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Abstract 
 
 Interactions of nanoparticles (NPs) with lipid membranes have enormous biological implications 

especially for gene delivery applications. In this work, using all-atom steered- and molecular dynamics 

simulations, we investigated deformation of lipid membranes and pore closure during a NP penetration 

process. Three membrane bilayer models built from 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine 

(POPC), dipalmitoylphosphatidylcholine (DPPC) and dilauroylphosphatidylcholine (DLPC), and a NP 

formed by 2 short interfering RNA (siRNA) and 6 polyethylenimine (PEI) molecules were used. Our results 

showed that different membrane lipids could lead to differences in pore formation (symmetric vs. 

asymmetric), and could undergo different levels of pore-mediated flip-flops during the closure. DLPC 

showed the largest number of flip-flops among the three lipid membranes. In addition, introduction of 

hydrophobic linoleic acid (LA) substitution onto the PEIs was found to facilitate pore formation, since the 

long LA tails could insert themselves into the hydrophobic region of the membrane where the lipid tails 

were less aligned. Compared with DPPC, POPC and DLPC membranes had less alignment of lipid tails in 

the bilayer, which promoted the insertion of LA tails and hence NP entry into the cell. Our observations 

provide valuable insight into the membrane deformations and pore dynamics during NP penetration and 

will be important for the design of NP carriers for effective gene delivery.  
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INTRODUCTION 

 Delivery of genetic material, either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), into 

cells has proven to be an effective strategy in treating genetic disorders and cancers [1]. For effective 

therapy, genetic materials need a carrier to protect them against nucleases and facilitate their cellular entry. 

In this context, non-viral carriers acquired substantial attention due to their easy-to-engineer and relatively 

safe nature in comparison to their viral compartments [2]. Among non-viral carriers, the synthetic cationic 

polymer polyethylenimine (PEI) has received special attention due to the possibility of being easily 

modified with various functional groups. Its gene delivery performance has been tested extensively in a 

number of cell models [3]. PEI based nanoparticles (NPs) must enter the cells through a process that 

involves interaction with cell membrane molecules, where the NPs are expected to preserve their integrity 

while delivering their cargo into the cytoplasm [4]. Cytoplasmic membranes are vital components of every 

cell, which may contain hundreds of different lipids distributed between the two bilayer leaflets and 

crowded with proteins covering ~30% of membrane area [5]. The types of lipids and their spatial 

configurations define the biophysical properties of the membrane [6]. As an example, the length and degree 

of saturation of lipid acyl chains govern the thickness and ordering of the hydrophobic region of membranes 

[6]. Presence of double bonds in the fatty acyl chains of lipids can cause bending of the hydrocarbon chains, 

thereby affecting the structural and dynamical properties of the membrane[7].  

 There has been considerable interest in simulative and experimental studies to reveal interaction of 

NPs with membranes [8–10], especially to understand pore formation and resealing during NP penetration. 

Membrane pores can be intentionally induced for therapeutic applications, to momentarily enhance 

membrane permeability and allow therapeutic agents to diffuse into cells [11]. Presence of defects or pores 

across membranes could lead to unregulated ionic flux and facilitate passive transport of polar molecules 

[12]. Also, pores can act as initiation sites for structural defects associated with phase transitions, cell fusion, 

and lysis [12]. Kwolek et al.[13], using experiments and molecular dynamics (MD) simulations, studied the 

role of free PEI molecules on membrane deformation. They found that the electrostatic interactions and 

hydrogen bonding between PEI and anionic membrane of 2-oleoyl-1-palmitoyl-sn-glycero-3-
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phosphocholine (POPC)/1,2-dioleoyl-sn-glycero-3-phosphoric acid (DOPA) induced reorganization of the 

bilayer in the vicinity of the polymers. This caused pulling of lipid head groups toward the membrane center 

and the formation of a pore within the membrane structure. Zhang et al. [14] using sum frequency 

generation (SFG) vibrational spectroscopy and attenuated total internal reflection Fourier Transform 

Infrared Spectroscopy (ATR-FTIR), observed that both linear PEI (lPEI) and branched PEI (bPEI) induced 

lipid translocations, also known as lipid “flip-flop”, in anionic dipalmitoylphosphatidylglycerol (DPPG) as 

well as zwitterionic distearoylphosphatidylcholine (DSPC) lipid bilayers. Awasthi et al. [15] based on their 

experiments and MD simulations proposed a molecular mechanism for polycation-induced pore formation 

in membranes. Changes in the membrane structure was attributed to difference in electrostatic potential 

between the two leaflets of the membrane, induced by polycations. Membrane pores can also be formed 

through electroporation as a result of applying external electrical fields. MD simulations of Tieleman et 

al.[16] showed that the external electric field interacted with water dipoles, amplified the probability of 

creating water defects in the membrane interior, and stabilized the formed defects. Experimental and 

simulation studies showed that pore formation caused by electroporation was highly dependent on the 

nature of the membrane, where a stronger electric field was required to induce a pore in more ordered 

membranes that had a larger number of intermolecular hydrogen bonds [17–20]. As a representative 

example, Ziegler et al.[21] using MD simulations found that the minimal threshold of electric field to induce 

pore formation varied with lipid properties including the chain length and type of acyl chains (i.e., saturated 

or unsaturated). Specifically, there was a positive correlation between the minimum electric field required 

to induce the pore and the membrane’s thickness as well as the unsaturation level of its acyl chains. Increase 

in the number of Cs and unsaturated bonds in the acyl chains amplified the required external electric field. 

Once a transmembrane pore is formed, its fate may be different depending on its size. Below a critical 

radius, spontaneous resealing  occurs [12] whereas above the threshold the pore might lead to irreversible 

membrane rupture. This emphasizes the need to investigate not only pore formation, but also pore resealing 

after external stimuli were removed. 
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Many studies have investigated different membranes in terms of head groups, acyl chains length, 

and saturation level of lipid chains. Hyvonen et al.[7] using MD simulations studied lipid bilayers of 

dipalmitoylphosphatidylcholine (DPPC) and its mono-, di-, and tetraunsaturated counterparts in the Sn2 

position. They found that presence of double bonds substantially reduced the order parameters of CH bonds. 

Additionally, the double bonds of tetraunsaturated chains were shown to be located in the region spanning 

from the head group to the bilayer center. On a similar topic, Zhuang et al.[22] studied a number of different 

membrane lipids, including lipids with various head groups (phosphatidic acid (PA), phosphocholine (PC), 

phosphoethanolamine (PE), phosphoglycerol (PG), and phosphoserine (PS)). It was found that PS had the 

highest inter-lipid hydrogen bonds, while PG had the most intra-lipid hydrogen bonds. This caused PS and 

PG bilayers to have the lowest surface area per lipid and the smallest thickness, respectively. In addition, 

PS, PE and PA lipids had larger contact clusters (5-8 lipids per cluster) than the PC and PG, a size that 

characterizes the local packing behavior of lipid head groups.  

 While these studies provided valuable insights into the effect of lipid molecules on membrane 

features, and mechanism(s) of pore formation caused by small molecules such as free PEIs, it is evident 

that further studies are required to provide atomistic insight into more complex systems such as the NP 

interactions with membranes. Previously, our group performed steered MD (SMD) simulations and 

investigated the stability and configurational changes of NPs formed by PEI and short interfering RNA 

(siRNA) during penetration into the zwitterionic POPC membrane [23]. Three types of PEI molecules, 

namely unmodified PEI and PEIs modified with caprylic (CA) and linoleic acids (LA), were employed. 

The structural changes in the PEI-LA/siRNA NP were minimal, while the PEI-CA/siRNA NP showed the 

largest structural changes. In a more recent study [24], we investigated the effect of membrane surface 

molecules on the integrity and configurational changes of NPs, using a combined simulation and 

experimental approach. We found that anionic POPS lipids can dissociate the NPs, while zwitterionic POPC 

lipids did not induce dissociation. Additionally, LA substitution was found to enhance the stability of 

PEI/siRNA NPs. While those studies were beneficial for the understanding of structural changes in NPs, 

the effect of NP penetration on the integrity of membranes has not been explored. To the best of our 
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knowledge, the present work is the first all-atom study that investigated the interplay between PEI NPs and 

various lipidic membrane models where the acyl chain lengths and saturation levels were altered. SMD and 

MD simulations were employed for zwitterionic POPC, DPPC, and dilauroylphosphatidylcholine (DLPC) 

membranes in this study. These membranes have the same surface properties, but possess different acyl 

chain properties. Native and LA-modified PEIs were adopted as polynucleotide carriers, since LA-modified 

PEIs have proven to be an exceptionally effective carrier for gene delivery in our experimental studies 

[25,26]. Our focus in this study was to investigate (i) pore formation and resealing mechanism during NP 

penetration, and (ii) the effects of acyl chain features of the membrane lipids, and carrier properties on pore 

formation.  

 

METHODS 

Simulated systems and procedure 

Two types of NPs were simulated, each comprised of 2 siRNA molecules and 6 branched PEIs (bPEIs). 

The model siRNA has the sense strand of 5'- CAGAAAGCUUAGUACCAAATT-3' and antisense strand 

of 5'-UUUGGUACUAAGCUUUCUGTC-3'. It is used to silence P-glycoprotein [27] and consists of 42 

nucleotides with a total charge of െ40 in its fully deprotonated state. The chemical structure of simulated 

PEI is shown in Fig. 1a. The PEI in its native form has a molecular weight of 1874 Da and is composed of 

43 amino groups. Twenty of these amino groups were protonated, equivalent to the protonation ratio of 

47%, which was in the range of reported protonation ratio (10 to 50% [28–31]) for PEI at physiological pH. 

For simplicity, the NP formed by 2 siRNAs and 6 native PEIs was referred to as PEI NP (see Table 1). The 

other simulated NP was denoted as PEI-LA NP in Table 1, where each PEI was modified with 3 

hydrophobic substitutions of LA. The chosen substitution level was in line with the practical range of 

modification used for siRNA delivery [32]. The initial structures of NPs were adopted from our previous 

study where they were equilibrated at 310K. Then, to equilibrate the NPs at 323K that was above the phase 

transition temperature of our simulated membrane lipids, each NP was solvated with TIP3P [33] water 

molecules and ions (150 mM KCL) and subjected to 7 ns (restrained) + 33 ns (free) simulation. The final 
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equilibrated structure of each NP was adopted as the initial configuration of the NP for SMD simulations 

of membrane penetration (see Supporting Information (SI), Figs. S1 and S2).  

 Three membrane lipids, POPC, DPPC and DLPC, were used, and their chemical structures are 

shown in Fig. 1b. Among these lipids, DLPC has the shortest lipid tails (12:0, 12:0), where the first indices 

represent the number of C atoms in Sn1 and Sn2 chains (12 and 12 here), and the second indices specify 

the number of unsaturated carbons in each chain (0 and 0 here). The tails of DPPC (16:0, 16:0) and POPC 

(16:0, 18:1) are of similar length, but differ in terms of saturation, where POPC has one unsaturated carbon 

on its Sn2 chain. The initial structure of POPC bilayer was adopted from our previous study[23]. DPPC and 

DLPC bilayers were constructed using Membrane Builder [34] in CHARMM-GUI [35,36]. Similar to the 

NPs, the membranes were equilibrated by 50 ns MD simulations until the area per lipid reached 60.45 ± 

0.34 Å2 and 63.21 ± 0.53 Å2 (data collected from the last 20 ns), respectively for DPPC and DLPC, which 

agreed with the values reported in the literature [37,38]. The final equilibrated configurations were adopted 

as the input structures for SMD simulations with NPs (see SI, Figs S3-S6). 

 SMD simulations assist in accelerating the penetration process and also mimic the situation where 

the NPs are pulled by external or biological forces towards the interior of the cell membrane. In each SMD 

the system was prepared by first placing the NP above the membrane so that the center of mass (COM) 

distance between the NP and the membrane was 8 nm. Initial orientation of the NP was chosen in a way 

such that the axes of its siRNAs were almost perpendicular to the membrane surface, while the effect of 

initial orientation was explored via replica simulations described later. Then, upon solvation with TIP3P 

[33] water and 150 mM KCL, the system was equilibrated for 6 ns with a harmonic restrain of 10 kcal mol 

-1 Å-2 exerted on the non-H atoms of the NP. The equilibrated membrane-NP system was used next for the 

SMD simulation, where the COM of the NP was attached to a dummy atom via a virtual spring and the 

spring was pulled with a constant velocity along the z direction perpendicular to the membrane surface. 

The pulling speed v = 5 Å ns-1 and spring constant k = 5 kcal mol-1 Å-2 were used. In the literature, pulling 

speeds in the range of 0.1 to 100 Å ns-1 have been reported for SMD simulations, while lower values of 

pulling speed have been used to determine the potential of mean force [39–45]. Previously[23], we explored 



  8 

the effect of pulling speed and showed that v = 5 Å ns-1 was suitable for studying membrane penetration of 

NPs. Each SMD simulation took 34 ns for the NP to travel a total distance of 170 Å. In Table 1, PEI NP-

POPC, PEI NP-DPPC and PEI NP-DLPC are respectively the SMD simulations for the PEI NP crossing 

POPC, DPPC and DLPC bilayers. The corresponding SMD simulations for the PEI-LA NP are PEI-LA 

NP-POPC, PEI-LA NP-DPPC and PEI-LA NP-DLPC. One replica simulation was performed for each 

system involving the PEI-LA NP, where the axes of its siRNAs were almost parallel to the membrane 

surface in the initial configuration. The replica systems were named PEI-LA NP-replica-POPC, PEI-LA 

NP-replica-DPPC and PEI-LA NP-replica-DLPC. 

At last, the final configurations from the SMD simulation were used to investigate pore closure by 

MD simulations without restraints. Specifically, the NP in each system was removed and the deformed 

membrane was solvated again with TIP3P[33] water and 150 mM KCL. Each of the nine membrane systems 

was then subjected to 64 ns MD. These systems are labeled in Table 1 as POPC (PEI NP), DPPC (PEI NP), 

DLPC (PEI NP), POPC (PEI-LA NP), DPPC (PEI-LA NP), DLPC (PEI-LA NP), POPC (PEI-LA NP-

replica), DPPC (PEI-LA NP-replica) and DLPC (PEI-LA NP-replica).  

 
Figure 1. (a) Molecular structure, protonation sites and lipid substitution sites of the simulated PEIs, (b) 

structures of POPC, DPPC, and DLPC molecules. 
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Table 1. Detailed information of the simulated systems in this study. 
 

System No. atoms 
Simulation box 
size (Å3) 

Lipid on 
each PEI 

PEI/siRNA 
charge ratio 

Simulation 
time (ns) 

PEI NP 85640 90×100×100 None 1.5 40 

PEI-LA NP 93691 100×90×100 3 LA 1.27 40 

PEI NP-POPC 990451 160 ×180×340 None 1.5 34 

PEI NP-DPPC 1018962 160×200×340 None 1.5 34 

PEI NP-DLPC 1015417 180×170×340 None 1.5 34 

POPC (PEI NP) 658088 160×180×230 None - 64 

DPPC (PEI NP) 632815 160×200×320 None - 64 

DLPC (PEI NP) 633654 180×170×220 None - 64 

PEI-LA NP-POPC 990473 160 ×180×340 3 LA 1.27 34 

PEI-LA NP-DPPC 1019002 160×200×340 3 LA 1.27 34 

PEI-LA NP-DLPC 1015459 180×170×340 3 LA 1.27 34 

POPC (PEI-LA NP) 572647 160×180×200 3 LA 1.27 64 

DPPC (PEI-LA NP) 606802 160×200×310 3 LA 1.27 64 

DLPC (PEI-LA NP) 605079 180×170×220 3 LA 1.27 64 

PEI-LA NP-replica-POPC 990473 160 ×180×340 3 LA 1.27 34 

PEI-LA NP-replica-DPPC 1019002 160×200×340 3 LA 1.27 34 

PEI-LA NP-replica-DLPC 1015459 180×170×340 3 LA 1.27 34 

POPC (PEI-LA NP-replica) 572647 160×180×200 3 LA 1.27 64 

DPPC (PEI-LA NP-replica) 606802 160×200×310 3 LA 1.27 64 

DLPC (PEI-LA NP-replica) 605079 180×170×220 3 LA 1.27 64 

 
 
Simulation details 
 
Force field parameters for the PEI molecules were adopted from a previous study [46] by our group, which 

were generated according to CHARMM General Force Field and validated with ab initio calculations. A 

CHARMM 36 [47,48] Force Field was used for other molecules. All simulations were performed using 

NAMD [49] molecular dynamic package and in NPT ensemble. Time steps of 2 fs and periodic boundary 

conditions (PBC) were applied. Particle Mesh Ewald [50] (PME) method was employed to calculate long-

ranged electrostatic interactions. The cut off distance was set to 12 Å for van der Waals and short-range 

electrostatic interactions. The SHAKE [51] algorithm was used for constraining bonds involving H atoms. 

To maintain the temperature (323K), Langevin dynamics thermostat was used. The pressure was maintained 

using a semi-isotropic pressure control that decouples the direction normal to the bilayer and the plane of 

the bilayer. Nose-Hoover Langevin barostat was applied to achieve 1 bar pressure, with a damping time 
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scale of 100 fs and a Langevin piston oscillation period of 200 fs [52,53]. For visualization and analysis of 

simulation trajectories, VMD [54] was used.       

 

RESULTS 

Membrane deformations during penetration of PEI NP 
 
 Penetration of the PEI NP induced membrane deformation during its entry. To measure the 

deformation, the positions of all P atoms are shown in Fig. 2 at different timeframes. All membranes 

experienced a disruption in their integrity as the NP penetrated. At 10 ns, the disturbance started first in the 

upper leaflet while the lower leaflet maintained its integrity. At 20 ns, the membranes bent and both leaflets 

underwent deformation. At 34 ns, the deformation of the membranes was severe, and the P atoms no longer 

maintained a continuous network as in the earlier timeframes, suggesting the formation of a pore in each 

membrane. The disruption of the upper leaflet was larger than the lower leaflet, evidenced by the more 

significant deviation of the P atoms from their initial positions in the upper leaflet. While all membranes 

showed a similar trend, the level of disruption varied for different membranes. At 34 ns, the P atoms in the 

POPC bilayer could be found further from their initial positions compared with DPPC and DLPC bilayers, 

indicating more severe disintegration of the POPC membrane. DLPC displayed lower deviation of the P 

atoms from their initial positions than the other two membranes, which can be attributed to its lower 

resistance against pore formation due to its smaller thickness (Fig. S4) and weaker hydrophobic-

hydrophobic interactions among its lipid tails. 
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Figure 2. Positions of P atoms in the (blue) upper and (red) lower leaflets of (a) POPC (b) DPPC and (c) 
DLPC membranes during penetration of the PEI NP. The black circle represents COM position of NP. 
 
 
Pore formation caused by PEI NP penetration 
 
 Penetration of the PEI NP induced a pore within each membrane. To quantify the size of the formed 

pore under the pulling force, the positions of P atoms were first projected onto the x-y plane which was 

parallel to the membrane surface. The same projection was done for the COM of the PEI NP. Then the in-

plane distribution of the P atoms around the COM, in terms of areal density (number of P atoms per unit 

area), was calculated and shown in Fig. 4 (see SI, Fig. S7 for calculation details). For each membrane, Fig. 

3 shows the distribution at three stages: when the membrane was initially undisturbed, when the pore was 
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well established, and at the end of the pulling process in SMD. It is worth noting that the time for a well-

established pore, determined from visual observation of the pore transitioning from increasing to decreasing 

trends, was different for each membrane: 30, 27, and 24 ns, respectively for POPC, DPPC, and DLPC 

membranes. For undisturbed membranes (blue curves), as the distance from the COM of NP increased, the 

distribution remained relatively constant. When the pores were well established (red curves), the 

distribution was zero near the COM of the NP while showing two peaks at larger distances. The first peak 

(location denoted by r1) corresponded to the edge of the formed pore where the lipids accumulated, 

representative of the pore size. The second peak (location denoted by r2) corresponded to the region where 

membrane was significantly bent downwards so that the projection of the P atoms onto the x-y plane showed 

a high local areal density. r1 was found to be ~26, ~30 and ~33 Å for POPC, DPPC and DLPC membranes, 

respectively. This shows that the pore size was largest for the DLPC membrane, which agrees with 

experimental studies where pore formation was found easier in lipidic membranes with shorter hydrocarbon 

tails [55]. Values of r2 were ~52, ~57 and ~58 Å for POPC, DPPC and DLPC, respectively. The largest r2 

for DLPC was consistent with its largest pore size, i.e. r1, among the three membranes. Compared with 

DPPC, POPC showed smaller values for both r1 and r2, while the difference in r2 was more significant. 

Consulting Fig. 2, POPC underwent more significant bending deformation during pore formation, which 

allowed membrane rupture to occur at a shorter distance from the NP. In contrast, DPPC experienced a 

more gradual deformation that was less localized than POPC and covered a larger area of the membrane. 

At the end of the pulling process (green curves), the first peak underwent a decrease in height and a shift to 

the left for the POPC and DPPC membranes, and the changes were more profound for the latter. For the 

DLPC membrane, the first peak disappeared completely. In addition, the height of the second peak showed 

a decrease for POPC and DLPC membranes. This suggests that within our simulation time (34 ns), resealing 

of the pore started almost immediately after the NP began to detach from the membrane. The recovery was 

highest for the DLPC membrane and lowest for POPC. Although DLPC had the largest pore size, as can be 

seen from Fig. 2 its deformation was the least among the three membranes. The thinnest bilayer provided 

the least resistance to NP entry, and a large pore was able to form without creating significant displacement 
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of the lipids. Consequently, the less lipid displacement facilitated recovery during pore resealing. The 

opposite is true for POPC, which exhibited the most severe disintegration and largest lipid displacement 

that are hardest to recover. 

   
Figure 3. Distribution of P atoms around the COM of PEI NP, within the x-y plane, for (a) POPC, (b) 
DPPC, and (c) DLPC membranes (see SI Fig. S7 for calculation details). Red and black arrows in each 
subfigure point to the locations of the first and second peaks respectively, for the established pore.  
 
 
 Along with the difference in pore size, the three membranes also showed difference in the order 

and orientation of the acyl chains. To quantify the order in the lipid tails under non-equilibrium pulling of 

the NP, the probability distribution (PD) of the angle formed between Sn1 and Sn2 acyl chains was 
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monitored. To this end, an angle (θ) was defined between two vectors each associated with one acyl chain 

(see Fig. S8 for details). θ = 0° corresponds to parallel orientation between Sn1 and Sn2 chains, whereas θ 

= 90° represents perpendicular orientation between them. Fig. 4 shows the PD of θ at 0, 20, and 34 ns. For 

all membranes, as time increased and NP penetration progressed, the PD became wider and there was a 

decline in the peak value, suggesting a reduction in the order of the membrane. At 0 ns, the most probable 

angle between the two lipid tails was respectively ~27°, ~22° and ~28° for POPC, DPPC and DLPC 

membranes. POPC and DLPC had a wider PD than DPPC, indicating that POPC and DLPC were less 

aligned and more dynamic. For POPC this originates from the presence of unsaturated Cs on its Sn2 chain 

which can induce a change in orientation of the chain and cause the POPC membrane to have a lower 

thickness (as shown in Fig. S4). For DLPC, on the other hand, the short acyl chains are the source of the 

smaller degree of order. The alignment of DPPC lipids increased the intermolecular interaction among 

them, causing the membrane to be more rigid. Also, the larger angle between two lipid tails in POPC and 

DLPC has led to a slightly higher free volume within the bilayers than in the DPPC membrane (See SI, 

section S5), which may impact the configurational changes of the NP during its entry. 
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Figure 4. Probability distribution of the angle between Sn1 and Sn2 chains for (a) POPC, (b) DPPC and 
(c) DLPC membranes.  
 
 
Interaction between membrane and PEI NP 
 
 To evaluate the interplay between PEI NP and the membranes during the non-equilibrium SMD, 

pulling force and structural parameters of the NP were monitored. Fig. 5a shows the pulling force on the 

PEI NP, plotted against the COM position of the NP. Side-view snapshots of the NP and the membrane at 

different time during the penetration are shown in SI (Fig. S9). All systems followed a similar trend. The 

force was relatively constant when the NP was approaching the membrane, followed by an increase up to 

a maximum value. The increase in force originated from the resistance of membrane to deformation and 

disintegration. Finally, the force decreased as the NP detached from the membrane, although it did not 

return to the value measured before penetration began because at the end of each simulation some 
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membrane lipids were still attached to the NP (Fig. S9). Despite these similarities, the force profiles 

displayed certain quantitative differences. The maximum force was about 2900, 2880 and 2410 pN 

respectively for POPC, DPPC and DLPC membranes. This indicates that the resistance to the passage of 

the NP was higher in POPC and DPPC membranes than the DLPC membrane. This is not surprising, as the 

POPC and DPPC bilayers had larger thickness (Fig. S4) and hence larger bending stiffness. The bending 

modulus, which is a macroscopic constant that represents the ability of a material to oppose bending [56], 

was reported to be 25.7 ± 2.1, 27.5 ± 3.4, and 20.4 ± 1 kT, respectively for POPC, DPPC and DLPC vesicles 

[57], where k is the Boltzmann constant and T is temperature. The bending modulus reported in previous 

MD simulations [58] was 25.3 ± 0.6, 34.1± 0.9, and 25.8 ± 0.6 kT, respectively for the POPC, DPPC, and 

DLPC membranes. The difference from the experimental values might be caused by the different 

temperature, salt concentration, and number of lipid molecules used in the MD simulations. The force 

profiles for POPC and DPPC membranes almost overlapped except during detachment of the NP (z-position 

of COM 50-90 Å), where the force was higher for POPC. Considering that POPC and DPPC have a similar 

bending modulus, the increase in the force was caused by the higher degree of deformation in POPC 

membrane during NP detachment of NP as shown in Fig. 2.  
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Figure 5. (a,d) Force profile, (b,e) gyration radius and (c,f) dCOM distance between the two siRNAs, as 
functions of COM position of the NP. The left and right graphs are for PEI and PEI-LA NPs, respectively. 
 
 
 The smaller degree of alignment, i.e. order, of POPC and DLPC lipids is expected to affect the NP 

penetration. Specifically, these two membranes provide a slightly higher free volume within the bilayers 

for possible configurational changes of the NP as discussed in Fig. 4. To monitor the configurational 

changes, gyration radius (Rg) of the NP and COM distance between the two siRNAs (dCOM) were assessed 

as a measure of NP compactness (Fig. 5b and 5c). Additionally, the shape anisotropy of the NP, relative 

orientation of the two siRNAs, and orientation of each siRNAs relative to the z-axis were also measured 

and discussed (SI, section S7). For all membranes, both Rg and dCOM showed an initial decreasing trend, 
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indicating some degree of compaction for the NP. Since the short siRNAs were relatively rigid, the NP 

compaction could occur through compaction of the constituent PEIs, and/or reduction in dCOM. The relative 

reduction in Rg was ~8.20%, ~8.21%, and ~5.8%, while the relative reduction in dCOM was ~13.1%, 

~20.66%, and ~28.78%, respectively for POPC, DPPC and DLPC membranes. This suggests that for 

POPC, both mechanisms played similar roles in compacting the NP, while for DPPC and DLPC the 

majority of the compaction was caused by a reduction in dCOM. POPC and DPPC have a similar length in 

their acyl chains, but highly aligned tails of the latter membrane necessitated the larger magnitude of 

reduction in dCOM to minimize membrane disruption. Interestingly, the minimum value of Rg, denoted as 

(Rg)min, showed a positive correlation with the size of the established pore (Fig. 3). (Rg)min was the same for 

POPC and DPPC, which was lower than (Rg)min for DLPC. Meanwhile, the pore size was largest for DLPC, 

while being the same for POPC and DPPC. For DLPC where pore formation was easier (Fig. 5a), the size 

of the established pore was larger, and (Rg)min of NP was larger. After reaching the minimum of Rg and 

dCOM, the NP behaved differently for the three membranes. For POPC, both Rg and dCOM displayed full 

recovery to their original values during NP exit. For DPPC, NP showed little recovery from its compacted 

configuration. For DLPC, Rg was fully recovered, while dCOM showed only partial recovery. The high 

alignment between the lipids of DPPC (as shown in Fig. 4) caused the NP to retain its compressed 

configuration, while the less alignment of the Sn1 and Sn2 chains in POPC allowed more space for the NP 

to relax and recover during membrane crossing.  

 

Membrane recovery and pore closure 

 Visual examination of the simulation trajectories revealed that depending on the membrane type, 

two types of pores, namely asymmetric and symmetric, were formed. In the former case (Fig. 6a), one side 

of the bilayer deformed more and moved along with the NP as it exited; while in the latter case (Fig. 6b), 

the deformation of the membrane was symmetric around the NP. The overall deformation and disruption 

of the membrane were therefore larger if the pore was asymmetric. Among the three membranes, POPC 

(Fig. 6c) exhibited asymmetric pore formation, while DPPC (Fig. 6d) and DLPC (Fig. 6e) showed 
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symmetric pore formation. A quantitative measure of pore symmetry at the end of pulling process (34 ns) 

is provided in SI, section S8. 

 

 

Figure 6. Formation of two types of pores: (a) asymmetric, (b) symmetric, and side-view snapshots at 34 
ns for (c) POPC, (d) DPPC and (e) DLPC membranes. P atoms of upper and lower leaflets are shown in 
blue and red, respectively. The lipid tails are shown in green.   
 
 
 To measure membranes’ recovery from its deformed configurations, MD simulations were 

performed by removing the NP and allowing the pore to close. Fig. 7 shows the position of P atoms at 

different times. All membranes started recovery towards their undeformed flat configuration immediately 

after NP removal. However, the degree of recovery was different at the end of the 64 ns of equilibrium MD 

simulation: both DPPC and DLPC fully regained their flat configuration, while POPC seemed to require 

more time for a complete recovery. During the recovery, the number density of lipids at the lower leaflet 

increased for all membranes as lipids from the upper leaflet joined the lower leaflet (blue circles on the 
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lower leaflet in Fig. 7). This imbalance increased the probability of lipid flip-flops between the leaflets. By 

64 ns, lipid translocation from the lower leaflet to the upper leaflet had occurred to a small degree for POPC 

(3 lipids) and to a higher degree for DLPC (19 lipids), while DPPC displayed no lipid translocation from 

the lower to the upper leaflets. The high degree of flip-flops in the DLPC membrane originated from its 

short acyl chain length which allowed the lipids to be more dynamic. The smaller thickness of the DLPC 

membrane is also expected to pose a lower energy barrier, compared with the other two membranes, for the 

exchange of lipids between the two leaflets.  

 

 
Figure 7. Position of P atoms in the (blue) upper and (red) lower leaflets of (a) POPC (b) DPPC and (c) 

DLPC membranes during pore recovery. 
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 Depending on the types of the formed pore (symmetric or asymmetric), the process of resealing 

differed. Fig. 8 shows a simplified schematic of pore resealing process (See SI, section S8 for the 

information on the representative simulations videos). For an asymmetric pore (Fig. 8a), the lipids in the 

vicinity of the pore first moved toward each other to reduce their exposure to water. When the pore size 

was sufficiently reduced and the lipids initially surrounding the pore started making contact, lateral 

diffusion of the lipids began to reduce the curvature of the membrane. Due to the asymmetric feature of the 

pore, the lower leaflet on one side of the pore could readily contact the upper leaflet on the other side (see 

step 2 in Fig. 8a). As such, some lipids from the lower leaflet was able to diffuse into the upper leaflet, 

leading to flip-flop, which continued until the pore was completely sealed.  

 

Figure 8. Process of pore resealing for (a) an asymmetric pore, and (b) a symmetric pore. 
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 For the symmetric pore (Fig. 8b), the resealing process was similar at the beginning. However, the 

symmetric nature of the pore did not facilitate the contact between the lower leaflet of one side with the 

upper leaflet of the other side. Consequently, the diffusion of the lipids from the lower leaflet to the upper 

leaflet did not occur until much later in the resealing process (see step 3 in Fig. 8b). In addition, the resealing 

of a symmetric pore was faster than an asymmetric pore due to the overall smaller disruption of the 

membrane during the pore formation. For example, in Figure 7 the asymmetric pore in the POPC membrane 

did not return to its flat configuration at 64 ns of the resealing simulation. On the other hand, the symmetric 

pores in the DPPC and DLPC membranes were close to being flat at 40 ns, and completed resealed at 64 

ns. As a result, the lipids that underwent flip-flop were more concentrated at the pore site rather than 

migrating further from the pore location. Table S3 in the SI shows that the flip-flops occurred as early as 

40 ns in the POPC membrane which contained an asymmetric pore, while flip-flops in the DLPC 

membrane, with a symmetric pore, did not occur until the end of simulation.  

 

Effect of PEI-LA NP on membranes 

 The effect of PEI-LA NP penetration on membrane integrity was qualitatively similar to PEI NP, 

with some slight quantitative differences. Selected results are presented here while others can be found in 

the SI (Figs. S16-S17). For POPC and DLPC, the force required to pull the PEI-LA NP through the 

membrane was lower than the PEI NP, while the force was similar for the two NPs in the case of DPPC 

(Fig. 5d). Fig. 9 shows both the PEI-LA NP and the hydrophobic tails of the membrane during each 

penetration process (hydrophilic part of the membrane not included for the simplicity of visualization). 

Examination of the figure shows that the hydrophobic LA substitutions (purple color) were exposed to the 

interiors of the POPC and DLPC bilayers during the early stages of the process. On the contrary, the LA 

substitutions conformed well to the NP and did not insert themselves into the DPPC bilayer until the very 

end. The interaction of LA substitutions with the hydrophobic part of the lipid bilayer facilitated NP entry 

and reduced the force for pore formation. For POPC and DLPC, such hydrophobic-hydrophobic interaction 

at early stages was facilitated by less alignment of the lipid tails (Fig. 4) as compared to DPPC.  



  23 

 Results for Rg and dCOM of the PEI-LA NP followed a similar trend as the PEI NP (Fig. 5e and 5f), 

where both NP compaction and relaxation from its compacted configurations were observed in all 

membranes. The relative reduction in Rg was ~5.93%, ~6.62%, and ~5.48%, while the relative reduction 

in dCOM was ~1.55%, ~10.5%, and ~10.04%, respectively for POPC, DPPC and DLPC membranes. This 

suggests that NP compaction in POPC was mainly attributed to compaction of the PEIs (with little reduction 

in dCOM, Fig. 5e), while compaction in DPPC and DLPC membranes occurred mostly through the reduction 

in dCOM. The minimum Rg was about the same for all membranes, consistent with the similar pore size of 

the membranes (Fig. S17). For all membranes, the reduction in dCOM was much lower for PEI-LA NP than 

PEI NP, indicating that PEI-LA NP was more rigid than the PEI NP.  

 

Figure 9. Side-view snapshots of PEI-LA NP crossing (a) POPC, (b) DPPC and (c) DLPC membranes at 
different time of the SMD simulations. For simplicity of visualization, water, ions, and hydrophilic parts of 
the membranes were removed and only the hydrophobic acyl chains of the membranes are shown. siRNA 
molecules are shown in yellow and red. PEI molecules are shown in green, while its hydrophobic LA 
substitutions are shown in purple. 
 

 For the PEI-LA NP, POPC displayed symmetric pore formation while DPPC and DLPC exhibited 

asymmetric pore formation (Fig. 10a, b, c). As shown earlier, when the PEI NP penetrated the bilayers, the 
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pore formation was symmetric for DPPC and DLPC, while asymmetric for POPC. Therefore, the type of 

NP affected the deformation and the extent of disturbance in the membranes. MD simulations for pore 

resealing (Fig. 10d, e, f) showed that for the same simulation time (64 ns), no full recovery to the flat 

configuration was observed for the POPC and DLPC membranes. The recovery of DPPC was stronger, but 

still not as much as what was observed in Fig. 7 for the PEI NP. The number of lipid flip-flops from the 

bottom leaflet to the top leaflet in each system is shown in Table S3. Lipid flip-flops from the lower leaflet 

to the upper leaflet occurred for DPPC and DLPC membranes, but not for POPC membrane. Considering 

that lipid flip-flops did not occur for PEI NP-DPPC system, this shows that LA substitutions facilitated 

lipid flip-flops in the DPPC. Also, for DLPC, the lipids that underwent flip-flop were spotted at further 

distance from the initial pore location as compared to DPPC. This was caused by the more asymmetric 

nature of the pore in DLPC (see SI, section S8) as well as its shorter lipid, which enabled the diffusion of 

the lipids from the lower leaflet to the upper leaflet to occur earlier in the pore resealing process.  
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Figure 10. Side view snapshots at 34 ns of the SMD for (a) POPC, (b) DPPC and (c) DLPC membranes 

with a PEI-LA NP. P atoms of upper and lower leaflets are shown in blue and red, respectively. The lipid 

tails are shown in green. Positions of P atoms in (d) POPC (e) DPPC and (f) DLPC membranes during pore 

resealing. 

To evaluate the effect of initial NP orientation on the results, 6 additional simulations (3 PEI-LA 

NP-membrane + 3 pore resealing) were performed. For the PEI-LA NP-membrnane simulations, initial 

orientation of the NP was chosen such that the axes of its siRNAs were almost parallel to the membrane 

surface. The simulations results are presented in SI (section S11). For the PEI-LA NP-replica, POPC and 

DPPC displayed symmetric pore formation while DLPC exhibited asymmetric pore formation (Table S2). 

The order of symmetry did not change under a different initial orientation and remained as: PEI-LA NP-

replica-POPC > PEI-LA NP-replica-DPPC > PEI-LA NP-replica-DLPC. For all three membranes, in-plane 

distributions of P atoms around the COM of NP (Fig. S18) were similar for the simulations with different 
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initial orientations, where for a well-established pore, two peaks were observed and the pore size was larger 

for DLPC membrane. Similar to the PEI-LA NP, hydrophobic LA substitutions of PEI-LA NP-replica were 

exposed to the interiors of the POPC and DLPC membranes while they did not insert themselves into the 

DPPC bilayer until the very end of the pulling process. Pulling force on the PEI-LA NP-replica displayed 

similar level of magnitude as the pulling force on PEI-LA NP (Fig. S19), suggesting that membrane 

resistance against NP entry was not dependent on the initial orientation of NP as it could rotate to minimize 

membrane disruption. MD simulations for pore resealing (Fig. S20) confirmed the occurrence of lipid flip-

flops from the lower leaflet to the upper leaflet for all the replica systems, while the highest number of lipid 

flip-flops occurred again for the DLPC membrane (Table S3).  

 

DISCUSSION 
 
Implications 
 
 During PEI mediated delivery of siRNA, the PEI/siRNA NPs interact with cell membrane that is 

composed of lipids with different properties [5]. This study investigated membrane response upon 

interaction with a PEI/siRNA NP using MD and SMD simulations. Three representative zwitterionic 

membrane models built from POPC, DPPC and DLPC lipids were employed, along with both native and 

lipid-modified PEI/siRNA NPs. The presence of a double bond on the Sn2 chain of POPC induced a change 

in the lipid chain’s orientation, leading to less alignment between the Sn1 and Sn2 chains. This allowed 

POPC to have a smaller membrane thickness compared with DPPC, which had similar numbers of Cs on 

its tails but was completely saturated. The order of membranes can be quantified in both simulations and 

experiments through the measurement of deuterium order parameter. Several MD simulations and 

experiments showed that the deuterium order parameters of both Sn1 and Sn2 chains decreased in lipids 

with unsaturated Cs and the effect was more pronounced in Sn2 chains [7,59]. In addition, among saturated 

membranes, long-tail lipids had larger deuterium order parameter than short-tail lipids, suggesting that the 

chains were more aligned in long-tail lipids [60]. Our results are in agreement with these previous reports, 

where the probability distribution for the angle between Sn1 and Sn2 chains was found to be narrower in 
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DPPC (long-tail, saturated) than in POPC (long-tail, unsaturated) and DLPC (short-tail, saturated). Our 

non-equilibrium SMD results also showed that the order of the membranes decreased during NP 

penetration, resulting in a broader probability distribution and an increase in the most probable angle. This 

agrees with experiments and previous MD simulations on single polycation interaction with membranes, 

where polycation was shown to induce disorder of acyl chains in the bilayer organization and reduce 

packing of the membrane [15]. 

Less alignment of lipid tails in the bilayer may promote insertion of hydrophobic cationic carriers 

through hydrophobic interactions, thereby facilitating their entry into the cell. It has been found 

experimentally that low molecular weight PEI’s gene delivery efficacy was improved significantly with the 

substitution of hydrophobic moieties including aliphatic lipids such as caprylic (8C), myristic (14C), 

palmitic (16C), stearic (18C), and LA [2,61]. Our group previously observed that gene delivery 

performance of 2 kDa modified PEI was increased enormously compared to its unmodified counterpart. 

Here, we found that hydrophobic LA substitutions on the PEI-LA NP were exposed to the interiors of the 

POPC and DLPC bilayers, while they could not be inserted into the DPPC bilayers. Because of this, the 

force required for NP penetration was different depending on the types of NP and membrane. Compared 

with PEI NP, PEI-LA NP required less force to cross the POPC and DLPC membranes, while the force to 

cross the DPPC membrane was insensitive to the NP type and its initial orientation with respect to the 

membrane. It has been suggested that hydrophilic polymers with substituted hydrophobic side chains can 

insert their hydrophobic part into the membrane, and thereby induce pore formation through the “barrel-

stove” or “carpet” mechanisms, the latter relying a large change of the membrane’s curvature [62,63] . Due 

to the complexity of polymers in terms of their structure, conformation and phase-separation abilities, it is 

difficult to predict their exact conformations within a lipid bilayer [62]. However, our results suggest that 

hydrophobic modifications are more likely to interact with the internal hydrophobic regions of membranes 

that have less alignment of lipid tails, via a higher content of unsaturated lipids or saturated but short-tail 

lipids. 
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 Our non-equilibrium SMD simulation trajectories revealed that, as a NP was crossing a membrane, 

the lipids near the contact zone reoriented themselves to minimize the unfavorable interaction between 

hydrophilic NP and hydrophobic tails. This caused a hydrophilic pore to be formed in each membrane. 

Wikosz et al.[64] observed that polycation embedded into the POPC membrane led to the reorientation of 

lipid molecules near the polycation, causing the internalization of several lipid headgroups into the 

hydrophobic core of the membrane and flux of water into the vicinity of the polycation. Here, depending 

on the natures of membrane lipid composition as well as type and orientation of NP, we observed two types 

of pore formations, symmetric and asymmetric. The PEI NP-POPC, PEI-LA NP-DPPC and PEI-LA NP-

DLPC systems displayed asymmetric pore formation, while the PEI-LA NP-POPC, PEI NP-DPPC and PEI 

NP-DLPC systems showed symmetric pore formation. Additionally, the membranes were ranked according 

to their degree of symmetry as PEI NP-DPPC > PEI-LA NP-POPC > PEI NP-DLPC > PEI NP-POPC > 

PEI-LA NP-DPPC > PEI-LA NP-DLPC. While a more extensive study is required to determine the exact 

conditions for the formation of asymmetric vs. symmetric pores, some insight could be drawn from our 

results. Compared with a symmetric pore, the formation of an asymmetric pore could be associated with 

certain instability in the membrane during NP penetration. POPC was comparable to DPPC in thickness, 

however, the unsaturated Cs created misalignment in the lipid tails, increasing the probability of having an 

instability. Similarly, the short and more dynamic lipid tails in DLPC were also potential source of 

instability. Interestingly, the presence of hydrophobic LA substitutions changed the pore type from 

asymmetric to symmetric for POPC, while changing it from symmetric to asymmetric for DLPC and DPPC. 

It is possible that the easier penetration brought by the interaction of LA with POPC lipids was able to 

provide extra stabilization for the membrane. On the other hand, the DLPC bilayer was considerably thinner 

than POPC and easier for the NP to cross. The additional ease brought by the LA substitutions might have 

made the system too dynamic to be stable. It should be noted that initial orientation of NP affected the 

formed pore types observed in the membranes. Precise mechanisms behind the interesting observations on 

pore formation require further investigations.  
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 For both types of NPs and all three membranes, the upper leaflet underwent more profound 

deformation than the lower leaflet during pore formation. This caused an imbalance in the concentration of 

lipids in the two leaflets during pore resealing. Additionally, the type of pore formed affected its resealing, 

where the closure of an asymmetric pore took a longer time than a symmetric pore. During pore resealing 

and in most of the simulated systems, some lipids from the lower leaflet underwent flip-flops and 

translocated to the upper leaflet. The degree of lipid flip-flops was higher in asymmetric pores than in 

symmetric pores with the exception of DLPC systems, where the number of lipid flip-flops was comparable 

for both pore types (Table S3). Under normal conditions, flip-flop is considered to be an extremely slow 

process with time scale on the order of seconds, because it requires disruption of the lipid bilayer structure 

and removal of polar headgroups from the water interface [65]. Experimentally, flip-flops can be measured 

using chemical probes. Wimley et al.[66] measured the rate of lipid flips in DPPC membranes, and 

suggested the occurrence of flip-flops through transient defects. Gurtovenko et al.[67] using MD 

simulations explored pore mediated flip-flop of membrane lipids. The pore was induced by a 

transmembrane ion density gradient. The authors proposed the mechanism of flip-flop, where the 

appearance of a transient pore in the membrane led to diffusive translocation of lipids through the pore. The 

rate-limiting step in the process of flip-flop was argued to be the formation of water pores [67]. Under 

equilibrium conditions, pores can be formed but the probability is low due to the significant free energy 

cost associated with it [68]. Bennet et al. [68] using umbrella sampling MD simulations calculated the free 

energy associated with pore formation across DLPC, DMPC and DPPC bilayers. The reaction coordinate 

in the umbrellas sampling simulations was the position of the phosphate of a single lipid with respect to the 

center of mass of the bilayer. The free energy increased as bilayer thickness increased, being ~17, ~45 and 

~78 kJ/mol respectively for DLPC, DMPC and DPPC lipid bilayers. Sapay et al.[69] using MD simulations 

measured the potential of mean force (PMF) for moving a single lipid molecule from water to the center of 

a lipid bilayer. They found the PMF to be 89, 80 and 16 kJ/mol, respectively for POPC, DPPC and DLPC 

bilayers. Pore formation can be expedited by non-equilibrium conditions, including electroporation, 

mechanical stress, shock wave, surface active molecules, small cationic peptides, and cationic polymers 
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[23]. In the present study, pore formation was accelerated through SMD simulations that induced substantial 

out-of-plane membrane bending and eventually water pore formation, thereby causing the occurrence of 

flip-flops during a short time span.  The simulations of Sapay et al.[69] showed that shorter lipids formed 

pores more easily than longer lipids, and the corresponding pore size was larger. This agrees with our 

observations where DLPC underwent the most significant lipid flip-flops from the lower leaflet, due to its 

short and hence more dynamic lipid tails. 

 

Limitations and future perspectives 

  A more realistic representation of the cell membrane would be a mixture of various lipid species 

with different distributions at the upper and lower leaflets. Cell membranes are composed of various lipids 

that display different levels of saturation, chain length, hydrophobicity and surface charges[70]. 

Glycerophospholipids including phosphatidylcholine (PC), phophatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidic acid (PA) account for ~70% of the 

total lipid content of eukaryoric membranes; while the other 30% consists of cholesterol, sphingomyelin 

(SM), and glycosphingolipids[71]. Additionally, lipid composition can differ considerably between the two 

leaflets at the cytosolic vs. extracellular interfaces[71]. For example, plasma membrane have an asymmetric 

lipid distribution, where PC and SM are mainly localized in the extracellular leaflet, whereas PE and PS 

are exclusively present in the cytoplasmic leaflet [72]. The resulting asymmetry affects the curvature of the 

membrane, and can impose a transmembrane electrostatic potential difference[70]. In addition to 

asymmetry in composition, the solvent facing the two leaflets are different in terms of pH, ionic strength, 

and electric potential[5]. MD simulations that probe such heterogeneous membrane structures and 

environment will better shed light on the integrity of membranes and the flip-flop process during NP 

penetration. The effect of lipid flip-flop is expected be more significant in mixed lipid membranes, where 

the anionic lipids might undergo translocation from the lower leaflet to the upper leaflet. An example of 

such lipids is PS that is normally located in the inner leaflet of the plasma membrane. If PS undergoes flip-

flop from the inner leaflet to the outer leaflet, it can act as an apoptotic signal for lymphocytic cells [73,74]. 
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Therefore, the NP-induced flip-flops might have strong bearing on the fate of cells and might require better 

understanding in gene delivery efforts. 

 The MD and SMD simulations employed here provide atomistic level insight, which is unreachable 

through common experimental tools. However, limitations on the length and time scale of current 

computing resources do not allow us to investigate the full-scale dynamics of complex biological systems. 

For example, the size of our simulated NPs is ~3 nm, while the size of polymeric NPs for nucleic acid 

delivery is reported to be in the 100-200 nm range [32].The relaxation of lipidic membranes might take 

longer  than our simulation time [75]. Additionally, current all-atom simulations only permit simulations 

of systems involving <106 atoms for less than one μs, which is much smaller than those under real 

experimental conditions[1]. Because of this, direct quantitative comparisons cannot be made between the 

simulation results and the experimental observations. One approach to model more realistic simulation 

systems is using coarse grained (CG) methods such as dissipative particle dynamics. However, CG 

approaches cause a loss of atomistic information of the simulated systems especially in terms of subtle 

difference between lipid species. Here, using simplified model bilayers, we were able to provide insights 

into how delicate differences, in terms of length of lipid acyl chains and saturation levels, between different 

lipids of cell membranes affect membrane response upon interaction with NPs. Our observation of insertion 

of LA substitution into hydrophobic part of the membranes with less aligned lipid tails is intriguing and of 

high interest to the design of better siRNA carriers. 

The SMD simulations reported here are non-equilibrium simulations that might not exactly represent 

trajectories that could occur in the absence of an external force. However, comparison among different 

systems under the same pulling speed has allowed us to assess the NP and membrane deformations and 

how they are affected by the nature of the membrane lipids, while minimizing the computational cost [39]. 

The SMD simulations not only accelerated the penetration process, which is difficult to observe for large 

and complex NP under MD simulations, but also mimicked the situation where the NP is pulled by external 

forces towards the interior of the cell membrane[76]. Such methodology was previously validated against 
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experiments on the ability of membrane lipids to dissociate PEI/siRNA NPs[24], as well as on the stability 

of the NPs during membrane crossing enhanced by LA substitutions [24]. 

 

CONCLUSIONS 

 Membrane deformation, pore formation and resealing during the penetration of PEI and PEI-LA 

NPs were studied by a series of SMD and MD simulations. Three membrane models based on POPC, DPPC 

and DLPC lipids were utilized. We found that acyl chains of POPC and DLPC were less aligned than DPPC. 

Long-tailed LA substitutions could insert themselves into hydrophobic part of the membranes with less 

aligned tails, thereby reducing the force for NP penetration. Depending on the nature of NPs and membrane 

models, different types of pores were formed. During pore resealing, membrane lipids were observed to 

undergo different levels of pore-mediated flip-flops. POPC and DPPC membranes showed lower level of 

lipid flip-flops due to their long acyl chains, while DLPC membrane showed the largest number of lipid 

flip-flops due to its short and highly dynamic acyl chains. These mechanistic observations provide valuable 

insight into membranes deformation and pore evolution caused by the PEI/siRNA NPs, and could facilitate 

the design of more efficient gene delivery systems. 
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