S5 These beads locate on a set of evenly distributed vertex

points x
	
i (i ∈ 1...Nv), which are connected by Ns edges and form Nt triangles on the thin

shell. The NP elasticity can be controlled by the area Varea, volume Vvolume, in-plane Vin−plane

and bending Vbending potentials. The total potential energy of an elastic NP is de�ned as

V (xi) = Varea + Vvolume + Vin−plane + Vbending. (4)

The in-plane energy Vin−plane mimics the stretching energy of the elastic networks con-

sisting of harmonic springs

Vin−plane = Σj∈1...Ns [ks(lj − lj0)2], (5)

where ks = 5ε/σ2 is the spring constant, lj is the length of spring, and lj0 is the equilibrium

length for individual springs.

The area potential Varea is expressed as

Varea =
ka(A− AT0)2

2AT0
+ Σj∈1...Nt

kd(Aj − A0)
2

2A0

, (6)

where ka = 0.1ε/σ2 and kd = 0.08ε/σ2 are the global area and local area constraints coef-

�cients, respectively; A and AT0 are the total area and equilibrium total area, respectively;

Aj and A0 are the area of each triangle and its equilibrium area, respectively. Note that the

area potential Varea consists of two parts, the �rst part controlling the total area of elastic

NP and the second part regulating the local area of each triangle.
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The in-plane stretching modulus K of the NP shell can be derived asS6,S7

K = ka + kd +
√

3ks. (7)

Therefore, the in-plane stretching modulus of the elastic NP shell is K = 8.84ε/σ2.

The volume potential Vvolume is expressed as

Vvolume =
kv(V − VK0)

2

2VK0

, (8)

where kv = 1.0ε/σ3 is the volume constraint coe�cient, and V and VK0 are the volumes of

an elastic NP and its equilibrium value, respectively.

The expression of bending potential Vbending is given by

Vbending = Σj∈1...Nskbend[1− cos(θj − θj0)], (9)

where kbend is the bending constant, θj is the dihedral angle between two adjacent triangles

sharing the edge j, and θj0 is the corresponding equilibrium dihedral angle. The bending

constant kbend is directly related to the macroscopic bending rigidity kb of an elastic NP based

on the Helfrich model.S6,S7 In our simulations, the NP elasticity is controlled by tuning the

bending constant kbend.

Calibration of mechanical properties for model membrane

The bending rigidity of the planar membrane can be extracted from the membrane �uctu-

ation spectrum.S8,S9 Given a membrane pro�le function h(x, y), its Fourier transform could

be expressed as

h(q) =
l

L
Σnh(r) exp(iq · r), (10)
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where L is the lateral side length of the planar membrane. By dividing the membrane

into small patches to capture pro�le function h(x, y), we have the lateral length l of each

membrane element. q = 2π
L

(nx, ny) is the wave vector, whose norm is indicated as q. Based

on the equipartition theorem, the power spectrum is given asS10,S11

< |h(q)|2 >=
kBT

l2[κq4 + Σq2]
, (11)

where κ and Σ are the bending rigidity and membrane tension, respectively. The membrane

bending rigidity κ can be obtained by �tting the measured �uctuation spectrum according

to Eq. 11.S8,S10,S12,S13

In this numerical study, we built a large �at square membrane of 26569 lipid molecules in

the xy-plane. The membrane is relaxed for 2× 104τ time steps. Afterwards, the membrane

is further relaxed with 1 × 105τ time steps for the �uctuation analysis. To measure the

out-of-plane �uctuation, the membrane is divided into a 128 × 128 grid. Therefore, the

patch length is l = L/128. The average vertical displacement of each patch is recorded to

calculate h(x, y). Then we calculate the values of �uctuation spectra by two-dimensional

Fourier transform in MATLAB and obtain the membrane bending rigidity as κ = 24 kBT

which falls within the experimental range (10 kBT�50 kBT ).
S14,S15

The mean squared displacement of lipid molecules in the xy-plane is also measured during

this process. The di�usion coe�cient can be calculated as

D =
1

4(t1 − t0)
< [r||,i(t1)− r||,i(t0)]

2 >, (12)

where r||,i(t) is the position of the ith lipid in the xy-plane at time t, and the angular bracket

represents an average over all lipids in the membrane. The lipid di�usion constant D is

determined as D = 0.2σ2/τ .
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Figure S1: (A) The function of mean squared displacement (MSD) of lipid molecules against
time. (B) Out-of-plane �uctuation spectrum of a planar membrane as a function of the wave
number q.

Results

Spherical nanoparticles

t=0
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t=1250 𝝁𝒔 t=3750 𝝁𝒔

R=25 𝒏𝒎, 𝒌𝒃𝒆𝒏𝒅=∞(A)

t=24000 𝝁𝒔

t=0

t=0

t=625 𝝁𝒔 t=1250 𝝁𝒔 t=3750 𝝁𝒔

t=1250 𝝁𝒔 t=1750 𝝁𝒔 t=1875 𝝁𝒔

t=24000 𝝁𝒔

t=625 𝝁𝒔

R=30 𝒏𝒎, 𝒌𝒃𝒆𝒏𝒅=∞

R=30 𝒏𝒎, 𝒌𝒃𝒆𝒏𝒅=0.1𝜺(C)

(B)

t=0

Figure S2: (A) Snapshots of the membrane wrapping of a rigid spherical NP of radius
R = 25 nm (A) and 30 nm (B). Due to the limited ligand number, the NP of R = 25 nm
in the case A is trapped during the membrane wrapping process. In contrast, the NP in B
can be quickly fully wrapped. (C) Snapshots of the membrane wrapping of a soft spherical
NP (R = 30 nm) with the bending constant kbend = 0.1ε. Compared to the rigid NP of
R = 30 nm, the soft NP is trapped owing to the increment of energy barrier.

S-6



Computation of membrane bending energy
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Figure S3: (A) Surface patches of a triangulated NP around vertex i. (B) Evolution of the
wrapped part of NPs. The wrapped region of the NP is colored in blue. (C) The comparison
between theory and simulation for the membrane bending energy change ∆EMem as a function
of the wrapping ratio f .

In the wrapped part, the membrane is �rmly attached onto the NP surface as shown in

Fig. 2 in the main text. Therefore, the membrane bending energy in the wrapped part can

be calculated according to the NP curvature as marked in Fig. S3B. For the triangulated

NP surface, the mean curvature H at the node i can be calculated asS16,S17

H =
1

σi
ni · Σj(i)

σij
lij

(xi − xj), (13)

where ni is the surface normal at node i, lij is the distance between the nodes i and j, and

σi = Σj(i)σijlij/4 with σij = lij[cot(θ1) + cot(θ2)]/2. The angles θ1 and θ2 are marked in

Fig. S3. The summation is conducted over the neighbors of site i.

Then the membrane bending energy can be calculated asS17

E =
κ

2
Σi

1

σi

[
Σj(i)

σij
lij

(xi − xj)

]2
. (14)

As shown in Fig. S3C, our results are in good agreement with the theoretical value 8πκf ,S18

where f is the wrapping ratio.
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Deformation of spherical nanoparticles

t=0 t=1250 𝝁𝒔 t=3750 𝝁𝒔 t=8750 𝝁𝒔 t=10875 𝝁𝒔

Figure S4: Local curvature �eld of a soft spherical NP of kbend = 0.1ε and radius R = 75 nm.
Corresponding snapshots of the membrane wrapping are given in Fig. 3A in the main text.
The color map represents the mean curvature with a unit of nm−1.
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Figure S5: (A-B) The total area and volume variations of the soft spherical NP (R = 75 nm,
kbend = 0.1ε) as a function of wrapping ratio.

Nonspherical nanoparticles

To analyze the driving force of rotation for both oblate and prolate NPs in simulations, we

further compute the membrane energy change of oblate and prolate NPs with the �xed entry

angle theoretically. We assume zero membrane tension. For an ellipsoidal NP with a shape

function of (x2 + y2)/a2 + z2/b2 = 1 (a and b are the lengths of half major and minor axes,

respectively), the bending energy of the wrapping part can be determined as

EBwrap = 2κ

∫
M2(θ)dS, (15)
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Figure S6: Driving force analysis of NP rotation. (A) Illustration of an ellipsoidal NP. a and b
are the lengths of half major and minor axes, respectively. (B) Comparison of the membrane
bending energy change for rigid oblate NP in simulation with free rotation and theory with
�xed angle. (C) Comparison of the membrane bending energy change for the rigid prolate
NP in simulations with free rotation and theory with �xed angle. Corresponding membrane
wrapping processes for oblate and prolate NPs are given in Fig. 5 in the main text.

where the mean curvature M(θ) at the point P = (a sin θ,−b cos θ) is given by

M(θ) =
λ

2a

1 + cos2 θ + λ2 sin2 θ

(cos2 θ + λ2 sin2 θ)3/2
(16)

with λ = b/a. Here the oblate and prolate NPs in theory have the same λ and initial entry

angle. The surface area of the wrapped part is S(θ) = 2πa2
∫ θ
0

sin θ′(cos2 θ′+λ2 sin2 θ′)1/2dθ′.

As shown in Fig. S6, due to the rotation of oblate NP, the associated membrane energy

barrier in simulations is smaller than that in theory at a �xed entry angle. It indicates that

the membrane bending energy provides the driving force for the oblate NP to rotate. On

the other hand, the prolate NP in simulations barely change its orientation. The membrane

energy changes in simulations and theory are almost the same.
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Figure S7: (A-B) Local curvature �elds of the soft oblate and prolate NPs with bending
constant kbend = 3ε. Corresponding snapshots of the membrane con�gurations are given
in Fig. 7 in the main text. The color map represents the mean curvature with a unit of
nm−1. (C-D) Comparisons of membrane energy change and NP energy changes during the
membrane wrapping of oblate NPs with kbend = ∞ and kbend = 3ε. (E-F) Comparisons
of the membrane energy change and NP energy change during the membrane wrapping of
prolate NPs with kbend =∞ and kbend = 3ε.
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Figure S8: The orientation angle comparison between rigid and soft oblate (A) and prolate
(B) NPs with the same entry angle. It is indicated that decreasing the bending constant can
promote the NP rotation during the membrane wrapping process. Corresponding snapshots
of the membrane con�gurations are given in Fig. 7 in the main text.
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Figure S9: (A-C) Analysis of the contact edge length for oblate, prolate and spherical NPs
of di�erent bending constants kbend. (D-F) Analysis of energy barrier for oblate, prolate and
spherical NPs of di�erent kbend.

S-11



Entry angle in�uences internalization of nonspherical NPs

As we described above, the membrane wrapping e�ciency is determined by the competition

between the free energy barrier and contact edge length (or the speed of receptor recruiting).

For nonspherical NPs, due to their anisotropic properties, the initial entry angle of both

oblate and prolate NPs will a�ect their contact edge length and energy barrier evolution

pathway.S19�S22 To explore the e�ect of entry angle, we further study the membrane wrapping

process of oblate and prolate NPs (kbend = 10ε) with their minor and major axes parallel

to the membrane plane, respectively. We call this wrapping scenario as the side-�rst entry

mode. As shown in Fig. S10, the membrane wrapping pathway is totally di�erent from the

tip-�rst mode for both oblate and prolate NPs with the same bending constant. With the

initial small contact area, the oblate NP prefers to lay down �rst (1250 µs < t < 3750 µs). It

is noteworthy that the oblate NP with the side-�rst entry mode is less e�cient to be wrapped

during the entire process than the tip-�rst entry mode as well as the spherical NP with the

same bending constant. In comparison, with the initial large contact area, the prolate NP

barely undergoes orientational change during the whole wrapping process. Furthermore,

the prolate with the side-�rst entry mode is much more e�cient to be fully wrapped than

the tip-�rst entry mode and the corresponding spherical NP. Intriguingly, with the side-�rst

entry mode, the wrapping e�ciency of NPs with the same bending constant is ranked as

prolate > spherical > oblate. This ranking sequence is totally reversed for the nonspherical

NPs with the tip-�rst entry mode. These results suggest that the entry angle might be an

important factor that contributes to the con�icting experimental results.S23�S25

S-12



t=0

Prolate, 𝒌𝒃𝒆𝒏𝒅= 10𝜺
Side-first 

(C)

t=1250 𝝁𝒔 t=5000 𝝁𝒔 t=6400 𝝁𝒔t=3750 𝝁𝒔

Oblate, 𝒌𝒃𝒆𝒏𝒅= 10𝜺
Side-first 

(A)

t=1250 𝝁𝒔 t=3750 𝝁𝒔 t=8750 𝝁𝒔 t= 13020 𝝁𝒔

t=5000 𝝁𝒔 t=6875 𝝁𝒔 t=7875 𝝁𝒔

Oblate, 𝒌𝒃𝒆𝒏𝒅=10𝜺
Tip-first

(B)

t=0

t=0

t=1250 𝝁𝒔 t=3750 𝝁𝒔 t=8750 𝝁𝒔 t=14875 𝝁𝒔t=0

(D) Prolate, 𝒌𝒃𝒆𝒏𝒅= 10𝜺
Tip-first

t=1250 𝝁𝒔

0 3 6 9 12 15
Time (×103 s)

0.0

0.2

0.4

0.6

0.8

1.0

W
ra

pp
in

g 
ra

tio

(E)

Oblate,tip-first,kbend = 10
Oblate,side-first,kbend = 10
Spherical,kbend = 10

0 3 6 9 12 15
Time (×103 s)

0.0

0.2

0.4

0.6

0.8

1.0

W
ra

pp
in

g 
ra

tio

(F)

Prolate,tip-first,kbend = 10
Prolate,side-first,kbend = 10
Spherical,kbend = 10

Figure S10: E�ects of the entry angle on the wrapping of prolate and oblate NPs. (A-B)
The membrane wrapping of soft oblate NPs (kbend = 10ε) with the initially side-�rst entry
mode and tip-�rst entry mode, respectively. (C-D) The membrane wrapping process of soft
prolate NPs (kbend = 10ε) with the initially side-�rst entry mode and tip-�rst entry mode,
respectively. The wrapping ratios for soft oblate (E) and prolate (F) NPs with tip-�rst and
side-�rst entry modes.
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Cellular uptake of other nonspherical elastic NPs
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Figure S11: (A-C) Snapshots of the membrane wrapping of soft disc-like, rod-like, and cubic
NPs with the bending constant kbend = 10ε. Wrapping ratio comparison between disc-like,
oblate and spherical NPs (D), between rod-like, prolate and spherical NPs (E), between
cubic and spherical NPs (F).

In experiments, other nonspherical, such as disc, rod-like and cubic NPs are also widely

used.S26�S28 To systematically understand the membrane wrapping behaviors of these non-

spherical NPs, we further investigate the membrane wrapping process of soft disc-like, rod-

like and cubic NPs at kbend = 10ε. The surface areas of all these NPs are set the same as

the spherical NP of radius R = 75 nm. The aspect ratio of disc-like and rod-like NPs are
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Figure S12: Wrapping time as a function of the bending constant for spherical and cubic
NPs.

controlled as the same as the oblate and prolate NPs, respectively. Tip-�rst entry mode is

adopted for disc-like and rod-like NPs. Particularity, we want to explore whether NPs of the

same geometric category (one-dimensional shape: rod-like and prolate NPs; two-dimensional

shape: disc-like and oblate NPs; three-dimensional shape: cubic and spherical NPs) share

the same membrane wrapping pathway and wrapping e�ciency. As given in Fig. S11A, the

disc-like NP is fully wrapped at t = 6875 µs and shares the similar three-stages membrane

wrapping pathway as its oblate counterpart in Fig. S10B. Importantly, the wrapping ratio

evolutions of disc-like and oblate NPs are similar, and both of them are more e�cient to

be wrapped than the spherical NP (kbend = 10ε) as shown in Fig. S11D. The rod-like NP

lays down gradually as its prolate counterpart does in Fig. S10D, and they share similar

wrapping e�ciency. Moreover, both of the rod-like and prolate NP are less e�cient to be

fully wrapped in comparison with the spherical NP (see Fig. S11E). The cubic and spherical

NPs share the similar wrapping e�ciency (cf. Fig. S11F). Furthermore, the bending rigidity

dependent wrapping e�ciency of cubic NPs is similar to that of spherical NPs as indicated

in Fig. S12. In short, with the tip-�rst entry mode, the NPs of similar geometry exhibit

the similar membrane wrapping pathway and wrapping e�ciency. Note that the disc and
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rod-like NPs might buckle at kbend < 10ε. Please refer to the method part in the main text

for the details about models of disc, rod-like and cubic NPs.

In�uence of receptor di�usion �ux
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Figure S13: E�ects of the receptor di�usion �ux on the membrane wrapping of a rigid spher-
ical NP of radius R = 75 nm. (A) Densities of the unbounded receptors in the membrane at
the wrapping ratio f = 0.5. The x-axis represents the distance away from the center of mass
of the NP. (B) Corresponding wrapping ratio evolutions at di�erent receptor densities. (C)
The relation between receptor di�usion �ux and receptor density. The receptor di�usive �ux
is calculated based on the Fick's �rst law J = −D dφ

dx
, where J is the di�usive �ux, φ is the

receptor density and D is the di�usion coe�cient, taken as D = 5µm2/s. The slope of dφ
dx

is
obtained by �tting the receptor density in the range of 100-200 nm with a linear function.
(D) The wrapping time versus the receptor density. The solid line is obtained by �tting the
simulation results with an exponential function. The saturation of wrapping time at large
receptor densities indicates the elimination of receptor di�usion e�ect.
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