Chin. Phys. B Vol. 24, No. 8 (2015) 088701

Theoretical study of interactions between striated cylindrical
particles and membrane*

Wang Jing-Jing(F &), Feng Jia-Wei({5%43:44), and Ren Chun-Lai({EZK)T

National Laboratory of Solid State Microstructures and Department of Physics,
Nanjing University, Nanjing 210093, China

(Received 10 February 2015; revised manuscript received 1 March 2015; published online 20 June 2015)

The interaction of nanoparticles with cell membranes is of great importance because of their potential biomedical
applications. In this paper, we investigate the adhesion of stripe-patterned cylinders to a fluid membrane with a full consid-
eration of the Helfrich free energy. Three situations are considered: one striated cylindrical particle, two pure cylindrical
particles, and two Janus cylindrical particles. It is found that, with the adhesion of a single sparse striated cylinder, there
are a variety of steady-states with energy barriers and the stable state is determined by the pattern of the cylinder. However,
when the particle is densely striped, it has no effect on the stable state. By comparing the wrapping degree of two cylin-
drical particles with that of a single cylindrical particle, we find that two pure cylindrical particles can promote or suppress
their interaction with the membrane under different situations. However, two Janus cylindrical particles can only inhibit
their interaction with the membrane. Besides, this interaction is related to a first-order transition which is a shallow-to-deep
wrapping transition for two pure cylinders while it is a shallow-to-half wrapping transition for two Janus cylinders. Fur-
thermore, the position where the transition happens as a function of adhesion energy is given for fixed membrane tension

and the precondition of the transition is presented.
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1. Introduction

The interaction of nanoparticles with membranes is com-
mon in biological systems. A deeply studied example is the
way in which viruses pass through their host cell membrane.
Typically, they enter the cell by endocytosis and get out of the
cell by exocytosis.[!™#! Therefore, nanoparticles whose sizes
are similar to that of viruses have great potential applications
in biomedical imaging, and cancer diagnosis and therapy.>~*!
Acting as drug carriers, they can also transport anticancer
drugs to the tumor cells and improve the specific targeting, [!°]
but the delivery efficiency is still too low to achieve the de-
mand of clinical use. There may also be a potential toxicity
because they may disrupt the structure of the membrane.!'12]
Thus, investigating the interaction between particles and mem-
branes is of great importance to understanding the molecular
mechanism of particles passing through cell membranes and
designing efficient and safe drug carriers.

With the rapid development of nanotechnology, various
nanomaterials can be designed to achieve desirable function-
alities. Nanoparticles pass through cell membranes mainly in
two ways: endocytosis and diffusion. Their interaction with
cells are influenced by the physical and chemical properties of
the particles.!'3-22] Micro-sized particles can be engulfed by
membranes, ?>>4! while nano-sized particles transport through

[25,26

membranes by diffusion. | Dasgupta et al. pointed out that

the uptake of ellipsoidal particles is lower than that of spher-
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ical particles, which means a higher cell toxicity of tubular
viruses than icosahedral viruses.[?”]
Particles can be patterned by coating different types of

28,29

ligands on the surface.?®?°! It has been shown that the relative

arrangements of the ligands influence the interaction between

[3031] Using dissipative particle dy-

particles and membranes.
namics, Ding et al. found that Janus particles with hydropho-
bic and hydrophilic ligands can insert into membranes or be
engulfed by membranes depending on their initial orientation
and properties.[*?! Li and coworkers studied the free energy
change of four different kinds of ligand-coated nanoparticles
piercing through a membrane and found that striated nanopar-
ticle translocated across the membrane with the lowest en-
ergy barrier because its rotational degree of freedom was con-
strained by the anisotropic ligand pattern. 33! More recently, Li
et al. have investigated the penetration across a membrane of
different patterned nanoparticles. An insertion—rotation pene-
tration mechanism was found for stripy or patchy nanoparti-
cles with a large stripe width or patch size, while a different
penetration mechanism with a less constrained rotation was
found for stripy or patchy nanoparticles coated with narrow
stripes or small patches.[**! These researches are performed
by computer simulations and they have made significant pro-
gresses. But there are time and length limitations for computer
simulations. Studying the interaction between patterned par-
ticles and membranes in theory will help us better understand
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this problem generally.

Most theoretical studies on the particle-membrane inter-
actions are based on the Helfrich model which treats the mem-
brane as a soft bendable sheet and includes two parameters:
the bending rigidity and the surface tension. Within the frame-
work of the Helfrich free energy, Deserno et al. studied the
adhesion of a single spherical particle to a flat fluid mem-
brane and observed a second-order adsorption transition and
a first-order partial-to-complete wrapping transition. 3> Boul-
bitch found a binding transition by analyzing the free energy
of the membrane adhered by a cylinder.*®! Niu and cowork-
ers studied the adhesion of two rigid cylinders to a membrane
tube and found a second-order and a first-order transition. 37!
Mkrtchyan et al. showed that a shallow-to-deep wrapping tran-
sition exists by studying the free energy of two cylinders ad-
hering to the same side of a fluid membrane and concluded
that a membrane-mediated repulsion exists between the two
cylinders. 38!

In this paper, we focus on the adhesion of striated cylin-
drical particles to a fluid membrane without spontaneous cur-
vature. In Section 2, we will present the theoretical model
and derive the free energy of the entire system based on a full
consideration of the Helfrich model. Then, the effect of pat-
terns will be studied by analyzing the free energy of the system
in Subsection 3.1. In Subsection 3.2, the interaction between
two cylinders is given and a first-order transition will be found
from a perspective of the wrapping angle in steady state.

2. Model and method

A cross section sketch of a single striped cylinder and two
parallel striped cylinders adhering to a membrane is shown in
Fig. 1, where the adhesion angles o and 7y are well defined.
The membrane is represented by a curve and its shape can
be described by the tangent angle y(s) completely. Different
stripes can adhere to the membrane with different adhesion en-
ergies and they divide the cross diameter of the cylinders into
N parts equally. A simple model of a cross-changing adhe-
sion energy is studied here. As illustrated in Fig. 1, the adhe-
sion energy per unit area of the blue region is —®;, while the
green region is —,. We assume that the length of the cylin-
ders L is much larger than the radius of section R and ignore
the variation of the membrane shape in the direction vertical
to the cross section, so that the system can be studied by a
two-dimensional model. But we should notice that for real ap-
plication, it is also of great importance to investigate the effect
of aspect ratio of cylinders on the cellular uptake. However,
this is beyond the frame of the present work, and we suggest
the reader to refer to the recent simulation work by Yue et al.

for more details about the related problem. !

(a)

(b)
D

Fig. 1. (color online) Cross section sketch of the adhesion of (a) a single
striped cylinder and (b) two striped cylinders to a membrane. ¢ and y
are the wrapping angles and y/(s) is the tangent angle. The adhesion
energy per unit area of the blue region is —®;, while that of the green
region is — ;.

We assume that the membrane is planar before the cylin-
der adheres to it. This is reasonable because the size of the
membrane can be much bigger than the particles. Adsorption
of the cylinder changes the shape of the membrane. The en-
ergy difference of the membrane is the integral over the local
bending and tension contributions and can be described on the
basis of the Helfrich model 021

B 1 (dy 2
AF—/LK(ds> +G(1—c0sl//)]Lds, (D

where k is the bending rigidity and o is the surface tension.

For the adhesion of a single striped cylindrical particle to
a membrane (as illustrated in Fig. 1(a)), the adhesion energy
of the system can be written as

E.g = —02RL0oyy — 0x2RLp, )

where ; and o are the wrapping angles occupied by the blue
and green regions respectively in the wrapping area and we
have

o+ 0 = 0. 3)

It is convenient to express energies in the units of k and
lengths in the units of the cylinder radius R. So we introduce
the following dimensionless quantities

N Eq4R -
Eyq = F =FR/xL
ad L ) / ’
B oR2 . mR?
W = ! , W= 3
K K
6 = oR’/x, §=s/R. (4)

Then the rescaled adhesion energy of the striped cylinder
can be expressed as

By = —20100 — 20,00, (5)

and the rescaled energy difference of the membrane is:

s [[5() +an-com

The membrane is divided into two parts (i.e., adhering

ds. (©)

portion and non-adhering portion) based on whether or not it
is in contact with the cylinder. It is clear that
dy o
d§  Roa/R

N
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in the contact area. Then equation (6) can be integrated and
turns to

3 ]
AFcontact = 2/0 |:2+G(1 —COSW>:| dy
= o+26(a—sina). (8)

The total energy of the system that a single striped cylin-
der adheres to a membrane is:

AF‘single = AFfree + AFcontact + Ead

= /Ow ;(dw>2+6(l—cosl]/)

i
s s

+a+26(o—sina) —2(@ o + @), (9)

where AFj. is the rescaled energy difference of the free mem-
brane. The stable structure of the entire system can be de-
termined by minimizing this total energy with respect to the
shape function y.

The integral term in Eq. (9) corresponds to a Lagrangian:

1 /dy 2
L_2<d§> +6(1 —cosy). (10)

Introducing the related Hamiltonian and using the Euler—
Lagrange equation, we have:

LAy _
2<d§> —6(1—cosy)=H. 1D

Here H is a constant because L is independent of the arc-length
s. This equation can convert the integration over arc-length s
to the integration over tangent angle y and forms the basis for
the deductions below.

The membrane becomes an asymptotical flatness when it
is far away from the contact area. This means that

dy

when § = 0.1381 So H = 0 in Eq. (11) for the free membrane
and
dw\ 2
(d?) —26(1 - cos ). (13)

By substituting it to Eq. (6), we get the rescaled energy differ-
ence of the non-adhering portion

Afiree = Z/Om[ZG(l—cosw)]df
_ V55 /0 T —cosy)dy
S\fé{l —cos (g)} . (14)

The total energy in Eq. (9) turns to

AFsingle = AFfree + AFcomact + Ead

- 5031 eos(%)]

+26(a—sinat) —2(@; ) + o).  (15)

It can be also used to describe the adhesion of a pure cylinder
to a membrane when we set the adhesion energy of unit area
as =0 = .

The maximum adhesion angle of a pure cylinder can be
calculated by analyzing the distance between the left and right
of the wrapping membrane

D membrane

_ Dmembrane
R
5
= 23inoc—2/ cos yds§
0

= 2sin + 2 /OC cosy d

= V26 Japp VT—cosy ¥
. 2 tan(a/4) o T

-2 In——"242( cos=—cos— ||, (1
Sma+ﬁ{ntan(ﬂ/8)+ (COS2 COS4>}7( 6)

where y(0) = o represents the contact point of the free mem-
brane with the cylinder and y(§) = 7 /2 represents the closest
point of the two membrane sides. %!

For the adhesion of two parallel striped cylinders to a
membrane, where the surface-to-surface distance between the
two cylinders is D (as illustrated in Fig. 1(b)). The adhesion of
the left side of the left cylinder is same to that of the right side
of the right cylinder in this symmetrical system. Two vertical
diameters of the cylinders divide the system into two portions:
(1) the outer part including the left side of the left cylindrical
diameter and the right side of the right cylindrical diameter,
where the adhesion angle is «, (ii) the middle part between
the two diameters, where the adhesion angle is y. Then the
dimensionless energy of the system can be expressed as

AF = AFyyer( ) + AFpigqie (7). an

It is clear that the adhesion of the outer part of the two
cylinders is identical with that of a single cylinder

AF‘outer(oc) = AFjﬁingle
a
= 8\/5[1 —cos (2)] +a
+26(a—sina) —2(@;01 + @ 0n). (18)
So we mainly focus on the middle part between the two cylin-
ders. The shape of the membrane in the middle part also con-
forms Eq. (11). The symmetric point of the middle part satis-

fies y = 0. If we assume that the curvature of this point is £,
then we get the constant H = {2 /2 in Eq. (11) and

()

26 (1 —cosy)+ 2 (19)
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Similarly, we can get the the rescaled energy difference of the
middle part of the two striped cylinders

AFiaaie (7, €)

v §24+46(1—cosy)
/ VC2+26(1 —cosy)
+Y+26(y—siny) =2(@dn +@p).  (20)

Here, 71 and 9 are the wrapping angle occupied by the blue
and green regions, respectively, in the middle wrapping area.
When we set @ = @, = @, we can study the adhesion of two
pure cylinders to a membrane.

On the basis of the shape function Eq. (11), the rescaled
surface-to-surface distance between two cylinders can be ex-

pressed as

D) = o

/ 2cosy
V2 +26(1—cosy)

dy+2(siny—1). (21)

The steady state of the middle part can be got by minimizing
the free energy in Eq. (20) with respect to ¥ and { together
with the constraint (21).

As a final note, we assume that the cylinder does not turn
over during the process of adhesion. It is challenging to con-
sider within the Helfrich model and needs further studying.

3. Results and discussion
3.1. Adhesion of a single-striped cylinder to a membrane

Firstly, we study the influence of the stripes in the ad-
hering of a single cylinder to a membrane. The dimension-
less energy difference as a function of wrapping angle for
various numbers of stripes is shown in Fig. 2. From bottom
to top, the number of stripes is N = 2,6,10,20,40, 100, and
N =1 (which represents a pure cylinder without stripes), re-
spectively. The rescaled membrane tension & = 0.1 is fixed.
The rescaled adhesion energies per unit area of the patterned
cylinder are @; =2 and @, = 0, while that of the pure cylinder
is®=1(@+a@)=1.

When N = 2, the energy curve has a minimum at o = /2
which means that a Janus cylinder will be half-wrapped by
the membrane. When the cylinder is sparsely patterned, take
N = 6,10,20 for example, the energy curve is serrated and
there exist a variety of steady-states with huge energy barri-
ers. The favorable adhesion angle is small and is dependent
on the patterns of the particles. When the number of stripes
is big enough, for example N = 100, the energy curve of the
dense-striped cylinder is similar to that of the pure cylinder.
Their wrapping angles of the steady-states are the same, which
means that dense-striped patterns have barely no effect on the
wrapping.

T T T T T T T
ok 4
71_ -
ol |
5 2
— N=2
— N=6
—3F — N=10 T
—— N=20
— N=40
_al —— N=100 |
pure
1 n 1 n 1 n 1 n 1 n 1
0 1.0 2.0 30

Fig. 2. (color online) Free energy difference as a function of wrapping
angle ¢ for a rescaled tension & = 0.1. From bottom to top the number
of stripes is N = 2,6,10,20,40,100, and N = 1 (pure cylinder without
stripes).

3.2. Interaction between two cylinders and the membrane

3.2.1. Two pure cylinders

In this section, we discuss the interaction of two cylindri-
cal particles adhering to a membrane by comparing the wrap-
ping angles of the system with that of a single cylindrical par-
ticle. In Figs. 3(a)-3(d), the wrapping angle ¥ as a function
of their surface-to-surface distance D is displayed, where the
rescaled membrane tension & = 0.1 is fixed and the rescaled
contact energy per unit area @ is 1.0, 1.069, 1.1, and 1.3 re-
spectively. o is the wrapping angle of a single particle under
the same situation and O,y is the maximum wrapping angle
in which the particle will be completely wrapped.

When @ is small, the intercylinder wrapping angle in-
creases while increasing the surface-to-surface distance and
reaches to « at last (as illustrated in Fig. 3(a)). This proves that
the interaction between the two cylinders disappears when the
distance of them is long enough. At the same time, the wrap-
ping angle in the middle portion of two cylinders is always
smaller than that of a single cylinder, which means that the
two cylinders inhibit their interaction with the membrane.

For larger adhesion energy (as illustrated in Figs. 3(b) and
3(c)), the wrapping angle 7 firstly increases continuously as
the distance increases. Then at certain point, the wrapping
angle y jumps from a small value to a big value abruptly,
which infers a first-order transition from shallow to deep or
even complete wrapping. The transition has already been ob-
served by Chen et al.[*! by analyzing the free energy of the
middle part and our results are in accordance with their find-
ings. Before the transition point, the intercylinder wrapping
angle y is smaller than the wrapping angle of a single cylinder
o, which means that the two cylinders inhibit their interaction
with the membrane when the distance is short. Meanwhile,
after the transition point, the angle ¥ becomes bigger than «,
which means that the interaction between the two cylinders
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is promotive. When we further increase the distance, the an-
gle decreases and finally reaches to o asymptotically, which
reflects that the distance between the cylinders is too far to
influence their interaction.

When the adhesion energy is large enough so that a single
cylinder can be completely wrapped by the membrane, the in-
tercylinder wrapping angle ¥ jumps from a small value to Ofyax
as the distance D increases and remains unchanged after the
transition point (as illustrated in Fig. 3(d)). This corresponds
to a transition from shallow to complete wrapping. The two
cylinders inhibit their interaction with the membrane before

3.0 T T T T
(a) e
2.0F B
= | a |
1.0 w=1.0 -
00 2 4 6 8 10
D
3.0 T T T T
(C) aIIl&D(
2.0 a7
= L 4
Lok w=11 |
O0 2 4 6 8 10
D

the transition point and have no interaction after the transition
point.

These results demonstrate that the interaction between the
two cylindrical colloids and the membrane depends on the ad-
hesion energy and the distance of the two cylinders. The pro-
motive interaction can be observed only if the adhesion en-
ergy is big enough so that a first-order transition exists. An
inhibitive interaction between the two cylinders changes to a

promotive one when the distance D moves across the transition

point.
3.0 T T T T
(b) O
2.0+ \ .
(03
= [ ]

% 2 4 6 8 10
D
3.0 T T T T
d
L ( ) & = Qmax
2.0 E
= L _
w=1.3
1.0 k
./J .
00 2 4 6 8 10
D

Fig. 3. (color online) Wrapping angle y between two cylindrical colloids as a function of the intercylinder distance D for rescaled tension
& = 0.1. The rescaled adhesion energy is 1.0, 1.069, 1.1, and 1.3 respectively from panel (a) to panel (d). o represents the wrapping angle of a
single cylinder under the same condition. Oax represents the maximum wrapping angle in which a single cylinder can be completely wrapped.
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Fig. 4. (color online) Phase diagram indicating the boundary between
shallow-wrapping state and deep-wrapping state for & = 0.1 in the plane
of rescaled adhesion energy @ and surface-to-surface distance D. The
red line corresponds to the adhesion energy per unit area, where a single
cylinder can be completely wrapped by the membrane.

To further understand the first-order transition from shal-
low wrapping to deep wrapping, we change the adhesion en-
ergy and distance systematically, and show the phase diagram
in Fig. 4. The rescaled membrane tension & = 0.1 is fixed.
The red line corresponds to the adhesion energy per unit area
in which a single cylinder can be completely wrapped by the
membrane. The bottom-left region of the black line (I) corre-
sponds to the shallow wrapping where the transition has not
happened. At this time, the intercylinder wrapping angle is
smaller than that of a single cylinder so that the two cylinders
inhibit their interaction with the membrane. While the top re-
gions (II and III) correspond to the deep and even complete
wrapping where the transition has happened. The intercylinder
wrapping angle is bigger than that of a single cylinder, so that
the two cylinders promote their interaction with the membrane
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in region II. But the intercylinder wrapping angle is equal to
that of a single cylinder where they both equal 0y,x in region
III. So that there is no effect for wrapping in this region.

We also find that the transition can happen only if the ad-
hesion energy per unit area is large enough for a given value of
membrane tension &. As shown in Fig. 4, the transition starts
approximately at @ = 1.07. Obviously, this adhesion energy
where transition starts varies for different membrane tensions.
The line in Fig. 5 reflects the transition starting points for dif-
ferent tensions quantitatively. The area below the line corre-
sponds to systems that transition cannot happen no matter how
big the surface-to-surface distance is, where the two cylinders
can only inhibit their adhesion with the membrane. While
the area above the line corresponds to systems that transition
can happen when the surface-to-surface distance is appropri-
ate. The two cylinders inhibit their adhesion with membranes
before the transition happened while improve their adhesion
after the transition happened. By further studying the adhe-
sion angle of a single cylinder in the values of this line (see
the inset in Fig. 5), we find that the wrapping angles of a sin-
gle cylinder are all near to and a little bigger than 7/2. This
means that a first-order transition of shallow to deep wrapping
between two cylinders can happen only if a single cylinder
can be at least half-wrapped by the membrane under the same
conditions.

2.0 . ; : .
(2)

/2

o
N
o~k
Wil
0
=
o

2.0 T T T T

1.5}F E
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1.1 T T T T T
L]
1.0 /‘ b
L J
0.9+ /.4 .
3
 J
0.8 ./ T — B
s 1.6
/ e e e e eT/2
0.7F / ]
1.4
0 0.04 0.08 0.12
G
0.6 N 1 N 1 N 1 N 1 1 N
0 0.04 0.08 0.12
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Fig. 5. (color online) Phase diagram indicating the transition starting
points for various membrane tensions.

3.2.2. Two Janus cylinders

In this section, we discuss the interaction of two Janus
cylinders whose top half adhesion energy per unit area with
the membrane is zero so that the maximum adhesion angle is
/2. The wrapping angle ¥ as a function of D is displayed in
Figs. 6(a)-6(d), where the rescaled membrane tension 6 = 0.1
is fixed. To compare with the results of two pure cylinders
discussed before, we take the rescaled adhesion energy of the
lower half part as 1.0, 1.069, 1.1, and 1.3, respectively, and
zero in the upper half. Similarly, « is the wrapping angle of a
single Janus particle under the same situation.

2.0 T T T T
(b)
a=T/2
1.5F 4
= 1.0k |
0.5_ (:Jl :10697 4:12:0
0 1 1 1 1
0 2 46 8 10
D
2.0 T T T T
(d)
a=m/2
1.5F B
- 1.0 E
0.5F (:11—1.3,(:)2—0 T
% 3 4 6 8 10
D

Fig. 6. (color online) Wrapping angle 7y between two Janus cylindrical colloids as a function of the intercylinder distance D for rescaled tension
6 =0.1. The rescaled adhesion energy of the lower part is 1.0, 1.069, 1.1, and 1.3 respectively from panel (a) to panel (d). While the adhesion
energies of the upper half are all zero. o represents the wrapping angle of a single Janus cylinder under the same condition.
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When the adhesion energy is small (see Fig. 6(a)), the
wrapping angle increases as the surface-to-surface distance
between the Janus cylinders increases and at last reaches to
«. The two Janus cylinders inhibit their interaction with the
membrane, which is same to that of the two pure cylinders
illustrated in Fig. 3(a).

When the adhesion energy is big enough so that the wrap-
ping angle of a single Janus cylinder can reach to /2, the
intercylinder wrapping angle reaches to 7r/2 finally. Interest-
ingly, we observe two situations, i.e., the wrapping angle y
increases to /2 smoothly when the adhesion energy is not so
big (see Fig. 6(b)), and the wrapping angle Y jumps from a lit-
tle value to 7/2 abruptly when the adhesion energy is much
bigger (see Figs. 6(c) and 6(d)).

A transition of shallow-to-half wrapping exists during in-
creasing the surface-to-surface distance of the two Janus cylin-
ders. Unlike the results of two pure cylinders discussed pre-
viously, the adhesion angle of the two Janus cylinders cannot
be bigger than that of a single one no matter whether the tran-
sition happens. This means that the two Janus cylinders can
only suppress their interaction with the membrane.

0 T T T T
(a) —_

_2‘00 2 4 6 3 10

Fig. 7. (color online) The intercylinder free energy difference of two
pure cylinders (a) and two Janus cylinders (b) as a function of surface-
to-surface distance between the two cylinders for rescaled membrane
tension 6 = 0.1. The rescaled adhesion energy per unit area of pure
cylinder and the lower part of Janus cylinder is 1.0, 1.069, 1.1, and 1.3
respectively from top to bottom. The rescaled adhesion energies per
unit area for the upper half of Janus cylinder are all zero.

The intercylinder free energy difference of two pure
cylinders is shown in Fig. 7(a), which is the same as that in

Ref. [38]. Chen and coworkers pointed out that two branches
of the free energy exist for large adhesion energy, correspond-
ing to shallow and deep wrapping, respectively.®8] This re-
flects a competition between the adhesion energy, which drives
the adhesion, and the membrane free energy, which opposes
the adhesion. For the free energy difference of two Janus
cylinders in Fig. 7(b), two branches exist similarly, which cor-

responds to a transition of shallow-to-half wrapping.

4. Summary

In the present study, with a full consideration of the Hel-
frich free energy, we firstly investigated the adhesion of a
stripe-patterned cylinder to a fluid membrane. By comparing
the energy difference of the system with various number of
stripes, we have concluded that the patterns of the cylinder in-
fluence the steady state when the stripes are sparse, while they
have no effect when the cylinder is dense-striped.

Secondly, a first-order phase transition from shallow
wrapping to deep or complete wrapping in the case of two
pure cylinders has been observed. The distance between two
cylinders at the transition point decreases as the adhesion en-
ergy increases when the membrane tension is fixed. The ad-
hesion energy of transition starting point for different mem-
brane tensions has also been calculated and we have found
that the transition can happen only if a single cylinder can be
at least half-wrapped by the membrane under the same condi-
tions. Compared with the adhesion of a single cylinder, two
pure cylinders suppress their adhesion with the membrane be-
fore the transition point and may promote the adhesion after
the transition happened. For two Janus cylinders, a first-order
phase transition of shallow to half wrapping has been found
and they can only inhibit their adhesion with the membrane.

These results will be helpful to understand the process of
drug delivery and will provide theoretical guidance for design-
ing appropriate drug carriers.
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