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The capability of silencing genes makes small interfering RNA (siRNA) appealing for curing fatal diseases such as cancer and 

viral infection. In present work, we chosen a novel amphiphilic polymer, PMAL (Poly (maleic anhydride-alt-1-decene) 

substituted with 3-(Dimethylamino) propylamine), as siRNA carrier, and conducted steered molecular dynamics 

simulations, in together with traditional molecular dynamics simulations, to explore how PMAL facilitates the delivery of 

siRNA. It was shown that the participation of PMAL reduced the energy barrier for siRNA to penetrate lipid bilayer 

membrane, as confirmed by the experiment. The simulation of the transmembrane process revealed that PMAL can punch 

on lipid bilayer and form a channel for siRNA delivery. The monitoring of the structural transition further showed the 

targeting of siRNA through the attachment of PMAL encapsulating siRNA to lipid membrane. The delivery of siRNA was 

facilitated by the hydrophobic interaction between PMAL and lipid membrane, which favored the dissociation of the 

siRNA-PMAL complex. The above simulation established a molecular insight of the interaction between siRNA and PMAL 

and was helpful for the design and applications of new carrier for siRNA delivery. 

Introduction 1 

Small interfering RNA (siRNA) has attracted broad 2 
interests in exploring its   potential application in gene therapy 3 
for fatal diseases

1-3
 since Tuschl et al. firstly published their 4 

celebrated proof-of-principle experiment demonstrating that 5 
synthetic siRNA could achieve sequence-specific gene 6 
knockdown in mammalian cell line

4
. Great efforts have been 7 

made to improve siRNA therapeutics for various diseases, 8 
including viral infections

5
 and cancer

6
. However, the naked 9 

siRNA is vulnerably degraded by endogenous enzymes, and is 10 
too large (~13 kDa) and too negatively charged to cross cellular 11 
membranes. Thus a safe and effective delivery method is 12 
pursued for the therapeutic application of siRNA.  13 

Non-viral siRNA delivery carriers, including liposomes, 14 
lipid-like materials, polymers and nanoparticles, have been 15 
extensively attempted because of their proven advantages in 16 
terms of ease of synthesis, low immune response and safety. 17 
Felgner  et al.

7
 firstly succeeded in delivering both DNA and 18 

RNA into mouse, rat and human cell lines with the assistance 19 
of cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N trimethlyl 20 
ammonium chloride (DOTMA). Morrissey

8
 found that nucleic-21 

acid-lipid particle (SNALP), which is composed of siRNA and 22 
liposome, can be administered into mice to inhibit duplicating 23 
of HBV.  24 

Cationic polymers with linear or branched structure can 25 
serve as efficient transfection agents because of their ability to 26 
bind and condense large negatively charged nucleic acid into 27 
stable nanoparticles. Polymers of this kind including PEI

9, 10
, 28 

cyclodextrin
11

, chitosan
12

 have been examined for siRNA 29 
delivery. “Tat peptide” can form complex with siRNA and 30 
penetrate cell membrane

13
. Dong et al

14
 reported lipopeptide 31 

nanoparticles as potent and selective siRNA carriers with a 32 
wide therapeutic index. From above efforts, it is concluded an 33 
ideal polymer carrier for siRNA delivery should have following 34 
capabilities: 1) forming a stable complex with nucleic acids to 35 
maintain its stability in biological solution, 2) hiding from the 36 
host immune systems, 3) penetrating into cell membrane, and 37 
4) dissociating and releasing siRNA once localized within cells.  38 

Amphiphilic polymers that form complex with siRNA via 39 
electrostatic interaction are able to penetrate lipid bilayer 40 
membrane via hydrophobic interaction and thus promising for 41 
siRNA delivery. Zeng et al.

15
 designed and synthesized a new 42 

class of dendronized peptide polymers and demonstrated its 43 
capability of siRNA delivery. Forbes

16
 studied polycationic 44 

nanoparticles synthesized using the cationic monomer 2-45 
(diethylamino)ethyl methacrylate and other monomer to 46 
enhance stability and biocompatibility. An improved gene 47 
knockdown was achieved using AllStarts Hs Cell Death siRNA 48 
or AllStars Mm/Tn Cell Death siRNA. Dahlman et al.

17
 showed 49 

that polymeric nanoparticles made of low-molecular-weight 50 
polyamines and lipids can deliver siRNA to endothelial cells 51 
with high efficiency. Given above results, the mechanism of 52 
cationic polymer-assisted siRNA delivery at molecular level is 53 
not fully understood.  54 
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Molecular simulations have been applied to probe the 1 
interaction of siRNA and polymer and their effects on the 2 
complex stability and structure

18
. Ouyang et al.

19
 concluded 3 

that dendrimer of higher molecular weight and a lower pH 4 
favors a more stable complex with siRNA. Karatasos et al.

20
 5 

also examined the effect of pH and size of dendrimer on its 6 
complexation with siRNA. The interactions between G4 and 7 
G5-G6 with siRNA were totally different. Jensen et al.

21
 found 8 

that the size of PAMAM G7 drendrimer changed little during 9 
the complexation with siRNA, an exothermic process 10 
confirmed by both experiments and MD simulation. Ouyang et 11 
al.

22
 displayed the process details of the complexation of 12 

polymer with siRNA. Sun et al.
23

 showed that lipid-modified 13 
PEIs formed more compact and stable complex with siRNA. Up 14 
to date, the transport of polymer-siRNA complex through lipid 15 
membrane is, however, rarely reported.  16 

With the appreciation of the potential of maleic 17 
anhydride based copolymers that is approved by US FDA 18 
(http://www.fda.gov), we directed our efforts to examine its 19 
potential for siRNA delivery. The objective of the present study 20 
is to establish a molecular insight of transmembrane process 21 
of siRNA with the aid of PMAL. We firstly constructed a coarse-22 
grained PMAL model on the basis of an all-atomic MD 23 
simulation of PMAL. Then complex consisting of siRNA and 24 
PMAL was pulled through membrane with steered molecular 25 
simulation and umbrella sampling was employed to get the 26 
potential of mean force. The formation and dissociation of 27 
PMAL-siRNA complex during the transportation towards and 28 
across liposome was monitored so to provide the molecular 29 
details and mechanism underlying the transportation. We also 30 
performed experiments confirming PMAL facilitated 31 
transportation of siRNA to liposome. 32 

Models and Simulation Methods 33 

Models 34 

All-atom PMAL model. To obtain coarse-grained model of 35 
PMAL

24
, we firstly established all-atom model of PMAL in water. 36 

One PMAL polymer consists of 52 repeating units and 3278 atoms. 37 
The force field parameters for PMAL atoms are based on the 38 
Charmm 27 force field (The topology file for PMAL is given in the SI). 39 

Coarse-grained model of PMAL. Coarse-grained (CG) model of 40 
PMAL was built based on all-atomic PMAL and the Martini force 41 
field

25
. Six heavy Martini particles were used to represent one PMAL 42 

unit, and the relationship between all-atom and coarse-grained 43 
model was descripted in Figure 1(middle) and Figure S1 in 44 
supporting information. Then MINN’s procedure

26
 was applied to 45 

obtain reasonable information of bond lengths, angle and dihedrals, 46 
which were given in SI (Figure S2). The target overlap ratio was set 47 
to 0.6, which satisfies not only the needs of siRNA delivery but also 48 
the correctness of CG model. The obtained CG model of PMAL was 49 
given in Figure 1 (right) with a micelle-like structure, whose 50 
hydrophobic groups are inner while hydrophilic groups (charged 51 
groups) are outer. 52 

Coarse-grained model of siRNA and lipids. The target siRNA in 53 
this study has the following sequence: 5’-CAUGUGAUCGCG 54 
CUUCUCGUU-3’, which is used extensively to silence green  55 

 56 
Figure 1. All-atom and coarse-grained PMAL model.  57 

Red: atoms or coarse-grained beads in backbone; Blue: atoms or coarse-58 
grained beads in hydrophobic side chains; Yellow: atoms or coarse-grained 59 

beads in hydrophilic (charged) side chains. 60 

 61 

fluorescence protein. A siRNA duplex is composed of 42 nucleotides 62 
carrying a total charge of -40e in a fully de-protonated state. 63 
Because 21bp CG siRNA was still too large to simulate, a 12bp CG 64 
duplex carrying a net charge of -22e was used in our study (Figure 2 65 
(a) and (b)). Two kinds of lipids, neutral DPPC (1,2-Dipalmitoyl-sn-66 
glycero-3-phosphocholine) and negatively charged DPPG (1,2-67 
Dipalmitoyl-sn-glycero-3-phosphoglycerol, sodium salt) were used. 68 
The structures of lipid molecules were given in Figure 2(f). Four 69 
water molecules were treated together as one coarse-grained bead 70 
with a mass of 72 amu. 71 

Complexation of siRNA and PMAL in water. In order to obtain a 72 
stable structure of aqueous siRNA-PMAL complex, simulated 73 
annealing simulation with 10 repeating period was conducted from 74 
initial configuration, as shown in Figure 2(b). The stable complex 75 
composed of siRNA and PMAL was shown in Figure 2(c). The initial 76 
configurations for siRNA and PMAL-siRNA complex through lipid 77 
bilayer were given in Figure 2(d) and (e), respectively. 78 

Simulation Details  79 

All simulations were conducted with the MD engine GROMACS
27

 80 
and VMD was used to visualize the systems

28
. 81 

      Simulated annealing MD simulation for all-atom model. The 82 
PMAL was solvated with 23,185 SPC/E water molecules in a 83 
rhombic dodecahedral box. Annealing simulations was conducted 84 
to obtain a stable structure, which was shown in Figure 1(left), and 85 
was used as a starting point for coarse-grained (CG) model of PMAL. 86 
20ns simulation was performed to provide average distribution of 87 
bond and angle that was used to build model for the CG model of 88 
PMAL. 89 

 90 

 91 
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 1 
Figure 2. (a) Stable structure of PMAL; (b) Initial configuration of siRNA and 2 
PMAL;(c) Stable structure of complex(siRNA-PMAL); (d) Initial configuration 3 

of siRNA and membrane to conduct pulling simulation; (e) Initial 4 
configuration of complex and membrane to conduct pulling simulation; (f) 5 

Structure of DPPC and DPPG; 6 

 7 

Simulated annealing MD simulation for coarse-grained model. 8 
The coarse grained PMAL was solvated with 6,391 martini water 9 
molecules in cubic box with 9.3nm in length for each side. After 10 
several repeating annealing runs, 20-ns equilibrium molecular 11 
dynamics simulation was performed to get a series of stable 12 
structures of PMAL in water. Bond and angle distributions of all-13 
atom model and CG model were compared (details are given in SI). 14 
Then we adjusted the bond parameters of CG model and repeated 15 
the former process until ratio of overlap reached 0.6. 16 

Traditional MD simulation for complex. PMAL and siRNA were 17 
put into a cubic box with 13nm in length for each side. The initial 18 
configurations for complex through membrane are given in Figure 19 
2(b). In order to obtain a stable structure of complex composed of 20 
siRNA and PMAL in water, simulated annealing simulation with 10 21 
repeating runs was conducted from initial configuration. The stable 22 
complex composed of siRNA and PMAL was shown in Figure 2(c). 23 

Pulling simulation for transmembrane process. Stable complex 24 
or bare siRNA was put into the box (Figure 2(d) or (e)) containing 25 
lipid membrane in center whose normal direction is the z direction. 26 
The lipid bilayer was composed of 483 DPPC and 161 DPPG 27 
molecules, which were equally distributed in each monolayer. The 28 
mass center distance between complex and lipid membrane was set 29 
about 7 nm. Because the real mammal cell membrane carries 30 
negative charges, the lipid bilayer membrane with ratio of DPPC 31 
(neutral) and DPPG (negative) was set as 3:1 to mimic mammal cell 32 
membrane in many previous reports

29-31
, which was also used in the 33 

present work. 43,468 water and 138 charged CG counterions were 34 
added to solvate system and to achieve electric neutrality, 35 
respectively. The pulling force 1,000 kJ/(mol nm

2
) was applied to 36 

perform pulling simulation with a rate of pulling of 10
-5

 nm/ps. The 37 
trajectory of pulling was saved and used as windows for umbrella 38 
simulation. Then each of 91 sampling windows ran 90 ns with a 39 
timestep of 30 fs. Potential of mean force curves were obtained 40 
using umbrella sampling

32
 and wham method

33
. NPT ensemble was 41 

chosen and temperature was maintained at 310K and pressure was 42 
controlled at 1 a.t.m using Berendsen method

34
. Lennard-Jones 43 

potential forces were shifted smoothly from 0.9nm to 1.2nm. The 44 

screened electrostatic Coulombic interactions were processed using 45 
PME method

35, 36
 with a short range cutoff of 1.4nm. 46 

Analytic methods 47 

Lipid order parameter,
Z
S , which reflects the orientation and 48 

the order of lipid molecule perpendicular to lipid bilayer normal, is 49 
defined as 50 

3 12cos
2 2

Z Z
S θ= −  51 

in which 
Z
θ   is the angle between the vector from C1A to C3A of 52 

lipid and z-axis. 
Z
S   ranges from -0.5 to 1.0. 1.0

Z
S =   means lipid 53 

molecule is perfectly parallel or anti-parallel to z-axis, i.e., lipid 54 
molecules is perpendicular to the bilayer normal. 0.5

Z
S = −   means 55 

lipid molecule is perpendicular to z-axis. 56 
Plane coefficients ( γ  ), denoted as root mean squares of the z 57 

coordinates of certain particles, is defined as 58 

1 2( )

1

N

Z Z
iN

i

γ = −∑
=

 59 

in which i
Z   was the z-coordinate value of the fourth bead (C4A and 60 

C4B) of lipid molecule i in z-axis, Z   was the average of z-61 
coordinate value of the fourth beads of all lipid molecule, and N   62 
was number of all beads that participate the calculation. γ   reflects 63 
the flatness of the bilayer. 64 
Materials and experimental methods 65 

DPPC, DPPG and PMAL were purchased from Sigma-Aldrich. 66 
Complementary siRNA chains with fluorescence label were 67 
purchased from Sango Biotech (Shanghai, China). 68 

DPPC and DPPG with a given ratio were dissolved in 69 
chloroform. Lipid membrane was obtained after chloroform 70 
volatilization. Then water was added to get lipid solution with a 71 
final concentration of 5mg/mL. The solution was filtered through 72 
filter membrane with pore size 1μm for 11 times to get liposome. 73 

The fabrication of double chains siRNA was performed by 74 
temperature annealing. Firstly, siRNA solution was denatured at 75 
temperature 95 ºC for 5 min. And then the solution was cooled to 76 
room temperature to form double strand siRNA. The final 77 
concentration of siRNA was 100μM.  78 

The concentration of stock solution of PMAL was 1mM. The 79 
stock solution of PMAL was diluted to 100μM before mixing with 80 
siRNA solution. To form complex, siRNA solution was mixed for 1 81 
hour or a longer time with PMAL solution with molar ratio of 1: 1. 82 
Then complex or solely siRNA solution was added into liposome 83 
solution. After 4 hours, the sample was taken and observed by 84 
using laser scanning confocal microscope. 85 

Results and Discussion 86 

The PMAL facilitated transport of siRNA: a free energy perspective 87 

Firstly, we simulated the transmembrane of bare siRNA and 88 
siRNA-PMAL complex. The free energy as function of distance 89 
between the center-of-mass (COMs) of lipid bilayer and siRNA or 90 
siRNA-PMAL complex is given in Figure 3. 91 

It is shown in Figure 3(a) that when bare siRNA is pulled across 92 
DPPC bilayer, the free energy is above zero. When the COMs 93 
between lipid membrane and siRNA is smaller than 2 nm, notable 94 
repulsive interaction occurs and an energy barrier of about 100 95 
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kJ/mol exists. This agrees with that simulated by Lin et al.
37

. Though 1 
siRNA carries negative charge (-22e), no net columbic interactions is 2 
observed. This is because lipid membrane is neutral and thus Van 3 
der waals force dominates the transmembrane process. 4 
Interestingly, for PMAL-siRNA complex, the free energy profile 5 
appears no energy barrier for the complex to penetrate DPPC 6 
membrane. Moreover, the energy valley for the complex is deeper, 7 
compared to that of the bare siRNA, indicating that the presence of 8 
PMAL reduces the energy barrier and thus facilitates the transport 9 
of siRNA.  10 

We further examined the effect of PMAL for the delivery of 11 
siRNA through the negatively charged lipid bilayer membrane, as 12 
often seen for the mammal cell membrane. As shown by Figure 3(b), 13 
the free energy barrier for pulling bare siRNA across DPPC/DPPG 14 
bilayer membrane is up to 600kJ/mol. This is attributed to the 15 
electrostatic repulsion between the siRNA and lipid bilayer 16 
membrane, both of which is negatively charged. Whereas for the 17 
complex of siRNA and PMAL, no energy barrier exists before the 18 
complex enters membrane. Instead, there is a deep energy valley of 19 
about -500kJ/mol. The substantial reduction in the energy barrier  20 

 21 

   22 
Figure 3. Free energy analysis of siRNA and siRNA-PMAL complex across cell 23 

membrane. (a) DPPC bilayer membrane; (b) DPPC-DPPG hybrid bilayer 24 
membrane, the molar ratio of DPPC and DPPG is 3 to 1, which is consistent 25 

with components of mammal cell membrane, COMs is center-of-mass. 26 

 27 

suggests that PMAL can significantly accelerate the delivery of 28 
siRNA to the negatively charged lipid bilayer membrane. 29 
The PMAL facilitated transport of siRNA: a process perspective  30 

We then simulated the process of PMAL-assisted siRNA 31 
transmembrane, as shown in Figure 4. 32 

Figure 4(a) gives the distribution of water, PMAL and lipids 33 
within 1.6nm around siRNA, as well as the distance between COMs 34 
of PMAL and of siRNA. From these time evolutions of description 35 
variables, we can divide the transmembrane process of siRNA 36 
assisted by PMAL into three stages. The first stage starts when the 37 
complex is far away from bilayer surface and ends with the complex 38 
embedded in membrane. In this stage, the proportion of PMAL 39 
around siRNA maintains constant, indicating PMAL-siRNA complex 40 
is stable during this stage. This can be further demonstrated by the 41 
distance between COMs of PMAL and siRNA, which remains 42 
constant with small fluctuation. The proportion of water around 43 
siRNA decreases while that of lipid around siRNA increases, 44 
indicating the occurrence of dehydration of the complex during 45 
embedment in lipid bilayer membrane.   46 

The second stage starts when the complex is embedded in 47 
membrane at 0.84t = μs and ends with siRNA escaping from the 48 
opposite surface of lipid bilayer membrane. In this stage, the 49 
proportion of PMAL around siRNA maintains constant, while the 50 

distance between COMs of PMAL and of siRNA increase significantly. 51 
This indicates that the structure of the PMAL-siRNA complex 52 
changes in lipid bilayer. At the same time, the proportion of water 53 
increases while that of lipid decreases. This is very interesting and is 54 
contradict to our expectations the insert of complex into lipid 55 
bilayer would be accompanied by the increase of the lipid 56 
proportion. When siRNA is moving into lipid membrane assisted by 57 
PMAL, water molecules fill the pore punched by PMAL, resulting in 58 
the increase of water around siRNA and the decrease of lipid 59 
around siRNA. This favors both the stability and delivery of siRNA.  60 

The final stage starts with the departure of siRNA from lipid 61 
bilayer membrane and ends with separation of siRNA from lipid 62 
bilayer membrane. In this stage the portion of PMAL decreases and 63 
the distance between COMs of siRNA and of PMAL continuously 64 
increases. Meanwhile, the portion of water around siRNA increases 65 
and reaches to a plateau while the portion of lipid around siRNA 66 
decrease to zero, indicating siRNA can fully detach from lipid bilayer. 67 

Figure 4(b) gives snapshots taken during the PMAL facilitated 68 
transport of siRNA. When 0t =  μs, PMAL-siRNA complex, which is 69 
above the surface of DPPC/DPPG bilayer membrane, is near- 70 
spherical with PMAL encapsulating siRNA. After 0.54 μs, the 71 

 

Figure 4. (a) Proportion of water , PMAL and lipids within 1.6 nm around 

siRNA and distance  between COMs of PMAL and of siRNA; (b) Typical 

snapshots during PMAL-siRNA transmembrane process 

 72 

complex is adsorbed on the surface of lipid bilayer and the complex 73 
deforms to exhibit ellipsoid shape. PMAL, which is amphiphilic, 74 
prefers to interact with DPPC/DPPG bilayer with both electrostatic 75 
and hydrophobic interaction. Due to the strong electrostatic 76 
interaction between siRNA and PMAL, siRNA is “forced” into lipid 77 
bilayer membrane. When 0.84t =  μs, siRNA totally embeds into 78 
the lipid bilayer membrane with the help of PMAL. It should be 79 
emphasized here the structure of complex embedded into lipid 80 
bilayer membrane is different from that in solution as shown in 81 
Figure 4(b) at 0t =  μs. The hydrophobic groups of PMAL, which are 82 
inside the complex in solution, now expose to lipid bilayer 83 
membrane due to the hydrophobic nature of lipid membrane. Once 84 
the complex moves to the opposite side of lipid bilayer membrane, 85 
i.e., 1.03t =  μs, siRNA leaves bilayer membrane. When the 86 
complex totally passes through bilayer membrane as shown at 87 
1.2t =  μs, an elongated complex with siRNA exposed in solution 88 
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and PMAL attached on lipid membrane appears, indicating that 1 
siRNA is transported through bilayer membrane.  2 

In order to obtain equilibrium structures of the complex at 3 
different stages of transmembrane process, molecular dynamics 4 
simulation with different initial configurations obtained from pulling 5 
simulation were performed at least for 300ns. The final structures 6 
at different stages of complex through bilayer membrane are given 7 
in Figure 5. 8 

Figure 5(a) gives equilibrium structures of complex adsorbed 9 
on lipid bilayer surface after 300 ns traditional molecular dynamics 10 
simulations. It is shown that PMAL carries siRNA like a “boat” and 11 
the whole complex “floats” on the “lipid pool”. PMAL partially 12 
adsorbs on lipid bilayer via both hydrophobic and electrostatic 13 
interaction. PMAL interacts with siRNA via electrostatic interaction. 14 
The PMAL slightly changes the density of lipid bilayer, which will be 15 
further demonstrated in Figure 6. Figure5(b) gives equilibrium 16 
structures of PMAL-siRNA complex when it totally embedded into 17 
lipid bilayer, in which PMAL tightly entangles around siRNA during 18 
extreme hydrophobic environment caused by lipid molecules. 19 
When lipid fraction around siRNA increases, PMAL fraction around 20 
siRNA also slightly increases, as shown in Figure 4(a). Figure 5(c) 21 
gives equilibrium structures of PMAL-siRNA complex when it just 22 

 

Figure 5. Typical conformations of PMAL-assisted siRNA transmembrane at 

different stages. (First row shows front view of siRNA-PMAL-membrane; 

Second row shows vertical view of siRNA-PMAL-membrane; Third row 

shows vertical view of siRNA-membrane; Last row shows membrane only.) 

 23 

arrives at the other side of lipid bilayer membrane. The siRNA 24 
leaves the membrane while most of PMAL remains in the 25 
membrane. It is shown that “boat” totally turns over with siRNA 26 
outside lipid bilayer. The complex partially dissociates to release 27 
siRNA while PMAL is still inside lipid bilayer, which is beneficial for 28 
siRNA delivery. In conclusion, PMAL can punch on lipid bilayer and 29 
form a channel for siRNA delivery. 30 

The PMAL facilitated transport of siRNA: a molecular structure 31 
perspective 32 

We further studied the structural transition of siRNA, PMAL 33 
and lipids during transmembrane process, as shown in Figure 6. 34 

Figure 6(a) gives order parameter and plane coefficient of lipid 35 
molecules of bilayer membrane during pulling simulation. It is 36 
shown that the adsorption of complex on the bilayer membrane 37 
surface doesn’t cause the structural changes of lipid bilayer. Once 38 

the complex enters into membrane, the order parameter of lipid 39 
decreases while plane coefficient of lipid increases, indicating the 40 
disorder of lipid bilayer caused by the complex. Once the complex 41 
leaves bilayer membrane, order parameter of lipid recovers while 42 
plane coefficient does not. This is because PMAL still partially 43 
absorbs on the surface of lipid bilayer as shown in Figure 4(b), 44 
which affects the plane coefficient of lipid.  45 

Figure 6(b) and (c) give radius of gyration and RMSD of siRNA, 46 
PMAL and their complex, respectively. It is shown that siRNA is very 47 
stable during transmembrane process. PMAL, however, has drastic 48 
structural changes during this process. When PMAL enters into 49 
bilayer membrane, it shrinks by reducing its gyration radius, which 50 
is caused by extrusion of lipid molecules via hydrophobic 51 
interaction. Once PMAL leaves bilayer membrane, both radius of 52 
gyration and RMSD significantly increase, indicating formation of a 53 
loose structure. The changes of complex are similar to those of 54 
PMAL, indicating the changes are mainly caused by PMAL. The 55 
major difference is that, after the complex pass through the 56 
membrane, RMSD of complex increases more than that of PMAL, 57 
indicating that siRNA escapes from complex, which is consistent 58 
with results shown in Figure 4. 59 

 
(a) Order parameter and Plane coefficient of lipid molecules change during 

pulling simulation 

 

  
                  (b) Radius of gyration                                      (c) RMSD 

Figure 6. Structural transition of siRNA, PMAL and lipid bilayer during 

transmembrane 

 60 

The PMAL facilitated transport of siRNA: experimental validation 61 

In order to demonstrate above simulation, we fabricated 62 
liposome composed of DPPC and DPPG with the same ratio used in 63 
simulation. siRNA labelled with fluorophore and PMAL were used to 64 
detect efficiency of delivery. The molar ratio of PMAL to siRNA is 1 65 
to 1, which is consistent with our simulation work. The results are 66 
given in Figure 7. 67 
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Figure 7(a) gives the fluorescence microscopic image in the 1 
presence of siRNA, PMAL and liposome. It is shown that although 2 
there is high fluorescence intensity in background, small dots with 3 
high green fluorescence density are visible, indicating the   4 
accumulation of siRNA in liposome. To further confirm the delivery 5 
of the complex into liposome, the sample is centrifuged to remove 6 
free siRNA, this gives an improved observation of the accumulated 7 
siRNA in liposome, i.e., the green dots, in the black background, as 8 
shown in Figure 7(b). It is thus concluded that PMAL can improve 9 
the delivery of siRNA from Figure 7. 10 

     11 

            (a) Before centrifugation            (b) After centrifugation 12 

Figure 7. Detction of PMAL-assistied siRNA delivery by fluorescence 13 
microscope 14 

 15 

Conclusions 16 

In this work, we simulated the PMAL assisted delivery siRNA 17 
using steered molecular dynamics simulation and umbrella 18 
sampling. Potential of mean force (PMF) analyses show that energy 19 
would increase when siRNA is pulled through the membrane, 20 
indicating that delivering siRNA directly is an energy-consuming 21 
process and thus not spontaneous. In contrast, energy barrier of 22 
siRNA delivery assisted by PMAL decreases to -500kJ/mol, making 23 
the delivery process spontaneous. The simulation of the delivery 24 
process shown that that PMAL can punch on lipid bilayer and form a 25 
channel for siRNA delivery, in which the attachment of PMAL to 26 
membrane targeted siRNA towards cell membrane while the 27 
retardation of PMAL by lipid membrane facilitated the dissociation 28 
and delivery of siRNA. The experiment of PMAL-assisted siRNA 29 
through liposome further confirms the facilitated transmembrane 30 
by PMAL. The above mentioned simulation showed, at a molecular 31 
level, how PMAL displayed its function as a carrier for siRNA and 32 
thus helpful for the design and application of amphiphilic molecules 33 
for the delivery of siRNA. 34 
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