CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Transmembrane transport of multicomponent liposome-nanoparticles into giant

vesicles

Hui-Fang Wang(F £ 75), Chun-Rong Li(Z=%%¥), Min-Na Sun(#MEEE), Jun-Xing Pan(i&1& £), and lJin-Jun
Zhang(5Kit %)

Citation:hin. Phys. B, 2022, 31 (4): 048703. DOI: 10.1088/1674-1056/ac380f

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Coarse-grained simulations on interactions between spectrins and phase-separated lipid

bilayers

Xuegui Lin(#A 25 1), Xiaojie Chen([%:I%7i%), and Qing Liang(42i#)
Chin. Phys. B, 2021, 30 (6): 068701. DOI: 10.1088/1674-1056/abf129

Folding nucleus and unfolding dynamics of protein 2GB1

Xuefeng Wei(752%%¢) and Yanting Wang( T ZE i)
Chin. Phys. B, 2021, 30 (2): 028703.  DOI: 10.1088/1674-1056/abbbfa

High efficiency hydrogen purification through P,C; membrane: A theoretical study

Zhao-Qin Chu(fi&Jk %), Xiao Gu(JEilE), Xiang-Mei Duan( B &)
Chin. Phys. B, 2019, 28 (12): 128703.  DOI: 10.1088/1674-1056/ab55cf

Application of self-consistent field theory to self-assembled bilayer membranes

Zhang Ping-Wen, Shi An-Chang
Chin. Phys. B, 2015, 24 (12): 128707. DOI: 10.1088/1674-1056/24/12/128707

Theoretical study of interactions between striated cylindrical particles and membrane

Wang Jing-Jing, Feng Jia-Wei, Ren Chun-Lai
Chin. Phys. B, 2015, 24 (8): 088701. DOI: 10.1088/1674-1056/24/8/088701


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac380f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac380f
https://doi.org/10.1088/1674-1056/ac380f
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf129
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf129
https://doi.org/10.1088/1674-1056/abf129
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbbfa
https://doi.org/10.1088/1674-1056/abbbfa
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab55cf
https://doi.org/10.1088/1674-1056/ab55cf
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/12/128707
https://doi.org/10.1088/1674-1056/24/12/128707
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/8/088701
https://doi.org/10.1088/1674-1056/24/8/088701

Chin. Phys. B 31, 048703 (2022)

Transmembrane transport of multicomponent
liposome-nanoparticles into giant vesicles

Hui-Fang Wang(E£ £75)!, Chun-Rong Li(Z=%%%)!, Min-Na Sun(#MEH)> ",
Jun-Xing Pan(i& & &)13#, and Jin-Jun Zhang(7Ki#%)!®

lDepartment of Physics and Information Engineering, Shanxi Normal University, Taiyuan 030000, China

2Beijing Key Laboratory for Sensors, Beijing Information Science & Technology University, Beijing 100192, China

3Modem College of Humanities and Sciences of Shanxi Normal University, Linfen 041004, China

(Received 23 August 2021; revised manuscript received 29 October 2021; accepted manuscript online 10 November 2021)

With the emergence and rapid development of nanotechnology, the nanoparticles hybridized with multicomponent
lipids are more and more used in gene delivery. These vectors interact with the cell membrane before entering into the
cell. Therefore, the nature of this interaction is important in investigating multicomponent liposome-nanoparticle (MLP)
transport across the cell membrane. In this paper the transport of MLPs across the membranes of giant vesicles (GVs) in
solvents is studied by using the self-consistent field theory (SCFT). Based on the analysis of the MLP permeating the GV
membranes, a simple transport model is proposed. The effects of the difference in membrane morphology and the size of
the nanoparticle on the endocytosis are discussed systematically. The role of energy barriers in quasi-equilibrium is also
examined. The results indicate that the interaction between MLP and GV is a spontaneous process and the energy barrier
needs overcoming to form metastable intermediates. The results provide theoretical reference for better understanding the
transmembrane transport process of nanoparticles, and guidance for relevant experimental studies as well.

Keywords: multicomponent liposome-nanoparticles, self-consistent field theory, giant vesicles, energy barrier

PACS: 87.16.D—, 87.15.A—

1. Introduction

Gene therapy is a potential treatment for many inherited
and acquired diseases including cancers. It involves intro-
duction of normal genes into a target cell, which has missing
or defective genes, to compensate for or correct the resulting
disorder.!'l Tt is also a safe and efficient mode of treatment
in which stable expression of exogenous genes depends on
the gene delivery system. There are two types of gene vec-
tors: viral and non-viral. Because the viral vectors>?! can
carry limited DNA, incur high costs, and exhibit high cytotox-
icity, immunogenicity, and inflammatory response, the non-
viral vectors are preferred for the therapy.[*-%! Some commer-
cial cationic lipid-based gene vectors!’~1% have been used for
gene therapy. However, their low stability and transfection
efficiency preclude them from implementing the widespread
clinical use.[*! With the emergence and rapid development
of nanotechnology, the nanoparticles hybridized with multi-
component lipids has been more and more applied to gene
delivery.!'!=15] Compared with a single liposome or nanoparti-
cle, the multicomponent liposome-nanoparticle (MLP) vectors
have superior transfection efficiency, good biocompatibility,
high gene-loading capacity, and good gene protection capabil-
ity, and can provide sensitive and effective gene release. In ad-
dition, use of MLP vectors reduces the free diffusion observed
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with drug delivery systems.!16-18!

An MLP can accurately deliver and then discharge the
gene of interest into the target cell. These vectors interact with
the cell membrane before entering into the cell. Therefore, the
nature of this interaction is important in investigating the MLP
transport across the cell membrane.l'>?] The MLPs have
been worked well in experimental and clinical applications.
In 1987, Felgner et al. have mingled cationic liposomes N-
[1-(2,3-dioleyloxy)propyl]-N,N, Ntrimethyl ammonium chlo-
ride (DOTMA) with neutral liposomes dioleoyl phosphatidyl
ethanolamine (DOPE) to successfully load DNA.?!J Du
et al. have used dimethyldiocta decyl ammonium bromide
(DODAB)-AuNPs and DOPE to synthesize gene vectors
(DODAB/DOPEAuNPs) with thrice the transfection effi-
ciency higher than liposomes with DODAB-AuNPs alone. [>?!
Pozzi et al. have packaged condensed DNA/protamine parti-
cles in multicomponent envelope-type nanoparticle systems
(MENS), 23! which have a transfection efficiency twice that
of multi-component liposomes. Recently, with the devel-
opment of cryo-transmission electron microscopy technol-
ogy, researchers can accurately observe the MLPs’ struc-
tures. These findings add valuable information into the lipo-
somal drug-delivery vehicle design and membrane biophysics
research.>*l Although there are some breakthroughs in the de-
velopment of targeted liposome-based agents for the delivery
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of genetic material, the understanding of the interactions be-
tween lipid nanoparticles and cells is still largely elusive.[?>-0]
However, it is possible to analyze the interactive mechanism
by computer simulation. The complexity of the biofilm and its
assembly makes experiments difficult to run, so we have sim-
plified the biofilm system. Biological membranes are mainly
composed of a hydrophilic head and hydrophobic lipid tails.
Theoretical studies of the nanoparticle and biofilm system
are based on self-consistent field theory (SCFT),?"-301 dis-
sipative particle dynamics (DPD),*'-33] molecular dynam-
ics (MD),?* erc. Zhang®>! has studied bilayer membrane
fusion and liposome-nanoparticle fusion through the SCFT;
Ginzburg and Balijepalli®® have discussed the interaction
between nanoparticles and membranes by using thermody-
namic models; Guo et al.®¥ and Mao et al. have simu-
lated the entry of two-dimensional nanomaterials into cells
and the interaction between dendrimer-like soft nanoparti-
cles and membranes by using the DPD and dynamic methods
respectively. 3*37] Muller et al.*®! have studied membrane fu-
sion by using Monte Carlo simulation. Some mechanisms of
nanoparticle transport across cell membranes including endo-
cytosis and exocytosis have been studied. However, the inter-
action between the membranes, especially those of vesicles,
needs further studying.

In this paper, we simulate the transport of MLPs across
the membranes by using the SCFT. The influence of the head
volume fractions of lipid species A and B and the radius of
the nanoparticle are discussed, and we obtain metastable in-
termediates at different locations. We also reveal the physical
mechanism of phase transition by analyzing the free energy
curves.

2. Model and simulation method

In the model, we consider a vesicle consisting of a ho-
mogeneous bilayer phospholipid membrane molecule. The
schematic diagrams of MLP and GV are shown in Fig. 1. Here,
MLP represents the structure that the nanoparticle is coated by
the multicomponent liposome vesicle (ML), and GV denotes
the self-assemble structure of lipids A and B. The /, refers to
the thickness of the lipid bilayer and is set to be 6, i.e., [, = 6.
The d is the distance between the center of nanoparticle and
Iv/2. The
Nanoparticle radius is R,. We set d = 0 when the center of

the center of the GV bilayer membrane, so d =

nanoparticle and the center of the GV bilayer membrane coin-
cide with each other, and d > 0 represents that the nanoparticle
is outside the GV, and d > 0 refers to the nanoparticle that is
inside the GV.

In this model, all of the species are incompressible and
the local volume fractions ¢;(r) satisfies the following rela-
tionship:

ha(r) + @a(r) + @np(r) + @B (1) + @s(r) = @o(r), (1)

where the value of ¢y(r) depends on the relative position r
and the nanoparticle radius R,

0, 7| < Rp,
oo(r) = %{1 —cos [71'(|r| —Rp)/s}}, R, <|r|<Rp+¢€, (2
1, 7| >Ry +¢€,

where ¢ is a sufficiently small value.>!
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Fig. 1. Schematic diagrams of MLP (left) and GV (right).
The free energy Fcan be obtained and described as fol-

lows:
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+xA-BN @A (T) 0B (1) + Xia—sN @A (T) Qs (1)
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=0 (r)+¢s(r)) —&(r)(¢o(r) — Pra(r) — @ua(r)

— ¢ (7) — @i (r) — @s(7))], 3)

where kg is the Boltzmann constant, 7 is the temperature, N
and py !
ume of lipid tail segment and the solvent chain segment, and

are, respectively, the polymeric degree and the vol-

V is the total volume of the system. The first and the second
term on the right-hand side of Eq. (3) represent the entropy
contributions from lipid A and lipid B, and the third term is
the entropy contribution from solvent. The €; (i = A or B)
and Qg are the single-molecule partition functions of lipid i
and solvent S:

Q= / drgi(r,s)q} (v,s), @)

Qs = / drgi(r,5)gs(r,1 — ), 5)
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where s is the segment index of the lipid molecules, from the
end of one tail s = 0 to the end of the other tail s = 1, the lipid
head is in the middle of two tails, i.e., at position s = 1/2.
The end-segment distribution functions ¢;(r,s), ¢; (r,s), and
gs(r,s) obey the following modified diffusion equations:

dq; Na(z) )

— = — Vg — wyqi, 6
99 g 4T g (6)
g Na?

(;]sl Z—Tovzqi-ﬁ-wti% 7
0 Nd?

Zas —v2gs — wxsgs. (8
ds 6

The 4th—12th terms on the right-hand side in Eq. (3) represent
the contribution of interaction energy between different com-
ponents. The Flory—Huggins interaction parameters between
different components are denoted by y;;. The 13th—17th terms
represent the contributions of the mean field acting on differ-
ent components, where @y;, @, and ws represent the fields
acting on the head groups (hi), tail segments (ti) and solvent
segments (S), respectively. The H,(r) term denotes the field
of nanoparticle acting on the lipids and solvent:

Hp(T)
% |T| nga
= ¢ A1 +cos [n(|r| —Ry)/€]}, Ry < 7| <Rp+g, (9)
0, |r| >Ry +¢,

where A is the interaction strength between the particle sur-
face and the components in the system, € is a sufficiently small
value,333% & (r) in the term before the last term of Eq. (3) is
a Lagrange multiplier to ensure the incompressibility of the
system.

The initial condition for the above three diffusion equa-
tions, i.e., equations (6)~(8) are g;(r,0) = 1, g; (r,0) =
exp(—an;(r)), gs(r,0) = 1. Minimizing the free energy in
Eq. (3) with respect to the mean fields and monomer densities,
we can obtain a set of mean-field equations:

Ohi(T) = Yidhi-niNOwj (1) + Xni—iN @i () + Xni— ;N @ ()

+ Xhi-sN@s(r) —Hp(r)N +&(r), (10)
@i(T) = Xi—hiN@ni(1) + Xei—njN@nj (1) + 2 ;N @y (1)

+ 2i-sN@s(r) + Hp(r)N +&(r), (11)
0s(1) = Xhi—sNhi(r) + Xi—sN (1) + Xnj—sNon(r)

+xtj-sN¢yi(r) = Hp(r)N +&(r), (12)
oulr) = 2 g7, 1) (1), (13)
Pni(r) = ¥ipni(T), (14)
outr) = 0 [ 45,53 (), a5
os(r) = 2 [ dsas(rs)astr,1-5). (16)

40,41]

We use a real-space method! to solve the above self-

consistent equations (10)—(16). We assume Ypa—taN =

Xha-BN = Xia—haN = Xnp—8N = Xia—sN = xi—sN = 20,
Xha—sN = xng—sN =0, and ypa-ngN = Yia—8N = 3 for con-
venience of calculations. The volume fractions of lipid species
A and B are set to be o = ¢g = 0.04. All of the sizes and
volumes involved in the system are respectively measured in
units of ag and py’ ! and we setag =1, Py ' = 1. Suppose that
the nanoparticle is neutral, that is AN = 0. The chain contour
length for the lipid tail and solvent are discretized into 50 seg-
ments. The simulation computations are based on the periodic
boundary conditions. It should be noted that in order to obtain
the initial state of the system (the bilayer membrane structure),
we give a “confined condition” when 0 < ¢ < 100. In the time,
we fix two annular regions, and the lipids can be assembled
only in the fixed regions, and we set the end-segment distribu-
tion functions ¢;(r,s) =0, g;" (r,s) = 0 outside the confined
regions, or else when ¢ >= 100, ¢;(r,s) = 1, g/ (r,s) = 1 in
the whole region, the distribution of liposome molecules will
not be restricted and the system starts to self-assemble ran-
domly.

3. Numerical results and discussion

3.1. Effect of head volume fractions of lipid species A and
B

3.1.1. Same head volume fractions of lipid species A
and B

First, we investigate the transition of the membrane struc-
ture with the distance d decreasing as shown in Fig. 2. The
head volume fractions of lipid species A and B are equal
(fha=fuB = 0.2), only a part of the membrane is shown in each
panel for clarity. We set d = 32 as the initial state (Fig. 2(a)).
As d decreases (d = 28), the parts of the membrane in con-
tact directly dissociate into multiple smaller spherical inverted
micellar intermediates (IMI phase) (Fig. 2(b)). Then, IMIs de-
creases with d decreasing as shown in Figs. 2(c)-2(f), when
d = Ry + Ip/2, the particles begin to enter into the vesicle of
GV and the inner membrane starts to merge due to the extru-
sion of the particle and the deformation of outer membrane.
The part of the membrane that packages the particle disap-
pears and forms a fusion pore, which is called the interlamel-
lar attachment (ILA phase). The formation of the fusion pore
indicates the accomplishment of membrane fusion. Mean-
while, the number of IMIs increases as indicated in Fig. 2(g).
Then the IMIs gradually decrease and disappear as seen in
Figs. 2(h)-2(k). Finally, a bilayer membrane is formed and
the particle is released into the GV in Fig. 2(1). It should be
noted that owing to the similarity between the lipids A and B
in properties, the color distinction is not so clear between lipid
head A and lipid head B, and neither is the color distinction
between lipid tail A and lipid tail B, but this has no influence
on our discussion about the change of membrane morphology
in the process of transmembrane transport.
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Fig. 2. A part of concentration distributions of MLP and GV with d = 32 (a), 28 (b), 24 (c), 20 (d), 11 (e), 8 (), 4 (g), —1 (h), =3 (i), —4 (), —5 (k),
=12 (1); faa=/fuB = 0.2, R, = 1.00R,. The concentration color bar is assigned as follows: gray region (3.000—4.000) represents the solvent, red region
(2.000-3.000) the hydrophilic head of lipid A, yellow region (1.000-2.000) the hydrophilic head of lipid B, green region (0—1.000) the hydrophobic tail
of lipids B, and cyan region (—1.000-0) the hydrophobic tail of lipids A, and blue region (—1.000-—2.000) the nanoparticle. The color assignment is

the same for the following morphologies unless otherwise specified, with only part of the membranes shown in each panel for clarity.
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Fig. 3. A part of concentration distributions of MLP and GV, with distance d = 27 (a), 21 (b), 15 (c), 6 (d), 4 (e), —7 (), faa=sfup = 0.25, and

Ry = 1.00R,.
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Fig. 4. A part of concentration distributions of MLP and GV, distance d = 26 (a), 22 (b), 13 (¢), 10 (d), 4 (e), 2 (f), fha=/fup = 0.3, and

Ry = 1.00R,.

The structural transformation when fha—fhg = 0.25 is
shown in Fig. 3. Like the change from Figs. 2(a)-2(b), a part
of two vesicles that are in contact with each either directly
dissociates into multiple smaller IMIs (Fig. 3(a)). When d de-
creases (16 < d < 21), multiple smaller IMIs transform into
two IMISs and a long rod (called Hy; phase!*>*3) as shown in
Fig. 3(b). Figure 3(c) shows that the long Hyy phase splits into
two short Hy phases and an IMI phase. As the distance con-
tinues to decrease, the two Hyy phases and multiple IMI phase
become symmetrical bending Hyy phases (Fig. 3(d)). Then,
the system forms a fusion pore and the curved Hyy phases be-
come a longer rod (Fig. 3(e)). Finally, the two long curved Hy
phases dissociate into several IMI phases (Fig. 3(f)), and when
the particle releases into the membrane, these IMI phases will
disappear, which is similar to the scenario in Figs. 2(k)-2(1).

Figure 4 shows the transformation of the membrane struc-
ture with d decreasing, when fha—fhg = 0.3. Figure 4(a)
shows the contact and fusion of the outer layer (head groups
of lipid B) of the lipid. Then, the membrane structure bends

slightly (Fig. 4(b)), and forms a symmetrical bridge of hy-
drophobic membrane (Fig. 4(c)), which is called the stalk
phase.[***1 As d decreases, the contact area forms two IMIs
(Fig. 4(d)). When d = 4, the system forms a fusion pore and
the two IMIs transform into two short Hyy phases (Fig. 4(e)).
And then the short Hyy phases turn into long curved Hyy phases
(Fig. 4(f)). Finally, the Hy; phases disappear and a bilayer
membrane forms.

When fua—fhg = 0.35, the structures at different dis-
tances are shown in Fig. 5. The transformations in Figs. 5(a)—
5(c) are the same as those in Figs. 4(a)—4(c)); the outer mem-
branes touch, deform, and then form the stalk phase. But in
Fig. 5(d), the stalk phase expands rapidly and forms the hemi-
fusion diaphragm (called HD phase!®!). Reducing the dis-
tance d to 5, i.e. d = 5, a fusion pore forms in Fig. 5(e). Fi-
nally, the particles release into a bilayer membrane.

In summary, the mechanism of interaction between MLP
and GV undergoes the contact and fusion of the outer mem-
branes, merging of inner membranes, formation of fusion
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pore, release of the particle, and formation of a bilayer mem-
brane. Because the spontaneous curvature of a lipid membrane

(26471 the spontaneous curvature

is a monotonic function of f,
of the membrane changes monotonically with f,. As a result,
the system presents many different metastable intermediates.
The smaller the fi,, the larger the spontaneous curvature of the
membrane is, the more easily the membrane ruptures and dis-
perses during fusion and dissociates into the IMI phase and Hyy
phase. On the contrary, the larger the f;,, the smaller the spon-
taneous curvature of the membrane is, and the more easily the

membrane forms the stalk phase and HD phase.

The mechanism of the transmembrane transport is deter-
mined by two energy contributions: the conformational en-
tropy of the lipids and the interaction energy between differ-
ent components. Figure 6 shows the free energy curves of
the system during transportation with different conditions, and
the curves correspond to the respective structures in Figs. 2-5.
On the whole, the architecture changes gradually from the ini-
tial unstable state (high energy) to the final steady state (low
energy), but the free energy of the system fluctuates during
the transportation due to the energy barriers between different

metastable intermediates.

16 16
19} (a) —=— fpa= fup=0.2 12k (b) —— fua= fup=0.25
8r b 8r a c d
4+ e & 4t -'.‘ ®
& ]'-. h & __/ a {-& )
a 0 C a 0
= 2 d £ i =
E —4r E —4F b o
-8 ko —8t
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_20- 1 1 1 1 1 1 _20 L 1 1 1 1 1 1
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A
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T S ™ at el AR
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Fig. 6. Free energy F of the system as a function of distance d for the same head volume fractions: fha = fug = 0.2 (a), 0.25 (b), 0.3 (¢), 0.35 (d), and

Ry = 1.00R,.

In Fig. 6(a), F = 0 corresponds to the initial state shown
in Fig. 2(a). The first free energy barrier appears at the in-
stant fusion of membrane when the outer layer of lipid meets
the vesicle (Fig. 2(b)), and this phenomenon is also discussed
in the literature.*8) In the process, comparing with the initial
state, the contact area between different membrane compo-
nents reduces, so the interaction energy decreases. The max-
imum value of free energy is induced by the decrease of con-

formational entropy. Then the free energy decreases with the

number of IMI reducing (Figs. 2(c)-2(d)). The second free en-
ergy barrier appears when the IMIs arrange from multi-rows to
one row (Fig. 2(e)), the extrusion degree induces the confor-
mational entropy of the lipids to decrease, thereby the free en-
ergy increases. The third free energy barrier appears when the
IMIs increase (Fig. 2(g)). In the process, the conformational
entropy decreases, so the free energy increases. Later, the free
energy slowly drops as IMIs decreases (Figs. 2(h)-2(k)). This
indicates that the extrusion degree of the lipid chain is less.
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Finally, the free energy falls to a minimum value and settles to
a stable state in Fig. 2(1), which indicates the formation of a
bilayer membrane.

In Fig. 6(b), the first free energy barrier is similar to that
in Fig. 6(a). Significantly, the fragmentation of the long Hp
needs to overcome an energy barrier (Figs. 3(b)-3(c)). Con-
formational entropy decreases and the free energy increases
when the system forms two bent Hy phases (Fig. 3(d)). Free
energy falls sharply when the fusion pore forms (Fig. 3(e)).

In Fig. 6(c), firstly, the free energy reaches to a maximum
value, when the membrane changes from fusion (Fig. 4(a))
into extrusion (Fig. 4(b)). The change of the free energy is
mainly because of the change of conformational entropy that
induced by bending the lipid chain. In Fig. 4(b), the extrusion
of lipid chain reaches a maximum value, the conformational
entropy of lipid reaches a minimum value, and the free en-
ergy reaches a maximum value. Free energy increases signif-
icantly because of the formation of the stalk phase. When the
contact area between different components is smaller than that
in the initial state (Fig. 4(c)), the interaction energy is lower.
Therefore, the increase in free energy is due to the change in
the structure of lipid chains and the decrease in conforma-
tional entropy. The IMI phase and Hy phase do not need to
overcome an energy barrier (Figs. 4(d) and 4(e)) so they are
benefit the system. As shown in Fig. 6(d) (fha=/fus = 0.35),
the increase in the free energy also corresponds to the change
of lipid structure. The contact area between different com-
ponents decreases compared with the scenario in the initial
state when the system forms the HD phase. The free energy
increases with conformational entropy decreasing (Fig. 5(d)).

(a) (b)
(e) (f)

\
) < ) )

(c)
[
'J{T ® ] ®) 4.000
. .3.000
2.000
0] .

The trends of the free energy curves decline in Figs. 6(a)-6(d),
indicating that the interaction between MLP and GV is spon-
taneous when the distance between them is shorter. During
the interaction, an energy barrier needs overcoming for the
structural transformation to occur, and the increase of the free
energy is caused mainly by reducing the conformational en-
tropy. In addition, as f;, increases, the fluctuation degree of
the free energy increases, which implies that the interaction
betwen MLP and GV is facile when f;, is smaller.

3.1.2. Different head volume fractions of lipid species
A and B

We investigate the effects of the different head volume
fractions of lipid species A and B on the membrane structure.
The head volume fraction of lipid B is fyg = 0.55.

Figure 7 shows the structural transformation with dis-
tance decreasing when fyao = 0.2. The vesicles are far apart in
Fig. 7(a). When the distance decreases to 25, the outer layers
of MLP and GV touch and fuse with each other in Fig. 7(c). In
Fig. 7(d), pronounced extrusion is observed. When two vesi-
cles are in close contact, they form the stalk phase as shown
in Fig. 7(e). When the distance further decreases, the com-
ponents move to either sides of the channel and form an IMI
in the middle of the channel (Fig. 7(f)), and then the number
of the IMIs increase, which is shown in Fig. 7(g). The IMIs
disappear when d = 8 in Fig. 7(h) and a fusion pore forms in
Fig. 7(i), which increases in size (Fig. 7(j)). In Fig. 7(k), mem-
brane invagination occurs and finally, the bilayer membrane
form and the particles are released into the GV (Fig. 7(1)).

®

1.000

0

-

—2.000

Fig. 7. A part of concentration distributions of MLP and GV, with distance d = 32 (a), 26 (b), 25 (c), 23 (d), 14 (e), 12 (f), 10 (g), 8 (h), —1 (i), =5 (),
—11 (k), =18 (D), faa = 0.2, fyg = 0.55, and R, = 1.00R,. Only a part of the membranes are shown in each figure for clarity.

Figure 8 shows the membrane transformation that occurs when fo = 0.25. When d is between 32 and 13, the change of

the membrane structure is similar to those in Figs. 7(a)-7(d). In Fig. 8(a), the membrane forms the stalk phase just as shown in

Fig. 7(e). In this system, the membrane forms the small spherical unilamellar vesicle (SUV) phase (Fig. 8(b)). From Figs. 8(c)—

8(d), the Hyy splits into two IMI phases. The changes of the morphology in Figs. 8(e) and 8(f) (d = 4 to d = 0) are similar to

those in Figs. 7(h) and 7(i), and IMI phases disappear, the inner membrane fuses and a fusion pore forms. After that, the phase
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transition is the same as that in Figs. 7(j)-7(1), the fusion pore becomes larger, membrane invagination occurs, and the particle is

released into bilayer membrane.

(a) (b) (c) 4.000
[ [] ( -3.000
2.000

Fig. 8. A part of concentration distributions of MLP and GV, with d =

Figure 9 shows the evolution of membrane structure in
the system with distance decreasing when fho = 0.35. The
changing of f transforms the membrane structure of MLP and
GV. From d = 32 to d =13, the structural transformations are
the same as those in Figs. 7(a)-7(d). In Fig. 9(a), the head
groups of lipid B contact and fuse with each other and open a
channel. In Fig. 9(b), when d is 11, the system forms the stalk
phase. The HD phase appears in Fig. 9(c). When d decreases
to 0, the system forms a fusion pore, and finally merges and
forms a bilayer membrane.

In Fig. 10, fua = 0.4, the structural transformations

1.000
B

—1.000
. —2.000

12 (a), 10 (b), 7 (c), 6 (d), 4 (e), 0 (), fua = 0.25, fup = 0.55, and R, = 1.00R; .

are very different from those when fha = 0.2, 0.25, 0.35.
Figure 10(a) shows that the outer membranes gradually
contact and fuse with each other as the distance between
them decreases. When the distance continuously decreases
(Figs. 10(b)-10(c)), the hydrophobic tails of the lipid B in
MLP touch and fuse with each other. When d = 14, as shown
in Fig. 10(d), the hydrophilic heads of lipids A and B also
contact and fuse with each other. On further reducing the dis-
tance, hydrophobic tails of lipid B in GV begin to contact and
fuse (Fig. 10(e)). Finally, the particles are released into giant

@

vesicle.

4.000

-2 000

- 2.000

Fig. 9. A part of concentration distributions of MLP and GV, with distance d = 12 (a), 11 (b), 8 (c), 0 (d), fha = 0.35, fig = 0.55, and R, = 1.00R,.

1)

(d)

4.000
3.000
- 2.000
1.000
)
—1.000
- —2.000

@

Fig. 10. A part of concentration distributions of MLP and GV, with distance d = 23 (a), 20 (b), 16 (c), 14 (d), 10 (e), O (), fha = 0.4, fup = 0.55, and

Ry = 1.00R,.

In summary, during the interaction between MLP and GV,
the membrane is easily broken down. In addition, when fyp is
smaller, the IMI, SUV, and Hy; phases are observed and when
Jha is larger, the membrane tends to fuse directly.

Figure 11 shows the quantitative analyses of free energy

and the interaction between different components AH. Fig-

ure 11(a) shows the curve of the free energy F when fya = 0.2
and fig = 0.55; F = 0 and AH = 0 correspond to the initial
state (Fig. 7(a)). The contact area between different compo-
nents is less than that in the initial state, so the interaction de-
creases. Therefore, the free energy change can be attributed

to the change of conformational entropy in Fig. 7(g). Be-
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fore the particle enters into the cell membrane, the free en-
ergy slightly elevates and then stabilizes; this is because the
membrane invaginates and conformational entropy decreases.
Finally, the particle is released after the system has formed
a bilayer membrane. When fjao = 0.25 and fig = 0.55, the
change in the free energy is shown in Fig. 11(b). An energy
barrier needs overcoming for forming the SUV phase. There
is a decrease in the contact area between different components
and the interaction energy and therefore the change of the free
energy is ascribed to the change of conformational entropy.

20 f 0.2
—— hA = U.
100 @ q '
c c.8
Ow
a b \
& —10r h
& ~ k
< —20r -
S| j 1
—40f
_50-I 1 1 1 1 1
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b
O C
g WiF;
& —10r1 X“M
o —20r
—30f dL-......m.,
—40}
_50-I 1 1

30 20 10 0 —-10 -20

d/(ao)

In Fig. 11(c) (fha = 0.35, fug = 0.55), the change of free en-
ergy is related to the structural transformation. As shown in
Fig. 11(d) (fha = 0.4, fip = 0.55), the decline in the free en-
ergy indicates that the membrane fuses directly. The overall
trend of the free energy curves decreases in Fig. 11, indicating
that the interaction between MLP and GV is spontaneous. The
increase of free energy is primarily attributed to the decrease
of conformational entropy. With the increase of f4, the fluc-
tuation in the free energy increases, implying that it promotes
the interaction between MLP and GV.

20
(b) —_—— th:O.25
101
£
0 At
d
[ ]
& —10f
2 e
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K f Socccccco
—30r
—40r1
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Fig. 11. System free energy F (black curves) and the interaction between different components AH (blue curves) as a function of the distance d for
different head volume fractions: (a) fua = 0.2 and fig = 0.55, (b) fua = 0.25 and fig = 0.55, (¢) faa = 0.35 and fi,g = 0.55, (d) fha = 0.4 and

fup =0.55, and R, = 1.00R,.

To gain an insight into the membrane morphologies, we
construct the phase diagram of fya and fyp in Fig. 12. It shows
that fua and fyp have a greater influence on the membrane
structure. When fyo is smaller and fyp is larger, the MLP
comes into contact with GV and the membranes form the stalk
and IMI phases; when fya is larger, MLP fuses directly with
GV. When fya and fig are smaller, we observe a new struc-
tural intermediate: the rod SUV, which dissociates into two
spherical SUVs, which then transform into two IMIs (Fig. 13).
Despite the varying head group fractions, the common features
of the transmembrane transport are the formation of a fusion
pore, the release of the particle into the GV, and the formation

of a bilayer membrane.

0.60F = [ ] ® A *
= Stalk-IMI

0.55f = ° A A *
e Stalk-SUV-Hy-IMI

E 0.50F® . A A *

a Stalk-HD

0.45F * A A *
* Fuse directly
® Stalk-rod-SUV-spherical-SUV-IMI

0.40F . A * *

0.20 0.25 0.30 0.35 0.40
foa

Fig. 12. Phase diagram by varying the head volume fraction f,5 and fip.
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Fig. 13. A part of concentration distributions of MLP and GV, with distance d = 14 (a), 10 (b), 8 (c), 6 (d), 4 (e), 1 (), faa = 0.2, fug = 0.5, and

Ry = 1.00R,.

3.2. Effect of nanoparticle radius R,

In this subsection, we discuss the effect of the nanopar-
ticle radius R, on the membrane structure and find that the
nanoparticle radius has no influence on morphological transi-
tion.

Figure 14 shows the change of the free energy with
nanoparticle radius. For R, = 0.35R,, 1.00R,, 1.50R,, 2.50R,,
the values of their corresponding free energy are all the same.
With the increase of the particle radius, the fluctuation of the
free energy increases. Because the phase structure and MLP—
GV distance are the same, the interaction energy is unchanged
even though the particle radii are different. However, when
R, is bigger, the extrusion of lipid chains around nanoparticle
is larger and the conformational entropy is less; therefore, the
energy barrier that needs overcoming increases.

30
—=— R, =0.35R,
201 —o—R,=1.00R,
10 ——R,=150R,
0 —— R, =2.50R,
5
= —10
™~
R —20
—30
—40
—50 L L L L L L
30 20 10 0 -10 —20

d/(ao)

Fig. 14. Variations of free energy F of the system with distance d for differ-
ent nanoparticle radii when fha = 0.35 and f,p = 0.55, with square denoting
the results for R, = 0.35Rg, circle for R, = 1.00Rg, triangle for R, = 1.50R,,
and pentagram for R, = 2.50R,.

4. Conclusions

The MLP, as a new gene vector, has received consider-
able attention due to its potential application in gene therapy.
The interaction between a gene vector and the cell membrane
plays an important role in implementing its wide-ranging ap-
plications. The mechanism of transport of MLP across GV
membrane is studied by SCFT. With the decrease of the dis-
tance, the MLP interacts with the GV. Their interaction makes
the membranes fuse and the particles enter into the GV. The

free energy of the system are calculated, and it decreases with
the distance decreasing, thereby demonstrating that the inter-
action between MLP and GV is a spontaneous process. The
transformations of membrane structure with the changes of f;
and Ry, are discussed. The change of the structure is influenced
primarily by f,. For the case of fis = fig, when f; is smaller,
the membrane dissociates into metastable intermediates of the
IMI phase and the Hyy phase, when fj, is larger, the membrane
tends to form metastable intermediates of the stalk phase and
HD phase. For the case where fhao = fig and fha is in a range
of 0.2-0.3, we observe metastable intermediates in the IMI,
SUYV, and Hjy phases during fusion; whereas when fya is 0.4,
the membrane tends to fuse directly. However, the radius of
the nanoparticle has no influence on membrane morphology.
During interaction, the formation of the metastable interme-
diates needs to overcome the energy barrier, which is mainly
because of the decrease in conformational entropy. The energy
barrier increases to a certain degree when f;, and R, increase.
Our results provide some theoretical insight into the various
stages of the transport of MLP across the GV membrane. This
study is expected to be helpful in devising nanodrug carriers
in clinical settings and any transmembrane carriers.

Appendix A: Metastable intermediates of phase
structures

V4 N\
\

4.000
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N .2,000
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L I = 1 | I—2.000
“‘.,\\ \ / \ \ y

) 4

Stalk phase

@ ® “]

\\
\
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IMI phase

HD phase SUV phase

Fig. Al. Metastable intermediates in IMI phase, ILA phase, Hyy phase, stalk
phase, HD phase, and SUV phase.

The interaction between MLP with GV is due to con-
tact and fusion of two vesicles. By changing the hydrophilic
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fraction, the metastable intermediates can form in the IMI
phase, ILA phase, Hy phase, stalk phases HD phase, and
SUV phase (Fig. Al). For forming the metastable intermedi-
ates, the phase structures need to overcome the energy barrier,
which increases with the increase of hydrophilic fraction and
nanoparticle radius.
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