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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.552 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 as>!52
UR(r) + [1 - (b(f'iju n;, nj)L r< T'min,
U(rij,ni,nj) = (1)
UA(T)Qb(fij,”i,nj% Tmin < T < 7T,

where Ug(r) and Ux(r) are the distance dependent repulsive and attractive potentials, re-
spectively, ryni, is the repulsive force range, and r. is the cutoff distance of the pair-wise
interaction. ¢(#;;,n;,n;) is a weight function to tune the lipid interaction force, where
I;; = r;;/r is the vector direction of the relative distance vector r;; between two beads, and

n; and n; represent the axes of symmetry of beads ¢ and j, respectively. Specifically, the

distance dependent functions are taken as:5!»52
Ur(r) = €[(rmin/7)* — 2(rmin/7)?], 7 < Tmin,
2)
(7 — Tmin) (
U = — 2¢ | 2T "ming i < T < T,
A<T) e |:2(TC - Tmin):| 7 " " "

where € and o are the energy and length units, respectively, taken as unity in the simulations.
Moreover, rmm = 2/%¢ and r, = 2.60. 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 = ry;, and decays to zero at the cutoff distance r = r.. ( is taken as 4 here. The

orientation-dependent function is given as>!52

(3)

a = (l’ll X f'lj) . (IIJ X f'l]) + sin 90<IIJ — IIZ> . fz] — sin2 90,
where ¢ reaches its maximum of 1 as the angle between two lipid molecules is 6. Otherwise,
¢ is less than 1. Here 6 is the most energetically favorable angle between two lipids, which

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

rigidity and taken as 3. The temperature of the membrane is controlled at 7' = 0.18¢/kg,
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under which the membrane maintains a fluid state. The membrane tension is maintained at

zero by controlling the zy in-plane pressure through a modified Berendsen method. 5354

Elastic nanoparticles

The elastic NP is modeled by a spherical thin shell consisting of interactive beads as we
proposed in our previous work.%® These beads locate on a set of evenly distributed vertex
points x; (i € 1...Ny), which are connected by N, edges and form N triangles on the thin
shell. The NP elasticity can be controlled by the area Vs, volume Vigpume, in-plane Vin_pjane

and bending Vienging potentials. The total potential energy of an elastic NP is defined as
V(xz) = Varea + ‘/volume + V;n—plane + ‘/bending- (4)

The in-plane energy Vi,_plane mimics the stretching energy of the elastic networks con-

sisting of harmonic springs
Vin—plane = Djer..n ksl — 1o)?], (5)

where ks = 5e/o? is the spring constant, [; is the length of spring, and [ is the equilibrium
length for individual springs.
The area potential V.. is expressed as

k(A — Apg)? ka(A; — Ap)?

‘/area: 25 Ny T a4 6
2Apg SN o (6)

where k, = 0.1¢/0? and kq = 0.08¢/0? are the global area and local area constraints coef-
ficients, respectively; A and Ary are the total area and equilibrium total area, respectively;
Aj and Ay are the area of each triangle and its equilibrium area, respectively. Note that the
area potential V., consists of two parts, the first 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 as®6-57

K = ko + kq + V/3k,. (7)

Therefore, the in-plane stretching modulus of the elastic NP shell is K = 8.84¢/02.
The volume potential Vioume is expressed as

ke(V — Vio)?
/i ©)

‘/volume -

where k, = 1.06/03 is the volume constraint coefficient, and V' and Vi are the volumes of
an elastic NP and its equilibrium value, respectively.

The expression of bending potential Viending is given by
Vbending = 2je1... Nokbena[1 — cos(0; — b0)], 9)

where Epeng is the bending constant, 6; is the dihedral angle between two adjacent triangles
sharing the edge j, and 0;y is the corresponding equilibrium dihedral angle. The bending
constant kpenq is directly related to the macroscopic bending rigidity ki, of an elastic NP based
on the Helfrich model.%57 In our simulations, the NP elasticity is controlled by tuning the

bending constant kpepnq.

Calibration of mechanical properties for model membrane

The bending rigidity of the planar membrane can be extracted from the membrane fluctu-
ation spectrum.5®% Given a membrane profile function h(z,y), its Fourier transform could

be expressed as

h(q) = +Sah(r) explia ), (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 profile function h(z,y), we have the lateral length [ of each
membrane element. q = 2f”(ngc, n,) is the wave vector, whose norm is indicated as ¢q. Based

on the equipartition theorem, the power spectrum is given asS!%-51!

kgT

2
< |n(g)]” >= Plrgt +5¢7

(11)

where k and Y are the bending rigidity and membrane tension, respectively. The membrane
bending rigidity s can be obtained by fitting the measured fluctuation spectrum according
to Eq. 11.88510.512,813

In this numerical study, we built a large flat square membrane of 26569 lipid molecules in
the xy-plane. The membrane is relaxed for 2 x 10*7 time steps. Afterwards, the membrane
is further relaxed with 1 x 10°7 time steps for the fluctuation analysis. To measure the
out-of-plane fluctuation, the membrane is divided into a 128 x 128 grid. Therefore, the
patch length is [ = L/128. The average vertical displacement of each patch is recorded to
calculate h(z,y). Then we calculate the values of fluctuation spectra by two-dimensional
Fourier transform in MATLAB and obtain the membrane bending rigidity as k = 24 kgT
which falls within the experimental range (10 kgT-50 kgT').514515

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

this process. The diffusion coefficient can be calculated as

D= gy < () — () > (12)

where r;(t) is the position of the 7th lipid in the zy-plane at time ¢, and the angular bracket
represents an average over all lipids in the membrane. The lipid diffusion constant D is

determined as D = 0.20%/7.
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Figure S1: (A) The function of mean squared displacement (MSD) of lipid molecules against
time. (B) Out-of-plane fluctuation spectrum of a planar membrane as a function of the wave
number q.

Results

Spherical nanoparticles

(A)  R=25nm, kpepg=
t=0

t=3750 us t=24000 ps

(B) R=30 nm, kpe,q=0
t=0

t=1250 pus t=1875 us

(C) Rr=30 nm, Kpe,q=0.1€
t=0

t=3750 us t=24000 pus

=625us 4 t=1250 s

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 kpenq = 0.le. Compared to the rigid NP of
R = 30 nm, the soft NP is trapped owing to the increment of energy barrier.
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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 A Fyjer, as a function
of the wrapping ratio f.
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In the wrapped part, the membrane is firmly 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 asS517

1
H=—n;- Em%

i — Xi), 13
2 6 %) (13)
where n; is the surface normal at node ¢, [;; is the distance between the nodes ¢ and j, and
0; = Xju)0ijlij/4 with o5 = ljj[cot(61) + cot(f)]/2. The angles 6; and 6, are marked in

Fig. S3. The summation is conducted over the neighbors of site 7.

Then the membrane bending energy can be calculated asS!”

kK 1 i 2
E=ghi— {Zj@—](xl- - Xj)] : (14)

li;

As shown in Fig. S3C, our results are in good agreement with the theoretical value 87x f,5

where f is the wrapping ratio.
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Deformation of spherical nanoparticles

t=1250 pus t=3750 us t=8750 us t=10875 us Mean curveture

I 0.50

Figure S4: Local curvature field of a soft spherical NP of kpenqg = 0.1€ 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—".
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Figure S5: (A-B) The total area and volume variations of the soft spherical NP (R = 75 nm,
kpena = 0.1€) 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 fixed entry
angle theoretically. We assume zero membrane tension. For an ellipsoidal NP with a shape
function of (z* + y?)/a? 4+ 2%/b* =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

Egyrap = 2K / M?(6)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
fixed angle. (C) Comparison of the membrane bending energy change for the rigid prolate
NP in simulations with free rotation and theory with fixed angle. Corresponding membrane
wrapping processes for oblate and prolate NPs are given in Fig. 5 in the main text.

where the mean curvature M () at the point P = (asin, —bcos#) is given by

A 1+4cos?6+ A sin® 6
 2a (cos? 6 + A2 sin? 0)3/2

M(#) (16)

with A = b/a. Here the oblate and prolate NPs in theory have the same A and initial entry
angle. The surface area of the wrapped part is S(6) = 2ma? foe sin 0’ (cos? 0’ + A2 sin? 0')/24d0).

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 fixed 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 fields of the soft oblate and prolate NPs with bending
constant kpenq = 3€. Corresponding snapshots of the membrane configurations are given
in Fig. 7 in the main text. The color map represents the mean curvature with a unit of
nm~!. (C-D) Comparisons of membrane energy change and NP energy changes during the
membrane wrapping of oblate NPs with kpeng = 00 and kpenq = 3e. (E-F) Comparisons
of the membrane energy change and NP energy change during the membrane wrapping of
prolate NPs with kpenqg = 00 and kpeng = 3€.
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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 configurations 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 different bending constants kpenq. (D-F) Analysis of energy barrier for oblate, prolate and

spherical NPs of different kycpng.

S-11



Entry angle influences internalization of nonspherical NPs

As we described above, the membrane wrapping efficiency 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 affect their contact edge length and energy barrier evolution
pathway. 59522 To explore the effect of entry angle, we further study the membrane wrapping
process of oblate and prolate NPs (kpena = 10€) with their minor and major axes parallel
to the membrane plane, respectively. We call this wrapping scenario as the side-first entry
mode. As shown in Fig. S10, the membrane wrapping pathway is totally different from the
tip-first 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 first (1250 us < t < 3750 us). It
is noteworthy that the oblate NP with the side-first entry mode is less efficient to be wrapped
during the entire process than the tip-first 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-first entry mode is much more efficient to be fully wrapped than
the tip-first entry mode and the corresponding spherical NP. Intriguingly, with the side-first
entry mode, the wrapping efficiency 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-first entry mode. These results suggest that the entry angle might be an

important factor that contributes to the conflicting experimental results. 52352
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Figure S10: Effects of the entry angle on the wrapping of prolate and oblate NPs. (A-B)
The membrane wrapping of soft oblate NPs (kpeng = 10€) with the initially side-first entry
mode and tip-first entry mode, respectively. (C-D) The membrane wrapping process of soft
prolate NPs (Kkpena = 10¢) with the initially side-first entry mode and tip-first entry mode,
respectively. The wrapping ratios for soft oblate (E) and prolate (F) NPs with tip-first and
side-first 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 kpe,q = 10e. 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. 5267928 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 kyonqg = 10e. 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-first 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 efficiency. As given in Fig. S11A, the
disc-like NP is fully wrapped at t = 6875 us 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 efficient to
be wrapped than the spherical NP (kpena = 10€) 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 efficiency. Moreover, both of the rod-like and prolate NP are less efficient to be
fully wrapped in comparison with the spherical NP (see Fig. SI1E). The cubic and spherical
NPs share the similar wrapping efficiency (cf. Fig. S11F). Furthermore, the bending rigidity
dependent wrapping efficiency of cubic NPs is similar to that of spherical NPs as indicated
in Fig. S12. In short, with the tip-first entry mode, the NPs of similar geometry exhibit

the similar membrane wrapping pathway and wrapping efficiency. Note that the disc and
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rod-like NPs might buckle at kpenq < 10€. Please refer to the method part in the main text

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

Influence of receptor diffusion flux
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Figure S13: Effects of the receptor diffusion flux 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 z-axis represents the distance away from the center of mass
of the NP. (B) Corresponding wrapping ratio evolutions at different receptor densities. (C)
The relation between receptor diffusion flux and receptor density. The receptor diffusive flux
is calculated based on the Fick’s first law J = —D%, where J is the diffusive flux, ¢ is the
receptor density and D is the diffusion coefficient, taken as D = 5um?/s. The slope of % is
obtained by fitting 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 fitting the
simulation results with an exponential function. The saturation of wrapping time at large
receptor densities indicates the elimination of receptor diffusion effect.
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