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Abstract

Cell entry of polynucleotide-based therapeutic agents can be promoted by nanoparticle (NP)
mediated delivery. This dissertation investigates membrane penetration of polynucleotide NPs,
using mainly computational approaches, accompanied by some experiments. Major emphasis was
placed on computational approaches to explore configurational changes and stability of polymer-
polynucleotide NPs upon penetration into lipidic membranes at the all-atom level. The first part of
our studies explored the stability and configurational changes of NPs formed by 6
polyethylenimine (PEI) and 2 siRNA molecules during penetration into the zwitterionic 2-oleoyl-
1-palmitoyl-sn-glycero-3-phosphocholine (POPC) membrane. For the zwitterionic membrane, we
found that hydrogen bond formation between the PEIs and the membrane did not lead to instability
of the polymer-polynucleotide NPs during the internalization process. Instead, our results
suggested adoption of a “self-protecting” configuration by the NP during membrane penetration,
where the NP become more compact and polynucleotides become aligned, leading to more stable
configurations while detaching from the membrane. The polymer-polynucleotide NP modified
with linoleic acid (LA) showed the smallest structural change due to its strong intra-particle lipid
associations and the resulting rigidity, while NP modified with caprylic acid showed the largest
structural changes. Next, in addition of zwitterionic membrane of POPC, anionic membrane of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) were also utilized. For the anionic
membrane, our experiments showed that POPS liposomes interacted strongly with NPs, which
caused partial dissociation of the NPs. Consistent with the experiments, steered molecular
dynamics simulations (SMD) showed a stronger interaction between the NPs and POPS membrane
as compared to the POPC membrane. Lipid substitution on the PEIs enhanced the stability of the

NPs during membrane crossing; lipid association between PEIs of the LA-bearing NPs as well as
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parallel orientation of the siRNAs provided protection against their dissociation (unlike NPs from
native PEI). Later on, deformation of lipid membranes and pore closure during a NP penetration
process was studied. POPC, dipalmitoylphosphatidylcholine (DPPC) and
dilauroylphosphatidylcholine (DLPC) lipidic membrane models were utilized. 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 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. At the end, machine learning algorithms were employed on the basis of quantitative
structure activity relationship (QSAR) method to predict the cellular uptake of hydrophobically
modified PEI/siRNA nanoparticles (NPs) into various cancer cell lines. A dataset consisting of 197
datapoints along with 3 different regression models, namely random forest (RF), multi-layer
perceptron (MLP) and linear regression (LR), were used. The results of this modeling showed that
RF and MLP regression methods had a better performance than the LR method, suggesting that
non-linear models were better estimators when predicting the cellular uptake of PEI/siRNA NPs.
Additionally, critical descriptors that had major contributions to cellular uptake were found to be
PEI-to-siRNA weight ratio, type of hydrophobic substitution, as well as total numbers of Cs,
unsaturated C and thioester groups on substitutions in each PEI. This dissertation provides valuable
insight into the various aspects of polymer-polynucleotide NPs as well as lipidic membranes which

will help in the design of more effective carriers for nucleic acid delivery.
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Preface
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Chapter 3 of this thesis is adapted from a previously published paper of Nademi Y, Tang T, &
Uludag H (2018) Steered molecular dynamics simulations reveal a self-protecting configuration
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author, I was responsible for concept formatting, performing the molecular simulations, data
analysis, and writing the manuscript. Dr. Tian Tang and Dr. Hasan Uludag were the supervisory
authors who were involved in concept formation, results validation, and revision of the manuscript.
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Membrane lipids destabilize short interfering ribonucleic acid (siRNA)/polyethylenimine
nanoparticles. Nanoscale 12 (2), 1032-1045. As the primary author, I was responsible for concept
formatting, conducting the molecular simulations and experimental studies, analyzing the data,
and writing the manuscript. Dr. Tian Tang and Dr. Hasan Uludag were the supervisory authors
who were involved in concept formation, results validation, and revision of the manuscript.
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lipids affects membranes deformation and pore resealing during nanoparticle penetration. I was
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responsible for concept formatting, conducting the molecular simulations, data analysis, and
writing the manuscript. Dr. Tian Tang and Dr. Hasan Uludag were the supervisory authors who
contributed in concept formation, results validation, and revision of the manuscript.

A version of Chapter 6 of this thesis will be submitted as Nademi Y, Tang T, & Uludag H
modeling uptake of polyrthylenimine (PEI)/siRNA nanoparticles in breast cancer cells using
machine learning. I was responsible for concept formatting, conducting the machine learning
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the supervisory authors who were involved in concept formation, results validation, and revision
of the manuscript.

Chapter 7 includes future perspective and limitations on the basis of the research conducted in
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1. Introduction: Scope of the Dissertation



Gene therapy has excited the scientific field due to its applicability for a wide range of
therapeutic applications. However, genetic material (short interfering RNA (siRNA) and DNA)
because of their anionic nature cannot cross the anionic phospholipid cell membranes [1].
Therefore, many techniques have been utilized to design carriers to protect genetic materials from
degradation and facilitate their cellular entry. Among non-viral vectors cationic polymers form the
dominant strategy for delivery of genetic materials. The major advantages of polymers are their
structural characteristics, which allowing convenient manipulation of the physiochemical
characteristics of the delivery vector [1]. This dissertation aims at exploring the interaction
between polymer/siRNA nanoparticles (NPs) with the cell membranes through a series of
atomistic simulations, machine learning, and experimental techniques, where the major emphasis
was on computational aspect. The thesis provides insights into structural changes of NPs during
membrane penetration as well as the effect of membrane properties on penetration of NPs.
Experiments were executed using liposomes to mimic surface properties of cell membranes and to
test their ability to dissociate NPs.

The work described in this dissertation starts with chapter 2, which includes an in-depth
literature review on molecular dynamics simulations studies performed on NPs-membrane
interactions. Specifically, the studies investigating the effect of NP’s physical properties on its
direct penetration using dissipative particle dynamics (DPD) simulations was reviewed. The
explored physical properties of NPs include size, shape, surface charge and hydrophobicity of NPs,
and presence of ligands on their surface. The current progress in the field focused on coarse grained
(CG) methods to investigate NP-membrane interactions, while mechanistic details on
polymer/siRNA nanoparticle penetration into cell membrane remain to be explored. Following

chapters have been conducted to addressed this knowledge gap.



Chapter 3 was the first all-atom study that systematically investigate the conformational
changes of polymer/siRNA NPs during their penetration into a cell membrane. The non-functional
low molecular weight PEI was modified with two different hydrophobic substitutions, which were
experimentally proven to enhance the delivery performance of polymer. The all-atom steered
molecular dynamics simulation (SMD) was employed to expedite the penetration process, which
allowed us to provide mechanistic insight for design of better NP carrier for nucleic acid delivery.

Chapter 4 investigate the integrity of polymer/siRNA NPs during penetration into membranes
with different surface molecules. The goal was exploring the role of membrane’s surface molecule
on integrity and conformational changes of polymer/siRNA NPs. Two membrane lipids namely 2-
oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS) have been utilized. The integrity of polymer/siRNA NPs were first
explored using in vitro dissociation assay, followed by all-atom SMD simulations. The
experimental result presented in this chapter revealed the capability of anionic POPS liposomes to
dissociate polymer/siRNA nanoparticles, while zwitterionic POPC liposomes lack such ability.
Our SMD simulations provide molecular level insight on the penetration of polymer/siRNA
nanoparticles into POPC and POPS membrane, and explained why dissociation happened when
NP interacted with POPS liposomes.

Cell membranes are formed from various lipid molecules that exhibit different levels of
saturation, chain length, and hydrophobicity. In chapter 5, the role of membrane’s lipid tails
molecules on membrane’s deformation and its pore closure upon interaction with polymer/siRNA
molecules were investigated. Membrane models with varying lipid tail length and level of
saturation were selected. Afterward, both all-atom molecular dynamics (MD) and SMD

simulations were executed to provide an atomistic detail on membranes deformation. The work



presented in this chapter showed that depending on types of membrane lipids, different types of
pore (symmetric vs. asymmetric) as well as different level of pore mediated flip-flops occurred.

Machine learning is a statistical approach that can provide valuable information from existing
data generated through various experimental studies. In recent years, chemoinformatics methods
such as quantitative activity/property relationship (QSAR/QSPR) have been utilized. The core
assumption of this method is that the biological activities of a NP and changes in its molecular
structure are correlated. In chapter 6, QSAR approach were utilized to generate a predictive model
for cellular uptake of polymer/siRNA NPs into breast cancer cell lines. To this end, a dataset
consisting of cellular uptake various polymer/siRNA NPs were constructed, and upon applying
machine learning algorithms, a predictive model for cellular uptake of polymer/siRNA NPs was
generated. The model can provide valuable structural insights into parameters that affect cellular
uptake the most, and help designing better polymer for gene delivery applications.

The results presented in this dissertation enhanced our understanding on the interplay between
polymer/siRNA NPs and cell membranes, which can be applied to design better polymeric carriers
to protect the polynucleotide and have a higher delivery performance. Our study highlighted future
direction and remaining challenges with the emphasis on all-atom simulations approaches. Overall
conclusions and future direction for each chapter will be discussed in chapter 7.
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2. Interactions of Polynucleotide Nanoparticles with Cellular Membranes: Insights
from Computational Studies



2.1. Introduction

Genetic therapy based on the deployment of ribonucleic acid (RNA) and deoxyribonucleic acid
(DNA) agents is an exciting approach that can impact treatment of many diseases and in particular
cancer. In the traditional treatment of cancer, drugs derived from small organic compounds are
utilized to eradicate malignant cells by a variety of mechanisms. These drugs display broad
activities to create a toxic environment inside malignant cells, killing the healthy cells to a
significant degree as well. DNA delivery has been undertaken to induce expression of a variety of
proteins with direct anti-cancer and immune stimulation activities, while RNA delivery has been
undertaken to inhibit protein expression and interfere with endogenous messenger RNAs
(mRNAs), thereby silencing the drivers of malignancy. However, DNA and RN A agents are highly
polyanionic and cannot cross the anionic lipid bilayers of intact cell membranes. They need a
carrier to form cationic nanoparticles (NPs) for cellular entry. Cellular entry of NPs usually occurs
through direct penetration and/or active endocytosis[1]. In direct penetration, a NP crosses the cell
membrane without being confined by endocytosis vesicles, and this can occur through diffusion,
permeation and pore formation. Passive diffusion do not induce distinct pores in the membrane,
and are usually adopted by small (< 1 nm) to intermediate sized NPs. Direct translocation can also
be enabled by inducing transient pores using electroporation, mechanical stress, shock waves
(sonoporation), surface-active molecules, and small cationic peptides or polymers[2]. Most of the
NPs internalized by direct penetration are <50 nm in diameter[3], although internalization of

NPs as large as 100 nm have also been reported|3].

Endocytosis, in which vesicular uptake of NPs or solutes is induced by invagination of plasma
membrane[4], relies on several different pathways such as phagocytosis, macropinocytosis,

caveolae- and clathrin-mediated endocytosis, and caveolae- and clathrin-independent endocytosis



(see Figure 2.1). Depending on the size and surface features of NPs, it is typical to utilize more
than one specific pathways[5]. Phagocytosis is common to immune cells such as monocytes and
macrophages, and can transport NPs with size ranging from a few hundred nms to dozens of um[6].
NPs that will undergo phagocytosis need to first bind to opsonins, such as immunoglobulin IgG
and IgM, serum proteins, and complement components (C3, C4, and C5) to make them prone to
binding to receptors on the surface of cell membrane[7]. Internalized NPs end up in lysosomes,
which will eventually get degraded by acidification and enzymolysis within the lysosomes[8], [9].
Therefore, the cargo of the NPs need to escape before reaching to lysosomes to avoid degradation.
Macropinocytosis is the signal-dependent pathway that involves an actin-mediated internalization
process[10]. It differs from other endocytosis pathways by a lack of ‘coat’ structure on the
macropinocytosome, which is generally considered to have a vesicular size of 0.2 um but can be
as large as 5 um[10]. NP uptake through macropinocytosis generally begins with external
stimulations that activate the receptor tyrosine kinases[7]. Intracellular fate of the internalized NP
depends on the cell type, and in most cases, NP moves through the cytosol and fuses with
lysosomes[7], [9], [11]. Taking A431 cells as an example, the macropinocytosomes return to cell
membrane and release their content to the extracellular space[12]. Macropinocytosis, along with
phagocytotic pathway, facilitates non-selective internalization of a large volume of fluid, solutes
and membrane material[ 10]. Clathrin-mediated endocytosis (CME) exists in all mammalian cells,
and enable uptake of essential nutrients, such as the cholesterol laden low-density lipoprotein
(LDL) particles that bind to the LDL receptor, and iron-laden transferrin (Tfn) that binds to Tth
receptors[13]. CME is receptor-dependent, clathrin-mediated, and GTPase dynamin required[9],
[14]. Receptor-ligand binding stimulates formation of clathrin-coated vesicles on the cytosolic side

of'the plasma membrane[5]. NPs with diameter <200 nm can be internalized through the CME[15].



Caveolae-mediated endocytosis (CVME), on the other hand, involves formation of a flask-shaped
structures with a size range of 60 to 80 nm due to the assembly of hairpin-like caveolin coats[6].
Caveolin family proteins play an important role in the CvME. Enriched with cholesterol and
sphingolipids[9], [16], they are abundant in endothelical cells, where they form 10-20% of the
surface of cell membrane[13], [16], [17]. Folic acid, albumin, and cholesterol are known ligands
that are internalized through CvME[17]. Compared to CME, CvME pathway displays a longer
internalization[7], [16]; however, NPs that utilizes CvME pathway may avoid lysosomal route,
and get transported to the Golgi and/or endoplasmic reticulum[9]. Finally, the caveolae- and
clathrin-independent endocytosis pathways rely on cholesterol, and therefore are dependent on
specific lipid compositions of the membrane. Many molecules including SV40 virions, CTxB,
GPI-linked proteins, receptors for growth hormone, and endothelin have been internalized through

these pathways[18].

Various non-viral vectors including lipids, polymers, and peptides have been developed to package
the polynucleotides and deliver them into the cytoplasm[19]. Typical examples of polymeric
delivery systems include synthetic polyethyleneimine (PEI), poly-L-Lysine (PLL), dendrimeric
polyamidoamine (PAMAM), and naturally-derived chitosan. The endocytosis pathway(s)
undertaken vary with chemical structure of the NP and molecular composition of target cell surface
[20]. For instance, anionic heparan sulfate proteoglycans (HSPG) are key molecules affecting
internalization of cationic NPs [21]. They are present on membrane surfaces associated with the
Syndecan protein family members, CD44-transmembrane proteins, as well as the Glypican family
that are bound to membranes with the glycosylphosphatidylinositol anchor [22]. Kopatz et al. [21]
proposed that syndecans with anionic HSPG facilitate extracellular matrix binding and interaction

with large cationic PEI/DNA NPs. Specifically, PEI/DNA NP binds to syndecans by gradual



electrostatic zippering of the plasma membrane around the NP, followed by lateral diffusion of
syndecans that cluster into cholesterol-rich rafts. Clustering of the syndecans triggers protein
kinase C (PKC) activation and linker protein-mediated actin binding to the cytoplasmic tails of

syndecans. The well-developed tension fibers and a growing network of cortical actin will then

pull the NP into the cell.
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Figure 2.1. Different endocytosis pathways of polynucleotide NPs including phagocytosis,
macropinocytosis, caveolae- and clathrin-mediated endocytosis, and caveolae- and clathrin-

independent endocytosis.

Although experimental studies have provided significant understanding on the operation of various
polymeric vectors, it is challenging to obtain mechanistic details of their beneficial effect(s) at

atomistic level from experiments. In addition, it is rather difficult to systematically investigate the



entire delivery process of NPs under various conditions, due to presence of many participating
factors. Cellular uptake, one the most important steps in NP delivery, is initiated through
interaction of NPs with cell membrane [5]. Theoretical calculations and computer simulations may
help illuminate the underlying mechanism(s) of NP-cell membrane interactions, especially on
aspects that cannot be directly addressed through experiments. MD simulation is a useful technique
for computing the equilibrium and transport properties of a classical many-body system [23], and
it has been used to study NP-cell membrane interaction in order to facilitate the design of effective
carriers for both conventional drugs and polynucleotides [1], [5], [24]-[26]. All-atom (AA) MD
treats all participating atoms explicitly and are computationally costly. A typical AA MD
simulation involves <10° atoms and is shorter than one ps, much smaller than real experimental
systems [27]. Another commonly used approach is united-atom MD, where each aliphatic carbon
and associated hydrogens are combined into a single bead. This leads to a small decrease in the
degrees of freedom, and a 20-30% increase in computational efficiency [28]. One approach to
overcome the computational limit is to use Coarse-Grained (CG) approaches. CG models can be
categorized into two types: the specific type (e.g. the MARTINI force field [29]) that retain
detailed information of specific residues, and the generic type such as dissipative particle dynamic
(DPD). DPD is a CG method first introduced by Hoogerbrugge and Koelman to simulate
hydrodynamic behavior, and was later extended to simulation of polymers[30], [31]. In DPD, a
cluster of atoms is treated as one soft spherical bead, whose motion is governed by the interactions
among beads and certain collision rules [31]. Use of beads allows us to simulate events over a
longer period due to both decreased degrees of freedom and use of larger time steps enabled by
the removal of high frequency motions. As a result, computational efficiency increases

significantly in CG simulations[31].
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Due to the high demand of computing capability by AA MD simulations, previous simulations on
NP-membrane interactions are almost exclusively done at the CG level using DPD, while AA
approaches are just beginning to be explored. Below, we will first review the computational
modeling of cell membranes and NP-membrane interactions simulated by DPD, and discuss
factors influencing cellular uptake. Afterwards, we will examine the few investigations using AA

approach.

2.2. Computational Modeling of Cell Membranes

Cell membranes are laterally heterogeneous structures composed of various lipids (cholesterol,
phospholipids (glycerol-, sphingo-, glycol-)), and functional proteins such as ion channels, pumps,
receptors, etc.[32]. Lipid rafts are a significant source of membrane heterogeneity; semi-stable
interactions among various lipids in the plane of the membrane lead to formation of relatively-
ordered, large scale membrane domains as a result of liquid-liquid phase separation[33], [34]. The
role of lipid rafts on membrane organization and its functioning [35] and the experimental
membrane models to study NP-membrane interactions have been recently reviewed [36].
Glycerophospholipid are the major structural lipids in eukaryotic membranes, which consist of
glycerol group to which a hydrophilic head group and two hydrocarbon chains are connected as
shown in Figure 2.2 [37]. The head group is composed of a phosphate group and an alcohol group.
A polar alcohol specifies the name and total charge of phosphoglycerides, for example
phosphatidylcholine (abbreviation: PC, head group name: choline, charge at physiological pH: 0),
phosphatidylethanolamine (PE, ethanolamine, 0), phosphatidylserine (PS, serine, -1),
phosphatidylinositol (PI, inositol, -1) and phosphatidic acid (PA, no head group, -1) [38]. PC
accounts for >50% of the phospholipids in most eukaryotic membranes[38]. The hydrocarbon

chains may vary in length (typically 12 to 20 carbon groups) and may be saturated or unsaturated.
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Figure 2.2. Schematic representation of a typical glycerophospholipid along with different
models to represent its structure.

Since the neighboring lipids in a bilayer are not covalently bonded, non-bonded
interactions play a critical role in dynamical properties of a bilayer. In order to reproduce these
properties, non-bonded parameters need to capture two opposing tendencies, namely, the affinity
of the hydrophobic tails to minimize the exposure to water and the tendency of the hydrophilic
head groups to maximize it [39]. AA models of lipid bilayers exist in force fields such as
GROMOS [40], [41] and CHARMM][42], with the former using a united-atom approach. The
number of beads in a CG bilayer model can also vary. As an example, Figure 2.2 shows AA and
CG representations of dipalmitoylphosphatidylcholine (DPPC) bilayer, where the AA model
contains 130 atoms while the Martini[43] and Cooke[44] CG models include 12 and 3 beads

respectively.

2.3. CG Simulation of Cell Membrane-NP Interactions
When a NP is bound to a cell membrane, its wrapping by the membrane and subsequent
engulfment is determined by interactions[45] that can be divided into 2 broad categories. One is

the adhesive force between the NP and membrane, manifested in different forms including non-
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specific interactions such as hydrophobic, electrostatic and van der Waals (vdW), and specific
interactions such as receptor-ligand binding. The other is the mechanical stiffness of the membrane

during its deformation, which resists the wrapping and engulfment[5].

The energy associated with membrane deformation consists of bending and stretching
components [5], [46], [47]. In the modeling of NP-membrane interaction, it is common to assume
that the membrane is tensionless and therefore the stretching energy is zero. The elastic bending

energy is given by[5]:
1
E =§B(E—c0)2 (1)
where E is the local bending energy per unit area, B is the bending modulus, and ¢ = %(Ri + Ri)
1 2

is mean curvature of the membrane in contact with the NP, in which R; and R, are the two
principal curvatures of the NP. The value of B for typical phospholipid bilayers is
around 20 kgT[48], kg being the Boltzmann constant and T the absolute temperature. In Eqn. (1),
Co 1s the intrinsic curvature of the membrane, which arises from the asymmetry of the lipid bilayers
and/or presence of asymmetrically shaped trans-membrane proteins [5]. Using the seminal
Helfrich theory of membrane elasticity[49], [50], Bahrami et al.[51] demonstrated the significant
effect of intrinsic curvature on the wrapping of a vesicle membrane around a rigid NP. Specifically,
if initially the membrane bulged away from the NP (¢, > 0), the NP was able to form stable
partially-wrapped states. Whereas there was a large energetic barrier if the membrane initially
bulged toward the NP (cy < 0). The intrinsic curvature is considered to be small if the
corresponding radius of curvature is much larger in value than the membrane thickness (d),
i.e.,1/cy > d. In many of the CG simulations reviewed below, only a section of the membrane

was considered and it was constructed with a flat initial configuration that has zero intrinsic
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curvature. In addition, most simulations have assumed the membrane to be tensionless. Deserno
et al. [46] derived an expression for the critical NP radius A below which membrane tension can

be neglected compared to bending:

2B
A= (—)? 2
) ©)
where ¢ is the lateral tension of the membrane. For typical values of B = 20 kzT and o =

0.05 mN/m[5], A = 58 nm is obtained. Above this critical radius, membrane tension will have a

profound effect on cellular uptake of NP [5].

Past CG studies have revealed many factors that impact the interaction of NP with cell membrane,
such as size, shape, hydrophobicity and ligands on the surface of the NP, which will be described

in detail.

2.3.1. Effect of NP Features

2.3.1.1. NP Size

The size of NP is important for specific uptake pathway(s) undertaken. NPs < 1 nm may use
passive diffusion, while the NPs > 50 nm mainly utilizes endocytosis. Past simulations[52]-[58]
addressing the size effect are summarized in Table 2.1 for spherical NPs. Vicha et al. [52] found
that increasing the size of spherical NP is beneficial for endocytosis, which was explained by the
fact that as the NP size increases, the energy required to bend the membrane decreases (see
Equation 1). Two other studies[53], [54] also confirmed that at an optimal density of functional
groups (i.e., ligands) on the NP, increase in NP size is beneficial for endocytosis or penetration of
the NP. The trend, however, can vary as the areal density of the ligands changes. Yue et al. [55]
used NPs with diameters ranging from 10 to 20 nm and introduced rotation of the NPs.

Experimentally, rotation of magnetic NPs can be induced by a dynamic magnetic field [59], which

14



can subsequently cause apoptosis in cells via mechanical forces exerted on the cell membrane. The
results of Yue et al.[55] showed that rotation of larger NPs caused more disruption of cell
membrane and larger pore formation, and NPs with diameter > 15 nm led to mechanical rupture
of the membrane. Small NPs especially hydrophobic ones can enter the cell through direct
penetration. Some simulation studies[56], [57] suggested that increase in size of hydrophobic NP
is beneficial for penetration, while others[60], [61] stated the opposite by arguing that the energy
for a hydrophobic NP to penetrate through (and not just bend) the membrane increases with NP

size.

Table 2.1. Effect of NP size on its internalization into the membrane through simulation
studies.

Reference Size NP property Key findings
Vicha et al.[52] S'Zfﬁli?d Hydrophilic ~ Increase in NP size is beneficial for endocytosis.
Size effect varies depending on the areal density of functional
Yue et al.[53] 3-6.5nm Not specified  groups. At an optimal density increase in size is beneficial for
endocytosis.
Ding et 2.1, 3.0, 3.9, Hvdrophilic For a fixed number of functional groups, increase in NP size
al.[54] and 4.8 nm yarop decreases penetration efficiency.
Yue etal.[55] | 10, 12:5, 15, Hydrophilic ~ NPs >=15 nm cause mechanical rupture of membrane
and 20 nm
Lin et al.[56] | 1.284, 2.098, Hvdrophobic No significant energy barrier observed; translocation time
and 2.912 nm ydrop decreases with increase in NP size.
1-25 nm Hydrophilic ~ Hydrophilic NP >2 nm become wrapped by the DPPC
Curti membrane; hydrophobic NP directly penetrate the membrane
urtis et e . .
L[57] . and embed themselves within the inner hydrophobic core of the
al. 1-4 nm hydrophobic bilayers.
Chen et NP < 4.5 nm uses penetration and NP > 4.5 uses endocytosis
al.[58] 1.5-10.5nm  Not specified (note: this simulation involves multiple NPs).

The above studies suggest that there may exist optimal NP sizes that best facilitate uptake,
resulting from the competition between forces that favors internalization and those resisting it. For
example, in the case of NP modified with functional groups, interaction between functional groups

and membrane receptors drive NP wrapping[62], while resisting forces include receptor diffusion
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that carries translational entropy[5], [63], [64] and membrane bending. In fact, experimentally
optimal NP sizes of 40-50 nm has been reported[65], although such sizes are still difficult to
simulate even at the CG level. The simulations in Table 2.1 all involved NPs less than 25 nm in
diameter. When the radius of the NP is larger than the critical value of 58 nm (Equation 2), one
also needs to consider the presence of membrane tension, which may alter the influence of NP

size.

2.3.1.2. NP Shape

NP shape has direct impact on the bending energy of the membrane. In an experimental
uptake study using HeLa cell and NPs with size >100 nm, cubic NP showed the lowest uptake,
with increasing order of uptake demonstrated by cylindrical, spherical, and rod shaped NPs[66].
In contrast, in the size range of <100 nm, uptake of the spherical Au NP was higher than the rod
shape Au NP[67]. Many simulations have been conducted with different NP shapes including rod,
capsid, icosahedral, cylindrical, spherical, ellipsoid, discs, spherocylindrical and pushpin
particles[52], [68], [69], which are summarized in Table 2.2. In both direct penetration and
endocytosis, simulations showed that initial orientation and shape anisotropy of NPs have great
effects on their interaction with lipid bilayers[60], [70]. Also, NP translocation is often
accompanied by rotation within lipid bilayer as reported in several studies[52], [60], [68], [71],
[72]. The rotation is proposed to help the NP to adapt its configuration for a facilitated
internalization process [71], [72]. In case of direct penetration,[60], [70] a sharp shape can be
beneficial as the NP rotates so that its sharp edge penetrates the membrane. Li ef al. [73] utilized
DPD simulations to investigate the interaction between virus like NPs (VLPs) and lipid bilayer.
The force profile analysis of NP penetration into lipid bilayer showed that VLPs with relatively

longer and sparser spikes had better penetrability, because the spikes perturbed the bilayer
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structure after VLPs adhered to it. As a result, there was an increase in the lateral defects as well
as a decrease in the vertical deformation of the bilayer [73]. In the case of endocytosis, additional
factors such as membrane surface tension, strength of ligand-receptor interaction, receptor
diffusion and ligand density) need to be considered beyond the simple shape. Simulation
elucidated some of these effects. For example, with a similar length scale, spherocylindrical NPs
were shown to have higher endocytosis efficiency compared to spherical, and cylindrical NPs [52],
[70]. This was attributed to the smaller mean curvature of spherocylindrical NPs compared to the
others. In another study, Huang et al. [74], using a membrane model with small number of
diffusive receptors that bound strongly to functional groups on the NP, observed that
spherocylinderical NP first rotated to a parallel orientation when attaching to the membrane, and
then rotated to a perpendicular orientation during the endocytosis process. The NP rotation can be
understood from energetic point of view. Binding of NP ligands to cell surface receptor reduces
the total energy and favors endocytosis. As a result, the NP first rotates to maximize the binding.
On the other hand, the rotation leads to increase of lateral dimension of the NP in contact with the
membrane, which increases the bending energy. Consequently, the NP rotates back to an
orientation perpendicular to the membrane during endocytosis. Besides natural rotaion of NPs,
actively rotating NPs (i.e., by applying magnetic field) might lead to membrane rupture. Zhang et
al. [75] using DPD simulations explored how the rotation of hydrophobic NPs coated with
hydrophilic functional groups affected their interaction with the membrane and triggered
membrane rupture. Spherical, cylinderical and L-shaped NPs with the same volume were
simulated. It was observed that under high shear force, both cylinderical and L-shaped NP broke
the integrity of membrane at shorter time compared with spherical NPs, and the breaking time was

shortest for L-shaped NP.
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Table 2.2. Effect of NP shape on uptake.

Indices (x,y,z) in the membrane models are the number of beads in the head (x) and tail groups (y

in the case of single chain; y and z in the case of two chains).

NP .
Reference property Shape Membrane Key findings
Vicha et Hydrophilic Sphere, . (1,2) bead Spherocylinder showed the highest up.take
T spherocylinder, followed by sphere. No uptake for cylinder
al.[52] with ligand . model e o L
cylinder within their simulation time.
Ding et Hydrophlllc Sphere, bullet, (3,4.4) bead Im.tl.al 0r1ent§t10n 1nﬂu§nced the penetration
with ligand . ability of NP; shape anisotropy hindered NP
al.[54] ellipse model .
penetration.
Yue et Hydrophlllc . (1,3) bead Shear force on the membrane is maximized
with ligand  Sphere, cylinder when the longest edge of the NP was parallel
al.[55] model
to the membrane.
. Shape anisotropy and initial orientation of NP
Yang et Hyd.r ophilic Sp.here., (2,5)bead  was crucial to the nature of the interaction;
without ellipsoid, rod, . .
al.[60] licand dise. pushpin model penetration capability of NP was dependent on
g - pushp the local NP curvature at contact point.
Hydrophillic T
Liu et and Sphere, rod (3,5,5) bead Membrane binding time was shorter for rod

al.[68] hydrophobic model than for spherical NP.

Nangia et Gold NP
al.[70] with ligand

Cone, rice, cube, . At similar sizes, rice-shaped NP had the fastest
. 3:1 ratio of . L

pyramid, rod, DSPC:DSPG membrane internalization followed by sphere-,

sphere ) pyramid-, cone-, rod-, and cube-shaped NP.
NP rotation was important for endocytosis of

(3.,5,5) anisotropy NP; spherical NP had the fastest

DMPC endocytosis followed by rod- and disk-shaped
NP.

Hydrophilic

Lietal.[72] | Wi ligand

Sphere, rod, disk

2.3.1.3. NP Hydrophobicity and Surface Charge

Another important NP feature investigated in simulations is the surface hydrophobicity [76]—
[79]. Potential of mean force (PMF) evaluated from CG simulations for the translocation of charge
neutral hydrophobic (apolar beads) and semi-hydrophilic (nonpolar beads with four subtypes
reflecting different hydrogen bonding capability) NPs through DPPC bilayer showed inclusion
tendency of hydrophobic NP into the bilayer, whereas a semi-hydrophilic NP preferred to remain
at the surface (Figure 2.3)[76]. It was hypothesized that internalization of a hydrophobic NP

involves 3 steps. The NP first expels lipid molecules and enter the hydrophobic core of the bilayer.
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This step requires significant energy to overcome the barrier set by the hydrophilic head groups of
the lipid bilayer, which is compensated by the hydrophobic interactions between the tails of the
lipid bilayer and the NP[76]. In the second step, because of the favorable interaction between the
inserted NP and surrounding lipids, the membrane adjusts itself to the shape of inclusion (Figure
2.3-Left, B). In the third step, both the top and bottom of the NP are exposed to the water (Figure
2.3-Left, C)[76]. On the contrary, the PMF profile of semihydrophilic NP shows that NP needs to
overcome a substantial energy barrier to penetrate through the membrane, which makes
endocytosis a more plausible uptake mechanism [76]. Similar observations were also made by
other studies,[77], [78] so that for non-penetrating NPs, the critical issue could be stable anchoring

of NP to lipid membrane rather than the ability to penetrate the lipid bilayer.

Wang et al.[80] using DPD simulations investigated the direct penetration of core-shell soft
hydrophilic and hydrophobic NPs with different elasticity into cell membrane. Their free energy
calculations showed that rigid hydrophilic NPs and soft hydrophobic NPs encountered lower
energy barriers during penetration. The reason was caused by different deformation modes. Soft
hydrophilic NPs spread out at the upper surface of the membrane due to attraction between the NP
and the lipid heads, while rigid hydrophilic NP did not spread out at the membrane surface. The
NP spreading on membrane surface increased energy required to bend the membrane. For the soft
hydrophobic NP, elongated configuration and lower contact areas with the membrane caused NP
to diffuse more readily into the membrane, thereby reducing the energy required to penetrate into
the membrane. However, it had difficulty detaching from the membrane because of attraction

between the NP and the lipid tail.
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Figure 2.3. PMF of hydrophobic (left) and semi-hydrophilic (right) NP vs. distance from
the center of the DPPC bilayer.

Inset images are snapshots corresponding to sampling positions[74]. The comparison of left and

right panel suggest it is much easier for hydrophobic NP to enter the DPPC bilayer.

The membrane interaction of Janus NPs composed of both hydrophilic and hydrophobic
surface characteristics were simulated.[61], [81] It was found that when a pore was induced in the
membrane by external stress or change in temperature or pH, Janus NP diffused to the edge of the
hole and stabilized the pore,[82], [83] with their hydrophobic part interacting with the lipid tails.
The presence of Janus NP at the edge of the pore causes redistribution of lipids around the NP,
which has a smaller curvature compared with the curvature of the pore. This lowers the free energy
of the system, and makes the pore resealable: it opens under a set of conditions (i.e., pH), but can

close with a change in the surroundings.

Cellular entry of NPs coated with mixed hydrophilic/hydrophobic groups is sensitive to the
surface pattern of these groups. Hydrophobic NPs were surface-modified with hydrophilic-
hydrophobic (AB), hydrophobic-hydrophilic (BA), hydrophobic-hydrophilic-hydrophobic-
hydrophilic (BABA) and random copolymers[79], [84] (Figure 2.4). AB and random copolymers

required higher force for NP internalization and also left a non-repairable pore in the membrane
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upon its translocation, which was attributed to the hydrophilic beads on the NP surface that
interacted with the membrane even after penetration. In the cases of BA and BABA copolymer
patterns, the unfavorable interactions of hydrophobic beads with the membrane did not lead to
permanent pores. The BA configuration required the lowest force for internalization, but the NP
tended to remain in the center of the lipid bilayer due to the strong hydrophobic interaction with
lipid tails. Based on these results, BABA was suggested to be the most suitable structure for the

uptake of NPs[84], although experimental validation remains to be demonstrated.

AB copolymer

o —_—

i

Attached to NP BA copolymer

i

Hydrophobic surface
+ < BABA copolymer

%

NP

Random copolymer

%

—— ——

Figure 2.4. Surface modification of hydrophobic NPs with architecturally different
copolymers.

(purple: hydrophobic units, red: hydrophilic units).

Attaching hydrophobic moieties to hydrophilic NPs is a widely practiced approach to
enhance uptake of hydrophilic NPs. Ding et al. designed a non-covalent approach to anchor
functional groups (each composed of 4 beads, 1 hydrophilic and 3 hydrophobic) on hydrophilic
NPs. The NPs were able to internalize into lipid bilayer more easily and, after internalization, the
functional groups tended to detach from the hydrophilic NP as a result of interactions with the

hydrophobic region of lipid tails. The NP had higher probability to exit the lipid bilayer instead of
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being trapped within[54]. Such ‘dynamic’ structures might be operational in supramolecular

systems capable of shedding some of the components within membranes.

Liu et al. [85] using DPD simulations investigated the interactions between hydrophilic NP
(3, 5, and 10 nm in size) uniformely modified with 114 amphiphilic functional group (12
hydrophilic and 4 hydrophobic beads) and lipidic membrane. They observed that amphiphilic
groups first curled in solvent (water) to reduce the surface hydrophobicity. As NP attached to the
membrane, the curled groups extended and hydrophobic functional group rearranged and started
inteacting with lipid tails, dragging NP into the membrane. Afterwards, three states of NP-
membrane interactions were observed, namely penetration (a pore was formed and NP was likely
to enter cells), adhesion (NP interacted with the outer leafter of the membrane but failed to reach
the inner leaflet), and engulfment (NP entered the core of the lipid bilayer and remained entraped

by swollen membrane), depending on the NP size and the membrane surface tension.

Ding et al. [86] investigated the interaction between a lipid bilayer and a cationic NP with
adsorbed pH-sensitive polymers. 12 hydrophilic beads representing the polymer displayed varying
degree of ionization depending on the pH value. At both low (number of ionized beads, N < 3)
and high pH (N = 9), the polymers were found to detach from the NP, which was due to the weak
polymer-NP interaction in the former case and strong repulsion among the ionized beads in the
latter case. The poor polymer adsorption allowed stronger attraction between membrane receptors
and NP surface, and complete wrapping of NP by the membrane. Whereas at intermediate pH
(4<N<38), the polymers remained adsorbed on the NP surface, which prevented wrapping and

internalization of the NP.
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2.3.1.4. Ligands

To simulate ligand-receptor interaction at the CG level, receptor beads on the surface of
lipid bilayers are introduced with defined interactions with ligand beads on the NP. Different
studies explored the influence of strenght of ligand-receptor interactions, hydrophlic/hydrophobic
nature of the ligand, ligand density, and ligand length on NP interactions with cell membrane and

uptake[52], [68], [69], [87]-[89].

Vacha et al. studied the effect of ligand-receptor attraction on the internalization of
hydrophilic NPs with different shapes. Attraction energies of 2, 5, and 8 kT were applied to each
NP. Increase in the ligand-receptor interaction led to higher endocytosis speed for spherical and
spherocylindrical NPs. For the cylindrical NP, endocytosis did not happen even at the highest
attraction energy (8 kT), which was attributed to the sharp edges of the cylinder where large

curvatures were present[52].

In the study of Liu et al. [68], hydrophobic and hydrophilic NPs were coated with
hydrophobic or hydrophilic ligands containing functional ends that can interact with membrane
receptors. Binding and uptake of NPs were evaluated based on the engulfment percentage, defined
as the fraction of the NP surface covered by the membrane. Hydrophilic NP coated with
hydrophilic ligands gradually attached to the membrane surface due to the receptor-ligand
interactions, and after attachment, receptors rearranged themselves to interact with more functional
ends. However, during the simulation time (0.51 ps) there was no internalization, which may have
originated from the use of small NP size (3.2 nm) and hence large bending energy. In the case of
hydrophobic NP coated with hydrophobic ligands without any functional ends, complete
engulfment occurred while for the same NP with functional ends, two different regimes were

observed. Below 70% functional ends, the engulfment percentage decreased with increasing
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functional ends, which was attributed to the increased binding of functional end to membrane
receptors that prevented the contact of NP with the inner hydrophobic part of the membrane.
However, when the functional ends was >70%, more ligands could attach to membrane due to the

enhanced interaction of functional ends with receptors, which led to partial wrapping of the NP.

To investigate the role of ligand distribution on NP internalization[25], icosahedral
hydrophilic NP, a typical shape of viruses, was shown to undergo successful endocytosis with only
10% ligand coverage when its distribution on NP surface was uniform. On the other hand, no
endocytosis was observed for 20% asymmetric distribution in the form of patches[69]. After the
first ligand-receptor contacts are formed, subsequent NP wrapping is driven by energy decrease
associated with further formation of ligand-receptor contacts. However, for asymmetric
distribution of ligands on the NP surface, the wrapping process incurs a large penalty in bending
energy before it can gain an energy decrease by new ligand-receptor contacts. In another study,
Xue et al.[90] studied 3 ligand distributions (helical, abacus-like and smooth) on a rod-shaped NP
(length/diameter = 5.5). Their result showed that helical NPs exhibited the best endocytosis
effciency, followed by smooth and abaus like NPs. The lowest efficincy of abacus-like NP was
attributed to the its tip entry that caused large membrane curvature, while the other two NP

underwent rotaton during their endocytosis.

Shen et al. [91] investigated receptor mediated endocytosis of elastic NP covered by
uniformly distributed ligand, with various NP’s stiffness (0.1, 1, 10, and 100 &, € being basic unit
of energy in their simulations) and size ( 8.8, 13.2, 17.6, and 22 nm). They found that membrane
wrapping of the soft NPs was faster than that of the stiff NPs at the early stage. This was due to
deformation of NP, which induced large contact area between the NPs and the membrane.

However during late stage of membrane wrapping process , the wrapping speed of soft NPs slowed
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down because of the large energy penalties induced by NP deformation. For large NP size (22 nm),
difference in membrane wrapping efficinecies between soft and stiff NPs were insignificant, which
was due to the stronger ligand-receptor binding force and smaller difference in the stiffness of

elastic NPs (based on their virtual nano-indentation test on their simulated NPs).

One aproach to enhance cellular uptake of NP is dual-ligand targeting, where NP is
decorated with two differet ligands that can interact with their receptors on membrane surface. Xia
et al.[89] studied the influence of dual ligands on NP surface by using 2 type of receptors (beads
with different affinity toward ligand beads), each covering 25% of the membrane surface. Two
types of hydrophilic ligands, with length range of 1-5 beads, were covalently decorated on the NP
surface at a 50:50 ratio. Their results showed higher engulfment efficiency compared to the use of
single ligand when NPs were decorated with long ligands (3 to 5 beads), which was not the case
for short ligand coated NPs (1 or 2 bead). The beneficial effect of long ligands was attributed to
spontaneous rearrangment of dual ligands on the NP surface, which was limited for short ligands.
Additionally, length mismath between dual ligands had a negative effects on cellular uptake as

longer ligands hindered the interaction of shorter ligands with their receptors.

A different application of ligand modified NPs is for the detection of circulating tumor
cells (CTCs). Effective early detection of CTCs in the blood facilitated a means to detect metastatic
potential before the formation of secondary tumors[92]. Huang et al.[93] using DPD simulations
designed a new type of polymeric substrate containing NPs for detecting cancer cells from normal
cells. They utilized 16 hydrophilic NPs (2.8 nm) with ligand density of 9.0 nm™ (surface beads),
and vesicles (11 nm) composed of receptors/lipid ratio of 1:1 as a representative of cancer cells
and receptor/lipid ratio of 1:9 as a representative of normal cells. Their substrate was comprised

of 3 layers of hydrophilic beads and polymers (15 hydrophilic beads) grafted to the substrate. They
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observed that when the non-specific NP-polymer interaction was around 5 kgT/rc, upon addition
of shear flow the uptake number of NPs on the polymer layer representing cancer cells could be
high, while it was nearly zero on the layer representing normal cells. However, when the non-
specific NP-polymer interaction became weaker or stronger, uptake by cancer and normal cells
could not be distinguished. Additionally, for better cancer cell detection, they suggested optimal
values for the strength of the specific ligand-receptor interaction and the polymer density to be 5-
7.5 kJ mol™! and 1.56 nm?, respectively. Xia et al.[94] based on their DPD simulations proposed
non-covalent coating of protective copolymers onto NP surface to promote active targeting of NPs
to the cancer cells. Two membrane models with receptor/lipid ratio of 6:4 and 1:9 were utilized to
mimic cancer and normal cells. Hydrophilic NP (3 nm) covalently covered with hydrophilic
ligands (1 functional head bead + 4 hydrophilic tail beads) was first interacted with non-covalently
coated copolymer (6 non-specific beads and 3 specific beads that can weakly interact with the
ligand). Afterwards, NP coated with protective copolymer was exposed to the substrate. This set
up led to small probability of NP adsorption onto the normal cells while NP was totally engulfed
by the cancer cell membrane along with detachments of most protective copolymers. Such
methodology can be utilized to design NPs to maximize their different sensitive to normal and

cancer cells.

2.3.1.5. Protein Adsorption on NPs

NPs typically encounter different proteins that adsorb on their surface. Some of the proteins
could act as specific ligands for cell binding, such as Arginylglycylaspartic acid (RGD) sequence
that can interact with integrin receptors. Plasma proteins can form a protein corona on NPs with
3-15 nm thickness.[95][96] ‘Hard’ corona is composed of proteins strongly bound on the surface,

whereas the soft corona layer interacts weakly with hard corona.[65] vdW interactions, H-bonding,
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electrostatic interactions, hydrophobic forces, and m — = stacking all contribute to protein
adsorption on NPs[97], with vdW interactions being the major contributor. Studies on protein
coronas have been reviewed in detail before [95], [96], [98], [99]. As a representative study, silica
NPs with and without pre-adsorbed proteins showed different internalization efficiencies, as well
as differences in NP location after internalization (cytoplasm and lysosome in the case of silica
NPs in serum-free medium vs. lysosome in the case of silica NP in protein-rich complete medium)

[100].

Ding et al. [101] conducted a DPD study on the ability of two polymer coatings to resist
protein adsorption on NP. Human serum albumin (HSA) was used as the adsorbing protein. A
hydrophobic and a cationic NPs were coated with hydrophilic or zwitterionic polymers with
different surface density and polymer length. Regardless of the type of polymer decoration, for the
hydrophobic NP protein adsorption was mainly influenced by the surface density of polymers,
while the polymer length controlled protein adsorption on cationic NP. Moderately long polymers
inhibited protein adsorption by screening the long-range electrostatic interaction, while increasing
the polymer length beyond a threshold did not affect protein adsorption. In a similar study[102],
the adsorption of HSA on hydrophobic, hydrophilic, anionic and cationic NPs was investigated.
The HSA only adsorbed onto charged and hydrophobic NPs, and the adsorption lowered the
cellular uptake efficiency of NPs. It must be emphasized that while HSA is abundant in the plasma,

various other proteins can adsorb onto NPs and change the nature of NP-cell membrane interaction.
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2.3.1.6. Cooperative Effects of NPs

Unlike previous simulations on single NPs, delivery systems in reality are composed of
many NPs that interact with cell membrane simultaneously, and among themselves. Yue et al.[103]
simulated multiple hydrophobic NPs, coated with small ligands, on the surface of a lipid bilayer.
Depending on the inter-particle distance and NP size, four different internalization pathways were
observed: synchronous, where NPs were internalized simultaneously in an aggregated form;
asynchronous, where larger NPs were internalized first followed by smaller NPs; independent,
where each NP were wrapped by the membrane independently and the wrapping was from all sides
of the NP; and pinocytosis-like, where the membrane protruded from one side to wrap a NP due
to the hindrance from another nearby NP. Small (2.5 nm in diameter) NPs formed a cluster and
were internalized as a whole. Intermediate (4 nm in diameter) NPs formed a pearl chain-like
arrangement during internalization, while larger NPs were internalized individually. These
observations can be attributed to the membrane mediated interaction among multiple NPs, which
was highly sensitive to NP size. Direct internalization of small NP is associated with large energy
penalty due to membrane bending, so they tend to aggregate as a remedy. Bending is reduced for
larger NPs and exceeded by stronger receptor-ligand interaction; consequently internalization of

larger NPs tend to be independent[103].

Yue et al. additionally investigated rod-like hydrophilic NPs with diameter of 4.52 nm and
length 9.7 nm[104]. Weak adhesion (86 ligands/NP) led to slow membrane wrapping during which
the NPs rearranged themselves, changing from the initial configuration of a parallel bundle to the
final configuration where the NPs connected end-to-end to form a line. This observation was
attributed to the shape anisotropy of NPs, which resulted in the heterogeneous distribution of NP-

induced membrane deformations, with more severe membrane deformations at the NP ends.
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Therefore, NPs tended to rotate and connect their ends to minimize local membrane perturbation
induced by their ends. In the case of strong NP-membrane adhesion (174 ligands/NP), the
wrapping process was in two stages, rapid wrapping and asymmetric wrapping (an unusual
pathway different from endocytosis). In rapid wrapping, upon the initiation of NP rotation, the
membrane prevented linear rearrangement. In the second stage, because of the strong NP—
membrane attraction, the upper leaflet of the membrane started to protrude between two rod-like
NPs, eventually leading to NPs embedded within the bilayer with the formation of inverted
micelles around them where the hydrophilic lipid head groups were attached to the NPs and tail
groups pointed outward. The asymmetrical wrapping also led to orientation-dependent interaction
of these embedded NPs: the protrusion on the upper leaflet induced a short-range repulsion and
intermediate-range attraction between two rod-shape NPs, and as the inter-NP distance was further
increased, asymmetrical wrapping disappeared and the NPs departed from each other indicating a

long-range repulsion between them.

Xiong et al.[105] conducted CGMD simulations to study wrapping of multiple NPs as a
function of size, shape (spherical, prolate and oblate) and adhesion strength between NPs and cell
membrane. They found that wrapping fraction increased with increasing adhesion strength,
consistent with previous studies. Two approaches were used for adding multiple NPs: adding one
NP at a time, and adding NPs simultaneously. In the first scenario for spherical NPs, depending
on the size of NP, different wrapping structures were observed: from complete wrapping for large
NPs, to partial wrapping with tubular vesicle for intermediate NPs, and partial wrapping with
pocket-like vesicle for small NPs. During the formation of pocket-like vesicle, the lipid membranes
surrounding the NPs hemifused together to increase the wrapping fraction of NPs. For the case in

which spherical NPs were added simultaneously, two large NPs may be cooperatively or
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indivitually wrapped by the lipid bilayer depending on their interparticle distance. For intermediate
NP sizes, the membrane formed tubular structures to wrap multiple NPs, and sometimes
detachment of tubular vesicle occurred. For small NPs, two vesicle structures, pocket-like
(enclosing 4 NPs) and handle-like (enclosing 6 or 9 NPs), were observed. For prolate NP, a single
large NP could not be completely wrapped by the lipid membrane due its large curvature.
Intermediate prolate NPs were wrapped in a handle-like structure, while small prolate NPs were
internalized by pocket-like structure. Large oblate NPs could be completely wrapped, while
intermediate and small NPs induced tubular and pocket like membrane structures, respectively.
Direction of membrane bending can affect NP-membrane interaction. For example, NPs
bound to the outer side of a cell membrane can induce endocytosis while those bound to the inner
side can lead to exocytosis [106]. Yan et al.[107] performed systematic simulations to investigate
the cooperative effects in the wrapping of multiple hydrophilic NPs at the same or opposite sides
of a membrane. Studied spherical NPs had sizes of 3.5 nm and 6.5 nm, and half of their surface
beads were set as ligands. For the NPs placed on the same side of the membrane, similar results as
the ones discussed above were obtained. (1) Membrane wrapping and NP aggregation states were
occurred. (2)The curvature-mediated interactions were either attractive or repulsive, depending on
factors such as the initial NP distance and the competition between the membrane bending, NP
binding and membrane protrusion. While for the NPs placed at opposite sides of a membrane, the
interaction between two NPs was always attractive and cooperative wrapping of NPs was
promoted, as the curved regions induced by the NPs were shared in a way that the NP-membrane

contact was enhanced and the penalty of membrane bending was reduced.

Ni et al. [108] proposed a polymeric tether method to link two NPs in order to enhance or

reduce the wrapping of NPs. Two NPs (6 nm) covered with hydrophilic ligands (surface density
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of 4.5 nm™) were covalently connected through a hydrophilic polymeric tether (3, 7, and 15 bead
lengths). Upon attachment to the membrane (50% ligand coverage), the surface distance between
two NPs significantly decreased to about 0.8 nm. The membrane lipids between the two NPs can
be efficiently deformed which promoted the wrapping of NPs. The observation was due to
reduction in total bending energy of membrane. With increase in polymer rigidity, the wrapping
of two NPs decreased due to increase in energy to deform the tether, which could hinder the
approaching of the NPs and weaken the cooperative wrapping. Additionally, for short and
moderate polymer length (3 and 7 beads), both NPs were fully wrapped, while for the long length
(15 beads), the wrapping of NP showed a decrease, suggesting that long polymer hindered the
cooperative wrapping. When the NPs were linked using two polymer tethers, the cooperative
wrapping decreased (lower wrapping percentage than single NP) due to the increased bond energy

and the greater steric effect of two polymers [108].
2.3.2. Effect of Membrane Properties

Smith et al. [109] modeled interactions between a hydrophilic NP and two types of
membranes: one uniformly adhesive and the other containing adhesive rafts (phase separated lipid
islands)[110]. For the uniformly adhesive membrane, depending on the adhesion energy between
NP and membrane, two possibilities emerged. Below an adhesion energy o£2044.8 kzT/ sz, R,
being the radius of the NP, the NP was partially wrapped by the membrane and remained attached
to the bulk membrane through a stable, long-lasting neck. For the adhesion energy >
2044.8 kgT/ sz, the NP was completely wrapped but remains trapped in the membrane. For the

membrane containing adhesive rafts, NP was able to cross the lipid membrane. In this case, when
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the NP was nearly fully wrapped, the rafts drove a fission process at the membrane neck, freeing

the wrapped NP from the flat membrane.

Yang et al. [71] introduced a lipid raft in a lipidic vesicle. Spherical hydrophilic NP came
close to the lipid raft, initiating the wrapping of the lipid bilayer around the NP. After complete
wrapping, the shape of the lipid raft changed significantly, which led to an unstable lipid raft
domain. Due to the small size of the vesicle, no adequete space was available to accommodate the
lipid raft domain and the wrapped NP, leading to pinch-off of the NP rather than internalization

(Figure 2.5).

POOPO®
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Figure 2.5. The cross-section view of wrapping and pinching off of lipid raft covered NP.

Green: heads of lipid raft, orange: tails of lipid raft, red: heads of membrane lipids, yellow: tails
of membrane lipids, blue: NP[71]

Lin et al. [111] explored the interaction of a ligand modified hydrophobic spherical NP
(~2.2 nm) with a lipid bilayer containing raft domains. The membrane was modeled using Martini
CG model of saturated DPPC, unsaturated dilinoleoylphosphatidylcholine (DUPC) and
cholesterol(CHOL) with molar ratio of 5:3:2. Three ligand densities of 30, 60, and 100% were
used to cover the NP surface, which had different ligand length varying from 1 to 5 beads, as well
as two differet hydrophobicities (high hydrophobic ligand vs. low hydrophobic ligand). More

hydrophobic NPs (high density, high hydrobicity, and high ligand length) tended to interact with
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the raft domain, while less hydrophobic NPs preferred the non-raft domain. Yang et al. [112] using
a similar set up investigated the interplay between hydrophilic NP (1 and 3 nm size) and a three-
component lipid bilayer with compostion ratio of DPPC/DUPC/CHOL = 0.35/0.35/0.3. They
found that NPs were able to preferentially locate at the liquid disordered (Ld) phase domains. The
preferential partitioning behaviour of NPs was associated with physical properties of membrane
(e.g., the membrane stiffness) and NPs (e.g., size and quantity). Additionally, the prefered
partitioning of NPs promoted the growth of Ld domain. It worth noting that due to hydrophilic
characteristics of the NP simulated, it remained at the surface of lipidic membrane and no

internalization was observed.

Membranes may experience oxidative stress, which has paramount importance on cell
aging, cancer, and neurodegenerative diseases [113]. It is known that unsaturated bonds of lipids
react with singlet oxygen, causing the addition of peroxide group to the carbon chain, along with
a shift of the double bond and its cis to trans conversion[114]. Su et al. [114] using MARTINI CG
model investigated the effect of peroxidation of lipid bilayer on the passive translocation of small
NPs (~ 1 nm) of varying hydrophobicity. Oxidation of membrane caused an expansion of the area
per lipid, accompanied by the decrease of membrane thickness and a significant drop of the
stretching modulus of membrane. Similar results was also observed in CG simulations of Aceves-
Luna et al[l115]. Additionally, the membrane permeability for solvent increased upon
peroxidation. These changes led to significant increase in the translocation rate of NPs (at optimum

hydrophobicity) compared to non-oxidized bilayers.

Membrane curvatures generated from embedded proteins also lead to a wide range of cell
shapes[116] that can affect the interaction with NPs. Reynwar et al.[48] conducted one of the

earliest CGMD simulation on the impact of curvature-inducing proteins on the wrapping of
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external particles. Their simplified curvature-inducing proteins included 2 curved caps of different
sizes and a capsid. These protein models were placed on the surface of a membrane. The outer
surface of the proteins attracts hydrophilic lipid beads, thus locally curving the membrane.
Sufficiently large membrane curvature drove protein clustering and subsequent transformation of

the lipid membrane into internalizing vesicles around the proteins.

2.4. AA simulation of Cell Membrane-NP Interactions

The literature reviewed above are all at CG level which, although allowed longer
simulations for larger systems compared with AA simulations, were incapable of capturing the
molecular details such as the difference between different cell receptors and NP carriers. CG
simulations also cannot capture the role of H-bonding, which may dictate the interaction of NP
with cell surfaces. AA simulations will be better in illuminating the actual interaction of NPs with
the membranes, but have higher computing requirements. Because of this, AA simulations
targeting NP-membrane interaction are almost non-existent. Prior to our recent AA work[117],
there were only three AA studies[118]-[120] that considered carrier-membrane and DNA-

membrane interactions.

Choudhury et al.[118] used AA MD simulations to investigate the effect of surface charge
(completely protonated vs. unprotonated Ns) of linear PEI (IPEI), in absence of any
polynucleotides, on its interactions with a dioleoylsnglycerophosphocholine (DOPC) membrane.
Fully protonated IPEI chain induced water/ion channels through the membrane, and formed
elongated conformations due to the electrostatic repulsion among the protonated amine groups.
During the internalization, the IPEI formed contact with head groups of both leaflets of the

membrane, which was accommodated by the re-orientation of the lipid molecules around the PEI
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chain. On the other hand, the unprotonated IPEI formed a highly coiled configuration that

predominantly resided at the bilayer-water interface.

In a recent AA study by Kwolek et al.[119], zwitterionic and anionic membranes were
constructed from palmitoyloleoylphosphatidylcholine (POPC) and
POPC/dioleoylglycerophosphoric acid (DOPA) mixtures, respectively. 30% protonated branched
PEI (bPEI) and IPEI were placed at the surface or inside the membrane. For polymers placed at
the surface of zwitterionic membrane, both bPEI and IPEI showed no tendency to bind, remaining
in the bulk solution. In the case of anionic membrane, both polymers showed high affinity to the
lipid membrane, but no full internalization occurred during the 200 ns simulation. The interaction
between the lipids and PEIs are mainly through the H-bond formation between the PEI amines and
Os in the phosphate or ester groups of the lipids, which is negligible in the case of zwitterionic
membrane but significant in the case of anionic membrane. PEIs pre-embedded in the membrane
did not leave the membrane and caused some phosphate groups to rearrange themselves toward
the hydrophobic core of the bilayer to shield the polar polymer amines from the hydrophobic part
of the membrane. This observation was consistent with that of Choudhury et al.[118], and was
more pronounced in the anionic membrane where the reorientation led to pore formation that
allowed water to cross the membrane[119]. The PEI-induced perturbation in cell membrane by
altering the distribution of anionic lipids may imply cytotoxicity of the PEIs, which cannot be

captured by CG simulations.

To better understand DNA uptake, which is not expected to occur in the absence of carriers,
Antipina et al[ 120] recently utilized umbrella sampling to generate the free energy profile of a bare
22 bp DNA across two zwitterionic POPC bilayers, with and without pre-adsorbed Ca®" ions. As

the DNA approached and crossed the zwitterionic bilayer, the free energy monotonically
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increased, indicating a lack of attraction. On the other hand, a free energy minimum was found in
the presence of Ca®*, which was attributed to electrostatic attraction between the anionic DNA and
Ca?"ions on the surface of the bilayer, leading to a stable configuration of the DNA near the lipid

bilayer.

While AA simulations on NP-membrane interaction have been limited, many AA
simulations have been performed on the complexation of polynucleotides with carriers. These
simulations have prepared NPs that can be adopted in NP-membrane simulations. As an
representive of cationic polymers, PEI is one of the most promising polymers with the advantage
of being easily modified with functional groups and have beeen widely studied in gene delivery
applications. AA simulations significantly enhanced our understanding on the complexation and
decomplexation of PEI with polynucleotides[27]. Factors that have been considered by AA
simulations include protonation state[121], polymer structure[122], lipidic and hydrophobic
modifications of PEI [123], [124], and effect of destabilizing compounds such as heparin on the
formed complexes[125]. However, the entire process of polynucleotide delivery is vastly

understudied.

Based on these AA models, recently our group made the first step towards simulating NP-
membrane interaction at the AA level. Specifically, the membrane penetration process of a NP
formed by 2 siRNA and 6 PEI molecules was simulated using Steered Molecular Dynamics [117].
Three types of PEIs were considered, a native one (without any modification), one modified with
caprylic acid and the third modified with linoleic acid. During the internalization, H-bond
formation between PEI and the membrane did not cause instability of the NPs. Instead, the NP
adopted “self-protecting” configurations with a more compact structure and more aligned siRNAs

while detaching from the membrane. NP modified with linoleic acid exhibited the smallest
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structural change due to its strong intra-particle lipid association, while largest changes was
observed for NP modified with caprylic acid. These observations provided unique insight into
structural changes of siRNA/PEI NPs during penetration that are pertinent to the design of new

carriers for effective polynucleotide delivery.

2.5. Machine Learning of Cell Membrane-NP Interactions

Artificial intelligent (Al) can significantly help us to understand NP uptake through a set of
existing experimental data to train and test the model generated by machine learning techniques
such as neural networks. The use of nano-quantitative structure activity relationship (QSAR)
methods in this area could be very useful especially due to significant development cost of novel
NPs with the desired properties. The core assumption in these methods is that variation in the
biological activities of a compound is correlated with changes in its molecular structure. In such
method, many descriptors can be considered simultaneously by the Al and each descriptor will be
attributed a weight to represent its relative importance. The literature using machine learning to
predict cellular uptake of NPs is emerging [128]. However, there are no systematic investigation
on cellular uptake prediction of NPs using easy to interpret descriptor. These descriptors will help

design of more potent gene delivery vehicle.

2.6. Conclusion

This chapter highlights recent progress on NP-cell membrane interaction studied by molecular
simulations. Several parameters were found to be critical in NP- membrane interaction and
subsequent internalization . While these parameters do not independently affect the cellular uptake
and intracellular pathway, molecular simulations were able to provide some insights regarding the
influence of each parameter, which points to directions in which experiments can be done to

design, synthsis and test potent NPs as gene delivery systems. For example, one approach to
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enhance cellular uptake of NPs is dual-ligand targeting, where each NP is decorated with two
differet ligands that can interact with their complementary receptors on the membrane surface.
Simulation showed that this method is effective when the two ligands are both long, of similar
length and have a uniform distrubituon on the NP surface. Based on this result, a set of experiments
can be designed to modify the NPs and monitor their uptake by different cell lines. While past
molecular simulations have shed light on the interaction of polynucleotide NP with cell membrane,
much remains to be explored especially atomistic level details on the intracellular events of the
delivery process of NP. This is important since it may facilitate the design of better delivery

vectors.
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3.1. Introduction

Gene therapy using polynucleotide-based therapeutic agents is a promising strategy that have
attracted immense attention during the past decade[1]-[3]. For functional delivery, carriers are
needed in order to facilitate translocation of polynucleotides through the plasma membrane as well
as protection of polynucleotides from degradation[4]. Synthetic cationic polymers due to their
safety and versatility are the commonly utilized carriers for gene delivery[5]. For a therapeutic
benefit, administered nucleotide/polymer nanoparticles (NPs) must be internalized by the targeted
cells while retaining its integrity, and then polynucleotides need to disassemble from the polymeric
carrier for transport to the appropriate sub-cellular compartment. Among synthetic carriers,
polyethylenimines (PEI) have gained a central role for gene delivery with the advantage of being
easily modified with functional groups, which makes it possible to tailor their properties for
various applications[6]. High molecular weight (HMW) PEI (~25kDa) is often considered as ‘gold
standard’ in non-viral gene delivery, however, it manifests considerable toxicity by damaging the
plasma membrane of the cells[7]. Low molecular weight (LMW) PEI (< 2kDa) display acceptable
level of toxicity, but it has a low efficiency for gene delivery. Modification of LMW PEI with
hydrophobic groups significantly increase cellular uptake and facilitate the entry to cells by
promoting hydrophobic interactions with membrane lipids[8], [9]. The beneficial effect of the
hydrophobic modifications depends on the nature of the substituted lipids and the level of
substitution[9].

The first stage of NP delivery into the cells is the cellular uptake, which usually occurs through
two pathways: active endocytosis and direct penetration [10]. Direct penetration is a non-endocytic
translocation pathway, where a NP crosses the cell membrane without the need to be confined by

the endocytosis vesicles. Compared with endocytosis, direct penetration is a less frequent event,
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but it can occur through diffusion, permeation and pore formation. Small NPs (< 1 nm) may cross
cell membranes by passive diffusion through specialized transport protein channels existing on the
cell membrane[11]. Intermediate sized NPs can permeate across cell membranes without inducing
distinct pore in the membrane structure. Such a mechanism was proposed for polymeric NPs with
appropriate hydrophobicity [12], [ 13] such that the NP experienced repulsion from both the solvent
and the membrane tail. In this case, frequent exchange occurred between the polymer adsorption
onto the membrane and desorption back into the solvent, which increased fluctuations in the lipid
bilayer and eventually enhanced NP permeability.

Translocation by transiently induced pores is another direct penetration method, where pores
are induced by various approaches including electroporation, mechanical stress, shock waves
(sonoporation), surface-active molecules, small cationic peptides, and cationic polymers[14]. In
electroporation, pores are induced by applying an external electric fields. Tieleman et al. [15],
using molecular dynamics (MD) simulation, found that the external electric field interacted with
water dipoles, increased the probability of forming water defects in the membrane interior, and
stabilized the formed defects. Pore mediated translocation can also be enabled by the application
of shock waves such as high pressure waves that propagate at a supersonic speed and pass the cell
membranes within several picosecends [16]. While the process of pore formation due to shock
waves is still not fully understood, Koshiyama et al. [17] proposed that shock wave caused
structural changes in the lipid bilayer such as bilayer thinning and disordering of lipid chains,
which led to penetration of a considerable amount of water molecules into the hydrophobic core
of the bilayer and eventually formation of a hydrophilic pore. Some surface-active molecules with
covalently bonded hydrophilic and hydrophobic groups may also induce pore in the membrane

structure[14]. For example, MD simulations[18] revealed that dimethylsulfoxide (DMSO),
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containing a hydrophilic sulfoxide group and two hydrophobic methyl groups, could readily
penetrate into lipid/water interface, which led to bilayer expansion and loss of lateral interactions
between the lipid head groups. Consequently, thermal fluctuations at the lipid/water interface
caused structural defects and eventually a pore in the membrane. Small cationic peptides can also
induce pores in membranes via different mechanisms. As an example, Leontiadou et al. [19]
through their MD simulations proposed a cooperative pore formation mechanism for the cationic
(+3) magainin MG-H2 peptide which is an antimicrobial peptide. Upon binding to the membrane
surface, the peptide molecules aggregated and oriented themselves in a way such that their
hydrophobic side chains interacted with the membrane lipid tails while their charged lysine
residues remained bonded with the membrane head groups. As a result, the fluctuation in the
lipid/water interface increased, triggering the contact between peptide lysine residues and water
molecules on the other side of the lipid bilayer, and finally leading to the formation of a hydrophilic
pore. Some cationic polymers such as polyamidoamine (PAMAM) dendrimers were also shown
to induce pore into membrane structure[20]. It was observed[20] that after initial binding to
membrane surface, the charged moieties of the dendrimer penetrated into the lipid/water interface,
and made contact with lipid head groups of the opposite leaflet, causing pore formation.

These simulations have focused on pore formation by external fields or small polymeric
molecules. Although direct penetration is most efficient for NPs of <50 nm in diameter[21],
NPs as large as 100 nm have also been internalized using this method[21]. It is therefore of interest
to investigate the membrane penetration of polynucleotide/polymer NPs employed in gene
delivery. While previous MD simulations have provided critical insights into the nucleic acid
complexation with the carriers[6], [22]-[24], simulations on NP penetration across membranes

were performed almost exclusively at the coarse-grained (CG) level[25]—[29], which are incapable
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of revealing atomistic details behind effective carriers. To the best of our knowledge, no studies at
all-atom level have simulated the membrane penetration of polynucleotide NPs. However, we
found three all-atom studies that investigated the interaction of either PEI or deoxyribonucleic acid
(DNA) alone with a lipidic bilayer[30]-[32]. Antipina et al. [31] utilized umbrella sampling
method to study free energy profile of a bare 22 b.p. DNA across the
palmitoyloleoylphosphatidylcholine (POPC) lipid bilayer. They observed that as the DNA
approached and crossed the zwitterionic lipid bilayer, the free energy monotonically increased,
which indicated the lack of attraction between the DNA and the zwitterionic lipid bilayer. This
study confirmed that the anionic DNA requires a cationic vector to facilitate its interaction with
the membrane. Kwolek et al. [30] simulated the interaction of a PEI with POPC and POPC/1,2-
dioleoyl-sn-glycero-3-phosphoric acid (DOPA) lipid bilayers. It was observed that the PEI
interacted with the lipid bilayers mainly by the hydrogen bond (HB) formation between the PEI
amine groups and Os in the phosphate or ester groups of the lipids. Choudhury et al. [32] utilized
MD simulation to assess how linear PEI (IPEI) in different protonation states (complete vs.
partially protonated N atoms) interacts with dioleoylphosphatidylcholine (DOPC) lipid bilayers.
Their simulation showed that at low pH, IPEI chains formed an elongated conformation due to the
electrostatic repulsion between the protonated N atoms, and induced a water/ion channels through
the membrane. Unprotonated IPEI, on the other hand, was highly coiled and predominantly
remained at the bilayer-water interface.

While these studies on the individual constituents of polynucleotide NPs may be beneficial, it
is evident that further studies are required to provide atomistic insight into the membrane
penetration of polynucleotides NPs. In this work, we applied steered molecular dynamics (SMD)

simulation to examine the membrane penetration of a polynucleotide NP formed by small
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interfering ribonucleic acid (siRNA) and PEI molecules. Zwitterionic POPC lipid membrane was
used as a model of cellular membranes. The siRNA/PEI NPs were steered by applying a moving
constraint to cross the membrane structure. The SMD simulation serves not only to accelerate the
penetration process, which is difficult to observe under standard MD simulation for such large and
complex NP, but also to mimic the situation where the NP is pulled by external or biophysical
forces towards the interior of the cell membrane. Our focus in this chapter is not to reveal the
specific forces that drive NP internalization, but rather to investigate the: (7) stability and structural
changes of siRNA/PEI NPs, (ii) pore formation across membrane and its stability, and (iii) effect
of lipid groups on PEI during the penetration. A native and two additional PEIs modified with
caprylic acid (CA) and linoleic acid (LA) were adopted here as the polynucleotide carriers.

3.2. Methods

3.2.1. Simulated Systems and Procedure

Three NPs are simulated each composed of 2 siRNA molecules and 6 branched PEIs (bPEIs). The
simulated siRNA had the following sequence: sense: 5'-CAGAAAGCUUAGUACCAAATT-3',
antisense: 5'-UUUGGUACUAAGCUUUCUGTC-3' which was used to silence P-glycoprotein[9],
[33], [34]. It is composed of 42 nucleotides that carry a total charge of -40 in its fully deprotonated
state. The simulated bPEI, in its native form, has a MW of 1874 Da[23] and consists of 43 amino
groups, 20 of which are protonated corresponding to the protonation ratio of 47% at pH=6 as
reported by Utsuno and Uludag[35]. The selected pH is due to the fact that siRNA based
therapeutic are utilized to target cancer cells, and the extracellular pH of human tumors is known
to be slightly on the acidic side[36], [37]. The chemical structures and protonation sites of the
simulated bPEI, as well as structures of lipid substitutions (LA and CA) are shown in Figure 3.1.

The simulated NPs are referred to as LA-NP, where each PEI was modified with 3 LA
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substitutions; CA-NP, where each PEI was modified with 3 CA substitutions; and native NP,
where the PEIs were not modified. These substitutions are in the line with practical range in which
functional differences were seen from the native PEI in siRNA delivery[9].

The initial structures of NPs were adopted from a previous study[22] after 200 ns
production run. The original systems each included 4 siRNAs and 18 PEI molecules, from which
we selected 2 siRNAs and 6 PEIs. Then, to equilibrate the structures, each NP was solvated with
TIP3P[38] water molecules and ions (150 mM KCL) and subjected to 5 ns (restrained) + 45 ns
(free) simulation with MD package of NAMDI[39]. The NP atoms were restrained in order to first
equilibrate the solvent and ions around the NP. The structure of each NP at the end of the
simulation was adopted as the initial configuration of NPs for SMD simulations of membrane
penetration.

The zwitterionic bilayer of 920 POPC molecules were constructed using VMD[40]
Membrane Builder plugin. The chemical structure of the POPC lipid bilayer is shown in Figure
3.1. Upon solvation with proper amount of ions (150 mM KCI) and TIP3P[38] water molecules,
the structure of POPC lipid bilayer were equilibrated for 50 ns until the area per lipid of 63.06 +
0.53 A (data collected from last 20 ns) was obtained which is in agreement with experimental
values (63 — 68.3 A per lipid) [41]-[43]. The final configuration of the POPC lipid bilayer was
then adopted as input structure for SMD simulation with NPs. To facilitate the discussion, we will
refer to the POPC lipid bilayer as the membrane. To prepare the membrane-NP systems for SMD
simulation, each NP was placed above the membrane so that the center of mass (COM) distance
between the membrane and the NP was 8 nm. Next, upon solvation with proper amount of ions

(150 mM KCI) and TIP3P[38] water molecules, the three membrane-NP systems were equilibrated
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for 10 ns with harmonic restraint of 10 kcal/mol. A% exerted on the non-H atoms of the NP. The

equilibrated systems were then used for SMD simulations.
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Figure 3.1. Molecular structure of the simulated molecules.

(@) Molecular structure, protonation sites and lipid substitution sites of the simulated PEIs, (b)

Structures of the 2 substituted lipids, and (¢) Structure of the POPC molecule.

3.2.2. SMD method

MD simulations are limited to the time scale of nanosecond which is not long enough to

observe relevant processes [44]. SMD simulations can overcome such limitation that applies
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external steering forces in the right direction to accelerate processes that due to energy barrier
limitation are too slow[45]. This method has been extensively used to study mechanical functions
of proteins such as extraction of lipid molecules out of lipidic membrane [44]. SMD simulations
is a nonequilibrium process that can be connected to equilibrium properties through a theory. Such
a theory has been proposed in nonequilibrium statistical mechanics, especially through the
discovery of Jarzynski’s equality theorem[46]. The theorem connects the equilibrium free energy

difference AF to the statistics of work W carried out on a system that is initially in contact with a

. . 1 . ey -
heat reservoir at some inverse temperature 8 (f = k—T) and then subject to a nonequilibrium
B

transformation e =AW = ¢~BAF [46]. Here the overbar indicates an average over many realizations
of the transformation process which is driven by switching an external parameter from an initial
to a final value. In a typical SMD simulation, the system is pulled along a certain direction by
imposing a constant force or velocity on the simulated structure[47]. Here we used the constant
velocity approach, where COM of the NP was attached to a dummy atom via a virtual spring. The
dummy atom was moved with a constant velocity in the z direction perpendicular to the membrane
surface, and the force between the COM of NP and the dummy atom is calculated by the following

equations:
1
U =§k[vt— (r—ry) - n]? (D

F=-VU (2)
where U is the potential energy, k is the spring force constant, v is the speed of pulling, t is
the current time, r is the current position vector of the COM of NP, ry is the initial position vector
of the COM of NP, and n is the unit vector indicating the direction in which the dummy atom is

pulled. Pulling speed in the range of 0.1 to 100 A/ns have been reported in the literature for constant

57


https://en.wikipedia.org/wiki/%C3%85

velocity SMD simulation, while lower values of v have been used to estimate the potential of mean
force (PMF) from SMD trajectories[45], [48]-[50]. Results reported in this work are based on the
value of v = 2.5 A/ns, while the influence_of v value is briefly discussed later. The spring force
constant k was set to be 5 kcal/mol.A? according to the “stiff-spring approximation”[45]. This
value for k was chosen large enough to ensure small deviation of the reaction coordinate from the
constraint position. Each SMD simulation took 64 ns to complete. All computations were
performed using Compute Canada servers, where 32 CPU along with 2 GPU were utilized.

Detailed information of simulated systems in this chapter is given in Table 3.1.

3.2.3. Simulation Details

The force field for the PEI molecules was adopted from a previous study[22] in our group
which was generated based on the CHARMM General Force Field and validated with ab initio
calculations. CHARMM 36([51], [52] Force Field was used for all other molecules. CHARMM
Force Field is one of the most successful Force Fields in the study of biomolecules. Especially,
CHARMM 36 Force Field was optimized to reproduce a zero-surface tension as well as reproduce
experimental quantification of lipidic membranes including deuterium order parameters.
TIP3P[38] model was used for water molecules that were placed at above and below of the
membrane. Appropriate amount of K™ and CI ions were added to reach the salt concentration of
150 mM at physiological levels. The NAMD[39] molecular dynamic package was used to perform
all simulations in the NPT ensemble using a 2 fs time step, and with periodic boundary conditions
(PBC) inx, y, and z directions. Long-ranged electrostatic interactions were calculated with Particle
Mesh Ewald[53] (PME), and the cut-off distance of 12 A was used for van der Waals and short-

ranged electrostatic interactions. In the PME method, short ranged electrostatic interactions were
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calculated in real space while long ranged electrostatics were calculated in Fourier space. The
SHAKE[54] algorithm was used to constrain bonds involving H atoms. In the NPT simulations,
temperature was controlled at 310 K using Langevin dynamics thermostat, and pressure was
controlled at 1 bar using Nose-Hoover-Langevin barostat with damping time scale of 100 fs and
Langevin piston oscillation period of 200 fs [55], [56]. VMD[40] was used for visualization and

trajectories analysis.

Table 3.1. Information of the simulated systems.

Number System Number of Size of Lipid Charge ratio Simulation
atoms simulation box  no./type on PEI/siRNA time (ns)
A% each PEI
1 POPC 242756 170x172x81 - - 50
2 2siRNA-6PEIs 106042 109x100x104 None 1.5 50
(native NP)
3 2siRNA-6LA- 112598 93x118x109 3LA 1.27 50
PEIs
(LA-NP)
4 2siRNA-6CA- 106921 94x101x120 3CA 1.27 50
PEIs
(CA-NP)
5 (native NP)- 782077 170%172x268 None 1.5 64
POPC
6 (LA-NP)- 778742 170%172x270 3LA 1.27 64
POPC
7 (CA-NP)- 778859 170x172x270 3CA 1.27 64
POPC

3.3. Results

3.3.1. Equilibrated Structure of Isolated NPs

Figure 3.2. shows the initial (left panel) and final equilibrated (right panel) configurations
of'the NPs in absence of the membrane. For each system, the final equilibrated structure shows the

2 siRNAs stably bound together by 2 to 4 PEIs located in between (“bridging PEIs”) while the rest
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of the PEISs are attached to the periphery of the NP (“peripheral PEIs”). Gyration radius (R,) of
the NP and COM distance between the 2 siRNAs, which represent the compactness of NP, are
shown in Figure 3.3. The horizontal time axis starts at 5 ns since the NP is subjected to restrained

simulations with little structural changes during the first 5 ns. R, for all three systems shows a

decreasing trend, ultimately reached stable values of 24.07 + 0.17, 25.44 £ 0.40 and 26.08 £ 0.31
A (data collected from the last 20 ns) for native NP, LA-NP and CA-NP, respectively. The COM
distance also shows similar decreasing trend for LA-NP and CA-NP, indicating the siRNA
molecules moving closer compared to their starting configurations. The 2 siRNAs in the native NP
system, on the other hand, remain more stable, with the COM distance deviating little from its
starting value. The final COM distances, averaged over the last 20 ns, are 25.07 + 0.38, 24.11 +
0.79 and 29.14 + 1.37 A for native NP, LA-NP and CA-NP, respectively.

Based on Figure 3.3., it can be concluded that CA-NP has the loosest equilibrium structure

among the 3 systems. Compared with native NP, LA-NP has a larger R; while its COM distance

is slightly smaller. Via additional simulations, we have confirmed that the observed phenomena
are not caused by the chosen initial configurations (see details in Appendix A, Section A.1).
Rather, these observations can be understood by examining the two competing factors brought by
the lipids grafted on the PEI: steric hindrance that prevents the formation of a compact structure
and lipid association that favors compactness[22], [24], [57]. The final configuration of CA-NP in
Figure 3.2c shows that there is limited association between the CA lipids due to their short chain
length. Therefore, compared with the native PEIs, the steric hindrance of the bridging PEIs has
caused larger separation of the siRNAs and consequently larger Rg. In the case of LA-NP, the
association of the long-chained LAs is significant (see Figure 3.2b), surpassing the influence of

steric hindrance and leading to the COM distance even smaller than the native NP. The larger R,
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of LA-NP as compared to native NP is due to the peripheral PEIs in which the long LA
substitutions also show high degree of association. The large amount of lipid association in LA-
NP leads to a more rigid structure compared with native NP and CA-NP, which is expected to

influence the configurational changes of the NP during membrane penetration.

Figure 3.2. Initial and final conformations of the NPs in absence of the membrane.

Initial (left panel) and final (right panel) conformations of the NPs in absence of the membrane.
(a) native NP, (b) LA-NP, (¢) CA-NP. Different PEIs and siRNAs are represented by different
colors; the lipid moieties on the PEIs are highlighted by color purple; water and ions are removed

for clarity.
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Figure 3.3. Compactness of NPs and COM distance between siRNA molecules.

(a) Radii of gyration of NPs and (b) COM distance between the siRNA molecules as functions of

simulation time.
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3.3.2. Membrane Penetration Process

Figure 3.4a. shows the force profiles during the SMD simulations, plotted against the COM
position of the NP. The two dashed lines mark the two surfaces of the original undeformed
membrane. The membrane-crossing process in this figure can be divided into four stages: approach
(80 to —60 A), attachment (-60 to 0 A), embedment (0 to 50 A), and detachment (50 to 80 A).
Figure 3.5 shows side-view snapshots of the NPs and the membrane representative of each of these
four stages. The corresponding COM positions of the NP are marked in Figure 3.4a. Overall, the
force profiles of the three systems show a similar trend. During approach stage, the applied force
is small and almost constant, which shows that the only resistance against the movement of NP is
due to dissipative force caused by its friction with the solvent. In the attachment stage, the NP
experiences additional resistance due to the presence of membrane and the applied force rises.
Physically, this resistance originates from the necessity of deforming the membrane to allow for
NP entry. The bi-layer structure of the membrane is maintained by the hydrogen bonds between
the phosphate and amino groups on the two leaflets, as well as by the hydrophobic-hydrophobic
interaction between the lipid tails located in the center. Attachment of the NP to the membrane
causes bending of the membrane (Figure 3.5.) and disruption of those interactions. During the
embedment stage, the rising trend of the applied force continues until a critical COM position is
reached where the force is maximal. The magnitude of the peak force is only slightly different for
the three NPs and the small difference is comparable to the fluctuations in the force profiles. This
suggests that the maximum membrane resistance is insensitive to the lipid modification of the PEI
carriers. After the peak value, the force decreases due to the visible formation of a pore in the
membrane that facilitates further NP penetration (Figure 3.5.). The force continues to decrease in

the detachment stage as the NP leaves the lower leaflet of the membrane. However, even at the
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end of the simulation (z = 80 A), the force did not reduce to the levels seen in the attachment stage,

indicating attractive interactions of the NP with the membrane (Figure 3.5.).
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Figure 3.4. Force and number of HB between NP and membrane as a function of COM
position of the NP during SMD.

(a) Force vs. COM position of the NP during SMD. The two dashed lines mark the surfaces of
the initial undeformed membrane. Black arrows indicate the four locations where the snapshots in
Fig. 5 are taken. (b) Number of HB between NP and the membrane as a function of COM position

of NP.
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Figure 3.5. Side-view snapshots of the NP and membrane at different time of the SMD
simulation:

(a) Native NP (b) LA-NP, (¢) CA-NP. Different PEIs and siRNAs are represented by different
colors; lipid moieties on the PEIs are highlighted by color purple; for clarity, water and ions are
removed and only the phosphate (P) atoms of the membrane are shown (by color gray). The four
snapshots, from left to right, correspond to simulation time of 0 ns, 30 ns, 50 ns and 64 ns,
respectively. The corresponding positions of the NP COM are indicated on the top, and also

marked in Figure 3.4a.

During the membrane-crossing process, as the NP establishes contact with the membrane,

its exposure to water can be reduced. Such contact can be quantified by calculating the number of
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hydrogen bonds (HB) between the NP and the membrane, as shown in Figure 3.4b. To calculate
HB, the donor-acceptor distance of 3 A and cut off angle of 20° were utilized. The HB between
water and the membrane, and between water and the NP are shown in Figure A.2 of the Appendix
A. Comparison between Figures 3.4a. and 3.4b. shows a positive correlation between the force and
the NP-membrane HB. During the approach stage, the number of HB is zero, indicating the lack
of interaction between NP and the membrane, consistent with the constant force in this stage. As
the NP makes contact with the membrane during attachment and embedment, the number of HB
between NP and the membrane rises, along with the increase in force. Ultimately during
detachment, the number of HB shows a decreasing trend due to the separation of NP from the
membrane. At the end of the simulations, the HB counts are nonzero, indicating that the NPs are
still in contact with the membrane.

Although the force and HB profiles in Figure 3.4 are qualitatively similar among the three
systems, the COM position at which the force reaches its maximum and begin to decrease is
noticeably larger for the LA-NP system (around 40 A as compared to 20 to 30 A in the native NP
and CA-NP systems). Consistently, the COM position at which the HB reaches maximum is also
larger in the LA-NP system (around 50 A as compared to 30 to 40 A in the native NP and CA-NP
systems). This indicates that pore formation, the occurrence of water translocation from one side
of the leaflet to the other, induced by LA-NP occurs at a much deeper location within the
membrane compared with native NP and CA-NP, and as a result its detachment stage is delayed.
At the end of the simulation, both the force and HB counts are higher in the LA-NP system than
in the other two systems, suggesting stronger contact between LA substituted PEIs and the

membrane during detachment. The stronger contact is also evidenced by the extraction of some

66


https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85

lipid molecules out of the membrane, which can be seen from the presence of lipid molecules at

deep locations along the z-axis at the end of the penetration process (Figure A.3, Appendix A).

It is of interest to point out that in Figure 3.4b., the increase in the number of HB at the
beginning of the embedment stage indicates that when the NP entered the interior of the membrane,
it did not get surrounded by the hydrophobic tails of the bi-layer membrane. Otherwise, we would
have seen the shielding of the interactions between the polar groups on the NP and the hydrophilic
head groups of the membrane, which would have limited the HB formation. The membrane has
bent during the embedment and the lipid molecules have re-oriented themselves to expose their
head groups to the NP in order to facilitate the interaction. Kwolek et al.[30] studied the interaction
of PEI alone (in the absence of siRNA) with a membrane. They also observed that phosphate
groups of the membrane rearranged themselves to interact with the polar amine groups of the
polymer, and this reorientation led to pore formation that allowed water to cross the membrane.

From the representative snapshots in Figure 3.5., it is clear that while the NPs have
experienced some deformation during membrane penetration, they have all maintained their
overall integrity in this process. NP integrity during its membrane transport is critical to ensure
full internalization of siRNAs. The configurational changes of the simulated NPs are assessed next
by examining several parameters that describe the structural characteristics of the NPs during the

penetration process.

3.3.3. Configurational changes of NP during Membrane Penetration

To gauge the NP compactness, we plotted R, of the NP as a function of its COM position

in each system (Figure 3.6a.). For all the three systems, the R, curve starts from a relatively stable
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value in the approach stage (~ 24, 25 and 26 A respectively for native NP, LA-NP and CA-NP),
follows a decreasing trend in the attachment and embedment stages until reaching a minimum
value, and ultimately finds an increasing trend in the detachment stage. This suggests that each NP
undergoes some extent of compaction during attachment and embedment, and “recovers” from its
compacted structure as it separates from the membrane. The most compact structures correspond
to R, being around 22.5 A for native NP and CA-NP, and around 23.5 A for LA-NP. The relative
compaction is smallest for LA-NP (~6 %), followed by ~7% for native NP and ~17% for CA-NP.

Additional evidence for NP compaction during penetration can be seen from Figure 3.6b.,
which shows COM distance between the 2 siRNAs as a function of COM position of the NP. The
trend of CA-NP is similar to its corresponding R, curve in Figure 3.6a, indicating significant
compaction of the NP. For native NP, the COM distance is almost constant except for the
detachment stage where it experiences a small increase. Together with the decrease in R, during
attachment and embedment, the result suggests that the compaction of native NP is through the
peripheral PEIs. For LA-NP, its COM separation exhibits some extent of increase during
attachment; it then stays almost constant until the detachment stage. Interestingly, despite the very
different initial COM separations, the three NPs attain similar COM separation when embedded

in the membrane (~23.5 A).
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Figure 3.6. Structural changes of NPs during the SMD simulation.

(a) Gyration radius of the NP, () COM distance between the two siRNA molecules, and (c)

Relative angle between the two siRNA molecules, each as a function of COM position of the NP.

Visual examination of simulation trajectories also revealed rotation of the NPs while
crossing the membrane. Misalignment of principal axes of the two siRNA molecules may impact
the NP stability by influencing (i) the bridging PEIs, and (ii) the area between two siRNAs
accessible to destabilizing compounds such as heparin.[5] Relative orientation of the 2 siRNAs

was monitored by measuring the angle (6) between two vectors each defined in one siRNA (see
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section S4, Supporting Information for detail). # = 0 ° corresponds to the siRNAs being parallel,
whereas 8 = 90 ° represents two siRNAs perpendicular to each other. Figure 3.6¢. shows 6 as a
function of COM position of the NP. For native NP, 8 starts from ~28 ° and gradually decreases
to ~15° at the end of the simulation. LAs-NP shows a similar trend: while its initial 8 is much
larger (above 40 ° ), the decrease in 6 is also more significant, and the ultimate 6 value is also
~15° . A different trend is observed for the CA-NP system: 6 starts from ~25 ° , experiences an
initial increase, reaches a maximum value of ~50 ° and ultimately decreases sharply to ~15° .
Similar to the COM separation, while the NPs start from different angles between the 2 siRNAs,
the final angles after crossing the membrane are similar, which corresponds to a relatively parallel

orientation.

3.4. Discussion

3.4.1. Self-protecting Configuration

Using SMD simulations, this chapter investigated configurational changes of siRNA/PEI
NPs during membrane penetration for the first time at all-atom scale. We focused on a comparison
of NPs derived from lipid-substituted PEIs, given the importance of these carriers in delivering
siRNAs across cellular membranes [8]. We found that HB formation between PEI and the
membrane molecules did not lead to instability of NPs during the internalization process. In
contrast, each NP was observed to undergo some degree of compaction during attachment and
embedment stages. As the NP crosses the membrane, it introduces disruptions to the interactions
among the lipid molecules of the membrane, causing the membrane to bend and inducing a pore
in the membrane structure. Internalization of the NP therefore involves overcoming an energy

barrier inherently dependent on the size of the NP. To minimize this energy barrier, the NP alters
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its stiffness and compacts during the embedment process. Yi et al. [58] previously noted that many
viruses utilize their stiffness to facilitate the infectious process, where they soften (expand) before
uptake while harden (compact) before budding out of the host cells. The structure compaction is
expected to protect the NP from being disintegrated by its interaction with the membrane
molecules. In particular, it limits the interaction between the bridging PEIs and the membrane,
stabilizing the siRNA/PEI NP while present in the membrane. Another way of promoting the
stability of the NP, which has been observed from our simulations, is the re-orientation of the
siRNA. In the case of two siRNAs simulated here, they were found to form a nearly parallel
configuration at the end of the membrane-penetration process, which leads to a reduction in the
area between the siRNAs accessible to destabilizing compounds, beneficial to enhancing the NP
stability. Our results suggest the adoption of a “self-protecting strategy” by the NPs: during
membrane penetration, they become more compact and the siRNAs are more parallel leading to
more stable configuration while detaching from the membrane.

Depending on the lipid substitutions on the PEI, different NPs showed different degrees of
internal restructuring (compaction and re-orientation) during membrane crossing. The
restructuring in native NP was mild: there was less than 10% reduction in Ry, no reduction in the
siRNA COM separation, and insignificant change in the angle between the two siRNAs. LA-NP
also showed little change in the siRNA COM separation, while there was a small degree of
compaction of peripheral PEIs reducing R,. The low capacity of LA-NP for compaction is likely
due to its high rigidity caused by significant association of the long-chained LA substitutions,
especially among the bridging PEIs. Nevertheless, the LA-NP was able to enhance the NP stability
by changing the relative orientation of the 2 siRNAs, which underwent a large change and became

almost parallel. The CA-NP showed the largest changes in the compactness: it started with a much
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looser structure in the initial configuration due to non-associating CAs; both R, and COM
separation of the siRNAs decreased significantly to the level similar to native NP and LA-NP,
which were originally much more compact. The angle between the two siRNAs increased during
the compaction, but decreased to the same value as the other two NPs. The initial increase in angle
is likely due to the steric hindrance caused by the short CA substitution. In order to form a more
compact structure, COM separation of the siRNAs need to decrease, which is resisted by the steric
hindrance. To compensate for this, the angle between the 2 siRNAs has increased to accommodate
a more compact structure. Interestingly, while the 3 NPs start from very different values of initial
COM distance and relative angle between the 2 siRNAs, they converge to similar values after
crossing the membrane.

One important observation made in the past with CG simulations is the rotation of the NP
as a whole, relative to the lipid bilayer, during its translocation[59]-[63]. Huang et al. [64]
simulated the wrapping of spherocylindrical NPs with different aspect ratios by lipidic membrane.
For aspect ratio of 2, the NP rotated from its initial upright docking position until it completely
laid down with its long axis parallel to the membrane surface. The NP then stood up and was
ultimately endocytosed with a nearly 90 ° entry angle. Here, although we simulated direct
penetration instead of endocytosis, we also observed the rotation of the NP components in a similar
manner (Figure AS, Appendix A). Figure 3.8. shows the angle between each siRNA and the
unperturbed membrane surface at the four NP locations where the snapshots in Figure 3.5. are
taken.
During attachment, the NP rotates to a more parallel configuration to allow for more HB formation
between its peripheral PEIs and the membrane surface. This continues in the embedment stage

accompanied by NP compaction and mutural re-orientation of the siRNAs. At the end, the NP
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rotates to a more perpendicular (standup) configuration to reduce the pore size in the detachment

stage. The standup orientation is more evident in native NP and CA-NP than in LA-NP.
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71, 7>, 73, and Z4 indicate the four locations where the snapshots in Figure 3.5. are taken.
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3.4.2. Implications

Our simulations revealed the configuration changes of siRNA/PEI NPs during penetration
through a model membrane, which is inaccessible in experiments. Various experimental studies
on cellular uptake of LA and CA modified PEI have showed improved efficiency of siRNA
delivery with lipid substitutions as compared to native PEI[9], [65], [66]. In an experimental study
by Neamnark et al.,[67] the effect of different lipid substitutions on the transfection efficiency of
PEI-mediated gene delivery was investigated. CA substitution was found to be less effective in
transfection compared to other lipids including LA substitutions. While the mechanism of cellular
uptake in those studies might be different from the direct penetration simulated in our study (i.e.,
endocytosis), our results still provide insights for NPs that can undergo direct penetration, as well
as for endosomal escape stage of polynucleotide NPs, in which the encapsulating lipid bilayer
around the NP needs to be broken and the polynucleotides need to disassemble from the polymeric
carrier to be transported to the appropriate sub-cellular compartment. Our simulation shows that
LA-NP is very stable during the penetration process due to the strong intra-particle lipid
association. Another origin of the stability of the LA-NP is the close-to-parallel orientation of its
siRNAs that makes it difficult for the binding of destabilizing compounds such as heparin to the
bridging PEIs. Higher uptake and transfection ability of LA-NPs may be partially attributed to this
enhanced stability. In the case of CA-NP, the observed increase in the relative angle between
siRNAs may make the CA-NP more prone to dissociation during penetration. Usually cell
membrane surface contains destabilizing compounds such as heparin. Meneksedag-Erol et al.[5]
proposed the following 5 stages for heparin mediated disassembly: (7) heparin binding to NP, (ii)
detachment of surface PEIs, (iii) disengagement of bridging PEIs, (iv) torsional change of siRNA

and subsequent relaxation of NP, and (v) separation of siRNAs. The destabilizing compounds are
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more probable to attach to the bridging PEIs of CA-NP due to creation of accessible area between
2 siRNAs resulting from the increase in relative angle between siRNAs, which could have
contributed to the observed lower transfection efficiency of CA-NP compared to LA-NP in the
experiments.

In the simulations performed here, the COM of the NP is restrained by SMD to mimic the
process where the NP is pulled by certain external (e.g. electroporation) or biophysical forces
towards the interior of the cell membrane. From Figure 3.4a., the required force for pulling the NP
is positive throughout the process, indicating resistance from membrane against NP penetration.
Previous studies on polymer penetration through membrane[14], [20], [68] have suggested that
polymer with higher surface charge density and hydrophobic component are more likely to induce
pore into the membrane. The hydrophobic groups interact with the lipid tails and increase the
fluctuations in the membrane, while the charged moieties make contact with the lipid head groups
on the opposite leaflet. Such cooperative efforts lead to pore formation. For the three NPs
investigated in this work, the native NP does not have any hydrophobic components, while the
long LA lipids in LA-NP form strong association with themselves, which prevent them from
interacting with the lipid tails in the membrane. In the case of CA-NP, the short CA lipids do not
associate with themselves, but they are too short to establish sufficient contacts with the lipid tails.
Consequently, the membrane resisted the NP penetration and we did not observe attractive forces
during attachment and embedment that could cause spontaneous pore formation. This analysis
implies that the NP would not be able to move towards the interior of the membrane should the
external restraint be removed. To confirm this, we performed a series of MD simulations in
absence of the pulling force (see details in Appendix A, Section A.6). In particular, a NP

configuration obtained from the SMD simulation was first selected. Then, the restraint on the COM
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of NP was removed and the system was simulated for 20 ns. Each NP was observed to move
backwards (in the -z direction in Figure 3.4.), away from the membrane. The tendency of the
membrane to recover from its deformation, and the more favorable interaction of the NP with
water compared with the membrane will eventually cause the previously induced pore to reseal.

To further strengthen the mechanistic understanding of NP performance, future MD
simulations should be conducted for NPs with different charge ratios and different levels of
substitutions, to examine whether proper assignments of those parameters might lead to forces
driving the NP internalization. Simulations can also be done to assess the NP integrity and relative
angle between siRNAs in the presence of destabilizing compounds, thus helping to better interpret
the experimental results on silencing and transfection efficiency and eventually helping to screen
more effective carriers.
3.5. Conclusions

The configurational changes of siRNA/PEI NPs during membrane penetration into are
studied from a series of SMD simulations for the first time at all-atom scale. We developed an
approach to study the effect of lipid substitutions (LA and CA) on the behavior of the NP. We
found that, within the time scale of our SMD simulations, HB formation between PEI and the
membrane molecules did not lead to NP instability during the penetration. Additionally, our results
suggested the adoption of a “self-protecting” configuration by NPs during membrane penetration:
the NPs become more compact and siRNAs more parallel leading to more stable configuration
while detaching from the membrane. Depending on the lipid substitutions, different NPs showed
different degrees of internal restructuring (compaction and re-orientation). LA-NP showed the
lowest change in compactness due to its high rigidity caused by the significant lipid associations

among the long-chained LA substitutions. CA-NP showed the largest changes: it started with a
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much looser structure due to steric hindrance of non-associating CA substitutions, but underwent
significant compaction accompanied by large changes in the relative orientation of the siRNAs to
overcome the steric hindrance. These mechanistic observations provide unique insight into the

internalization of siRNA/PEI NPs, and facilitate the design of new carriers for gene delivery.
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4.1. Introduction

Gene therapy involves delivery of nucleic acids (NAs) deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) into cells with the purpose of modifying protein expression profile in order
to alter disease progression[1]. However, effective delivery of NAs to cells is a challenging task.
Various viral and non-viral vectors have been devised to enable NA delivery. Among the non-viral
carriers, cationic polymers are commonly used due to their ability to form ‘nano’-sized
polyelectrolyte complexes with the NAs that are ideal for cell uptake. The cationic polymers
protect NAs from enzymatic degradation, and facilitate their cellular uptake and endosomal
escape[2]. The cationic polymer polyethylenimine (PEI) is a versatile cationic carrier that has been
used since 1995 for NA delivery in vivo and in vitro[3]. PEIs form a nanoparticle (NP) with NAs
via electrostatic interaction between the positively charged amine groups of PEIs and the
negatively charged phosphate groups in the NA backbone[4]. The PEI/NA NPs enter the cells
through a process that involves interaction with cell membrane molecules[5]. Cell membranes
consist of a wide variety of components, but their major constituent is the lipid bilayer that acts as
a physical barrier against foreign components and maintains the integrity of intracellular milieu[6].

Some PEIs in PEI/NA NP systems can exist in free form (not bound to NAs), which might
destabilize membrane structures, thus contributing to the uptake of PEI/NA NPs[7]. Because of
this, many experimental and simulation studies focused on the interaction of free PEIs with
phospholipid bilayer of cell membrane. Among those, some studies have focused on investigating
the stability of liposomes in the presence of free PEI molecules. Zhang et al. [8], using sum

frequency generation (SFG) vibrational spectroscopy and attenuated total-internal reflection
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Fourier Transform Infrared Spetcroscopy (ATR-FTIR), found that both linear PEI (IPEI) and
branched PEI (bPEI) induced lipid translocation, also known as lipid “flip-flop”, in anionic
dipalmitoylphosphatidylglycerol (DPPG) and zwitterionic distearoylphosphatidylcholine (DSPC)
lipid bilayers, while lipid translocation was higher with bPEL. Yasuhara et al. [9] proposed that
PEI-lipid interactions depended on the molecular weight (MW) and stoichiometry of the PEI. Both
high MW PEI (1.8 and 10 kg mol™"), and low MW PEI (0.6 kg mol™") were able to induce membrane
fusion [10], however, latter induce membrane fusion at wider range of free PEI concentration.
Other experimental studies proposed that PEI-lipid interactions could cause deformation and
permeabilization of the lipid membrane, thus leading to enhanced exchange of material across the
cell membrane [11], [12].

Details of membrane deformations caused by free PEI molecules were investigated by
Kwolek et al. [13] and Choudhury et al. [14] using molecular dynamics (MD) simulations. Kwolek
et al. [13] found that PEIs adsorbed only partially on the surface of the zwitterionic 2-oleoyl-1-
palmitoyl-sn-glycero-3-phosphocholine (POPC) membrane, while they readily adhered to the
anionic membrane of POPC/1,2-dioleoyl-sn-glycero-3-phosphoric acid (DOPA). Due to the
electrostatic interactions and hydrogen bonding between PEIs and anionic lipid molecules,
significant reorganization of the bilayer occurred in the vicinity of the polymers, which could
facilitate their translocation. Choudhury et al.[14] observed that the PEI-lipid bilayer interactions
were pH dependent. At low pH, PEIs were in an elongated configuration, caused by electrostatic
repulsion between the protonated sites. This geometry induced formation of water/ion channels
through the zwitterionic membrane of 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC). No such
channel was formed in the presence of unprotonated PEIs (at high pH), which possessed coil shape

and remained at the bilayer-water interface.
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To probe the stability of PEI/NA NPs in contact with cell membranes, experimental
studies have focused mainly on the role of cell-surface glycosaminoglycans (GAGs). GAGs carry
high anionic charge density, and are present on the surface of most cells[15]. Sulfated GAG species
such as chondroitin sulfate (CS), heparin sulfate (HS), dermatan sulfate (DS) and keratin sulfate
(KS) carry higher negative charges that vary in density and position[16]. Hyaluronic acid (HA),
on the other hand, is not sulfated and bears the least net negative charge among GAGs[16]. It has
been suggested that GAGs compete with the NAs in binding to PEIs, and disrupt the integrity of
PEI/NA NPs intended for cell uptake [17], [18]. Meneksedag-Erol et al. [5] based on MD
simulations proposed a 5-stage mechanism for heparin mediated dissociation of PEI/siRNA (short
interfering RNA) NPs: (i) binding of heparin to the NP, (ii) separation of surface PElIs, (iii)
detachment of bridging PEIs, (iv) misalignment between constituent siRNAs, and (v)
disintegration of the NP. Ernst et al [19] studied the efficiency of transfection of various
polymer/DNA NPs including the PEI/DNA NPs in presence of various liposomal surfactants
(DPPG, I-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), POPC, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE)) using different cell lines including cultured human airway epithelial cells (16HBE140-),
COST7 cells and porcine primary airway epithelial cells. Lipids with PC head groups showed some
inhibitory effect on the transfection of PEI/DNA NPs, while those with PE head groups had little
or no effect. Lipids with negatively charged PG head groups, on the other hand, strongly inhibited
the transfection, which was attributed to possible conformational changes of the NPs leading to
different NP sizes unsuitable for transfection.

While some studies probed the integrity of lipid membrane exposed to free PEIs, whether

the lipid membrane components might affect the integrity of PEI/NA NPs and alter their
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configuration has been not explored. Others simulated PEI/NA NP interactions with lipidic
membranes, but not NP stability as it is passing through the membrane[20]. Coarse-grained
simulations were reported on the interaction of NP with membrane, in addition to a review paper
that addressed strategies to tailor the spatial distribution and ordering of the NP at the interfaces
of various systems [21]—-[23]. To the best of our knowledge, this is the first atomistic-level study
that focuses on the stability of PEI/siRNA NPs in contact with representative lipidic membranes.
Experiments and steered molecular dynamics (SMD) simulations were combined to examine the
role of lipid molecules on the integrity of NPs formed by siRNA and PEI. Zwitterionic POPC and
anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) membranes were used as
model cell membranes. A native (unmodified) PEI and a PEI substituted with linoleic acid (LA)
were adopted to investigate the effect of lipid modification, since such lipid modification on PEI
has shown beneficial effects in siRNA delivery [24], [25].

4.2. Materials and Methods

4.2.1. Materials

POPC and POPS lipids were purchased from Avanti Polar Lipids. Heparin sodium from
porcine intestinal was purchased from Sigma-Aldrich (St. Louis, MO). The negative control
siRNA was purchased from Ambion (Austin, TX). SYBR Green II RNA gel stain (10 000X
concentrate in DMSO) was purchased from Cambrex Bio Science (Rockland, ME). Two kDa PEI
and PEI-LA polymers were developed in our group, and the synthesis procedure was previously

described [26].

87



4.2.2. Experimental Procedures

Binding Assay. The binding ability of native PEI and LA-modified PEI with siRNA was
investigated using SYBR Green II dye binding assay in triplicates. Briefly, 0.42 pg of siRNA (in
ddH20) was incubated with various concentrations of the indicated polymers (in ddH,O) for 30
min. Then, 100 pl of SYBR Green Il solution (1:10000 dilution in TAE buffer) was added to the
mixture. The fluorescence intensity was measured using a Fluoroskan Ascent Microplate
Fluorometer with Aex= 485 nm and Aem = 527 nm. The percentage of bound siRNA was estimated
on the basis of the fluorescence intensity relative to the siRNA sample in the absence of polymer

(fluoresecence values taken as 0% binding).

Preparation of Liposomes. POPS and POPC liposomes were prepared using extrusion technique.
First, lipids were weighted to the desired amounts and dissolved in chloroform to obtain 4 mg/mL
solutions. Then, the solvent was evaporated under reduced pressure by a rotary evaporator. The
lipid film so formed was re-suspended in nuclease free water and vortexed with a final lipid
concentration of ~1 mg/mL. The resulting liposomes were extruded ten times through membrane

syringe filters with 220 nm pores.

Light Scattering and Zeta Potential Measurements. Mean hydrodynamic diameter, polydispersity
(PDI), and {-potential of liposomes were measured using dynamic light and electrophoretic light
scattering methods with a Zetasizer (Nano ZS; Malverin instruments, UK), and the measurements

were performed in triplicates.
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Electrophoretic Mobility Shift Assay (EMSA). EMSA was performed to assess the stability of
PEI/siRNA NPs in the presence of POPS and POPC liposomes. The samples were prepared by
mixing 0.28 pg of siRNA (in ddH2O, pH = 7) with unmodified and LA-modified PEI at PEL:siRNA
weight ratios 0f 0.3 and 1, respectively, for 30 min at room temperature. The selected weight ratios
corresponded to 100% binding between siRNA and polymers (based on SYBR Green II binding
assay above). Then, various concentrations of liposomes were added to the samples and incubated
for one additional hour, after which 5 uL of 40% glycerol was added to the samples, and the
samples were run on a 0.4% agarose gel containing SYBR Green II using 100 V for 30 min. The
resulting gels were visualized under UV-illumination. As a control for complete dissociation,
heparin was added to samples where no liposome was present, and it was analyzed by EMSA as
above. A band in which siRNA without any polymers added was also used as a reference. The
dissociation percentage was estimated on the basis of the fluorescence intensity of the identified

bands relative to the free siRNA band. Gels were run in at least 2 independent assays.

4.2.3. Simulated Systems and Procedure

Two types of NPs were simulated, each consisting of 2 siRNA molecules and 6 bPEIs.
The siRNA in the simulations had sense strand of 5'-CAGAAAGCUUAGUACCAAATT-3' with
an antisense strand of 5-UUUGGUACUAAGCUUUCUGTC-3". This siRNA sequence was
specific for P-glycoprotein silencing [27] and it was used in our previous simulation studies. It
consists of 42 nucleotides with a total charge of —40 in its fully deprotonated state. The simulated
native bPEI has a molecular weight of 1874 Da and is composed of 43 amine group. Twenty of

them are protonated, corresponding to the protonation ratio of 47%, which is within the reported
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range (10 to 50% [28]-[32]) of protonation ratio for PEI at physiological pH . Hereafter the NP
formed by the 2 siRNA and 6 native PEIs is referred to as PEI NP. The other simulated NP is
referred to as PEI-LA NP, where each PEI is modified with 3 LA substitutions. The substitution
level is in the practical range used for siRNA delivery[24]. The chemical structures of simulated

polymers as well as model membrane lipids are shown in Figure 4.1.
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Figure 4.1. Molecular structure of the simulated molecules.

Molecular structure of (a) native PEI, where lipid substitution sites are shown with blue arrows,

(b) LA to be substituted to native PEI, and (¢) POPC and POPS molecules.
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The initial structures of NPs as well as POPC membrane were adopted from our previous
study [33]. Specifically, each NP was subjected to 50 ns of MD simulation, and the equilibrated
structure was adopted as the initial configuration for subsequent SMD simulations in this work.
The anionic bilayer of 1016 POPS molecules were constructed using Membrane Builder [34] in
CHARMM-GUI [35], [36]. To equilibrate the membrane structure, the POPS lipids were solvated
with TIP3P [37] water molecules and 150 mM KCI, and then subjected to 50 ns MD simulation

until the area per lipid reached 57.26 + 0.43 A? (data collected from last 20 ns), which is in

agreement with the values reported in literature [38]. The final configuration of the POPS lipid
bilayer was used as the input structure for SMD simulation of the NPs. SMD systems were
prepared by placing each NP above the membrane so that the center of mass (COM) distance
between the membrane and the NP was 8 nm. Initial orientation of each NP was selected in a way
that the axes of its siIRNAs were almost perpendicular to the membrane surface. Following
solvation with TIP3P [37] water and 150 mM KCI, each of the four membrane-NP systems was
equilibrated for 6 ns with a harmonic restraint of 10 kcal mol=' 4~ exerted on the non-H atoms of
the NP. Water molecules were placed at above and below of the membranes. The equilibrated
membrane-NP systems were then used for SMD simulations. Specifically, COM of the NP was
attached to a dummy atom via a virtual spring, which was pulled with a constant velocity along z
direction (perpendicular to the membrane surface), and the force between the COM of the NP and
the dummy atom was calculated. Results reported in this work are on the basis of pulling speed v
=5 4 ns=" and spring constant k = 5 kcal mol=" A~ according to the “stiff-spring approximation”
[39]. Although pulling speeds as low as 0.1 4 ns™ have been used in the literature to determine
the potential of mean force [39]-[41], much larger pulling speeds (as high as 100 4 ns™) have also

been used for qualitative assessment and for making comparisons among different system[42]—
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[45]. In a previous work [33], we investigated the effect of pulling speed and demonstrated the
suitability of using v = 5 4 ns™ for studying structural changes of NPs during membrane
penetration. The length of each SMD simulation is 34 ns for the NP to travel a total distance of

170 A4 . Detailed information on the simulated systems is provided in Table 4.1.

Table 4.1. Details of simulated systems.

System Number Size of Lipid PEI/siRNA Simulation time (ns)
of simulation box no./type on charge
atoms (A% each PEI ratio
PEI NP-POPS 988688 170 x 171 x 340 None 1.5 34
PEI-LA NP- POPS 988662 170 x 171 x 340 3LA 1.27 34
PEI NP-POPC 782077  170x 172 x 270 None 1.5 34
PEI-LA NP- POPC 778742  170x 172 x 270 3LA 1.27 34

4.2.4. Simulation Details

Force field parameters for the PEIs were previously generated and validated by our group
[25] based on the CHARMM General Force Field. For other molecules, CHARMM 36 [46], [47]
force field was used. Molecular simulation package NAMD [48] was used to perform the
simulations in NPT ensemble. Time steps of 2 fs, periodic boundary conditions, and Particle Mesh
Ewald [49] (PME) to calculate long-ranged electrostatic interactions were used for all simulations.
The cut off distance was 12 A for van der Waals and short-ranged electrostatic interactions, and
the SHAKE [50] algorithm was employed to constrain bonds involving H atoms. The temperature
(310 K) was controlled using Langevin dynamic thermostat. To maintain the pressure (1 bar),

Nose-Hoover Langevin barostat with a damping time scale of 100 fs and a Langevin piston
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oscillation period of 200 fs were used [51], [52]. Visualization and analysis of simulations
trajectories were performed using VMD [53].
4.3. Results

4.3.1. Experimental Determination of PEI Binding to siRNA

The percentage of bound siRNA as a function of PEIL:siRNA weight ratio is shown in
Figure 4.2. For both polymers, with increase in PEI:siRNA ratio, the fraction of bound siRNA was
increased. However, 100% binding was achieved at different PEI:siRNA weight ratios, 0.3 for
native PEI and 1.0 for PEI-LA. The results showed that LA substitution impeded siRNA binding
to the cationic PEI. Similar observation was previously reported by Aliabadi et al [24]. It is worth
noting that as lipid substitutions were introduced, the fraction of ‘protonable’ Ns was reduced so
that PEI-LA was less charged as compared with its native counterpart. For the PEI structure shown
in Fig. la where 3 LA substitutions were introduced to each PEI, to obtain the same cationic:
anionic charge ratio, the PEI:siRNA weight ratio would have to be 1.45 times higher for PEI-LA.
Since binding between siRNA and PEI strongly relies on their electrostatic interactions, it is not
surprising to see a larger weight ratio required for PEI-LA to achieve 100% binding. For this
reason, the dissociation assays were carried out using PEI:siRNA weight ratios that corresponded
to 100% binding (0.3 and 1 respectively for PEI and PEI-LA), instead of using the same weight

ratio.
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Figure 4.2. Physiochemical studies on PEI binding to siRNA.

Percentage of bound siRNA as a function of the PEI:siRNA weight ratio from SYBR Green 11

binding assay for PEI (blue) and PEI-LA (red).

4.3.2. Liposome Characterization and Dissociation Assay

The hydrodynamic diameter, polydispersity index and {-potential of the liposomes are
shown in Table 4.2. The size of POPC liposomes was smaller than the POPS liposomes. As
expected, the {-potential of the POPS liposomes was noticeably lower than the POPC liposomes
due to the presence of the additional carboxyl group in POPS. Because of lower {-potential and
presence of -COOH in the POPS liposomes, stronger interaction is expected between cationic
PEI/siRNA NPs and POPS liposomes than between PEI/siRNA NPs and POPC liposomes. The
size and {-potential of PEI/siRNA NPs were not determined in this chapter, since our group

previously reported them to be ~200 nm and ~ 8 mV, respectively [24], [54].
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Table 4.2. Hydrodynamic diameter (dz), polydispersity index (PDI) and -potential (§) of
POPS and POPC liposomes.

Liposome d, (nm) PDI &(mV)
anionic POPS 202.3+4.0 0.262 + 0.01 —32.53 £2.22
zwitterionic POPC 163.6 + 8.0 0.240 £+ 0.03 —18.73 £ 1.71

To investigate the effect of membrane lipids on the integrity of PEI/siRNA NPs, EMSA was
performed by adding liposomes to fully bound PEI/siRNA NPs. The amount of liposome was
gradually increased, and the dissociation percentage was measured (Figure 4.3.). With the addition
of POPS liposomes, the NPs showed some level of dissociation: e.g., with 4 ug of POPS liposomes,
~87% and ~47% dissociation was obtained with PEI and PEI-LA NPs, respectively. However,
complete dissociation was not observed with further addition of POPS liposomes. The dissociation
of PEI-LA NPs with POPS liposomes was consistently lower than the PEI NPs. The addition of
POPC liposomes did not lead to significant dissociation as the percentage of unbound siRNA
remained low (~10 and ~6% for PEI and PEI-LA NPs, respectively), indicating clear differences
between the abilities of POPS and POPC liposomes to cause NP dissociation. To find an atomistic
insight on configurational changes caused by liposomes — NP interactions, SMD simulations were

utilized and the results are presented in the following section.
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Figure 4.3. Physiochemical studies exploring the effect of liposome addition on the integrity
of PEI/siRNA NPs.

Percentage of unbound siRNA as a function of amount of (a) POPS (b) POPC liposomes. EMSA

images of siRNA release from NPs in presence of (¢) POPS and (d) POPC liposomes.

4.3.3. Steered Molecular Dynamics Simulations

Figure 4.4 shows the force profiles during SMD simulations, as a function of COM
position of the NP. The original locations of undeformed membrane surfaces are marked with the
dashed lines. Depending on the distance of the NP from the membrane, the crossing process was
divided into 4 stages: approach (-80 to -60 A), attachment (-60 to 0 A), embedment (0 to 50 A),

and detachment (50 to 90 A). Side-view snapshots of the NPs and the membrane representative of
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each of these four stages are shown in Figure 4.5. During the approach stage, the applied force was
relatively constant and low, corresponding to the dissipative force from the solvent that resists the
movement of the NP. In the attachment stage, the membrane applied an additional force against
the NP movement, which continued to increase during the embedment stage until it reached a
maximum value. Afterward a pore is formed in the membrane structure, and the force decreased
during detachment. For both types of NPs, the magnitude of the force was higher for the POPS
membrane during attachment stage and afterwards, suggesting its stronger interaction with the
NPs. For the same membrane, the force profiles for the PEI NP and PEI-LA NP were overlapping
during the approach, attachment and most of the embedment (up to ~40 A) stages. However, during
the detachment stage, the force was higher for PEI-LA NP, indicating stronger interaction between

the PEI-LA NP and the membrane.

4000 T NP-POPS ;I ' l r
—PEI-LA NP-POPS |
—PEINP-POPC |

3000 —PEI-LA NP-POPC,
I

Force (pN)

-1000 : :
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Center of Mass Position of NP, z(A)

Figure 4.4. Force vs. COM position of the NP during SMD.

The two dashed lines denotes the surfaces of the initial undeformed membrane.
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Figure 4.5. Side-view snapshots of the NP and membrane at different instants of the SMD
simulations.

Different PEIs and siRNAs are represented by different colors. For clarity, water and ions are
removed and only the phosphate (P) atoms of the membrane are shown (in red). The four
snapshots, from top to bottom, correspond to the four stages of NP penetration, namely approach,

attachment, embedment, and detachment.

The integrity of PEI/NA NPs highly depends on the binding between siRNAs and PEI
molecules. Figure 4.6. and Figure 4.7. show the number of PEI N atoms within 4 A of any N/O

atoms of siRNA as a function of COM position of NP for POPS and POPC membranes,
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respectively. The use of 4 A as a criterion is based on the distance in which a direct hydrogen bond
between PEI amines and siRNA N/O could be formed [55], [56]. The number of hydrogen bonds
(HBs) between PEIs and siRNA molecules were shown in Figure B.1 and Figure B.2 (see plots in
Appendix B), which show the same trends. The results in Figure 4.6. and Figure 4.7. (one subplot
for each PEI) thus represent the number of contacts the PEIs make with the siRNAs. Each subplot
has two curves corresponding to the two siRNA molecules. A PEI is defined as’ bridging’ if it has
at least one N atom within 4 A of any N/O atoms of both siRNA molecules, i.e., it is simultaneously
attached to both siRNAs. Other PEI molecules are considered peripheral, as they are attached to
only one of the siRNAs without forming polyion bridges between the two. In all systems, four
PEIs were bridging (labeled as PEI-1, PEI-2, PEI-3 and PEI-4) and two PEIs were peripheral
(labeled as PEI-5 and PEI-6). For the POPS membrane and PEI NP (Figure 4.6a.), interactions of
bridging PEIs with siRNAs showed little changes during approach, attachment and embedment.
However, during detachment, bridging performance of 3 PEIs (PEI-1, PEI-2, and PEI-3) were
weakened, demonstrated by their reduced number of contacts with one or both of the siRNAs. By
the end of the detachment process, PEI-2 and PEI-3 had almost completely lost their interactions
with siRNA-2, starting to change from bridging to peripheral. Peripheral PEIs (PEI-5 and PEI-6)
behaved similarly, where their interactions with siRNAs were increased during attachment and
embedment and decreased during detachment. However, the decrease was more profound for PEI-
6. For the POPS membrane and PEI-LA NP (Figure 4.6b.), interactions of 2 bridging PEIs (PEI-1
and PEI-2) with siNRAs barely changed during all stages, while the other 2 bridging PEIs (PEI-3
and PEI-4) displayed a dynamic trend. For PEI-3, number of contacts it had with both siRNAs
increased during penetration. PEI-4 also showed increased interaction with siRNA-2; its

interaction with siRNA-1 first decreased during attachment and embedment, but recovered during
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detachment. Interactions of the peripheral PEIs (PEI-5 and PEI-6) with siRNAs were stable and
showed little changes.

For the POPC membrane and PEI NP (Figure 4.7a.), bridging PEIs showed a fluctuating
trend, however, no sign of weakened interaction was observed compared with the initial number
of contacts. Peripheral PEI-5 showed an overall increasing interaction with siRNA-1, while the
interaction of peripheral PEI-6 with siRNA-2 had a decreasing trend during detachment. For the
POPC membrane and PEI-LA NP (Fig. 4.7b.), bridging PEIs maintained their interaction with
siRNAs (PEI-4 temporarily lost contact with siRNA-1 during embedment but the interaction was
recovered during detachment). Peripheral PEI-5 had a stable interaction with siRNA-1 while there

was slight decrease in the interaction between PEI-6 and siRNA 2.
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Figure 4.6. Dynamics of PEI binding to siRNA while interacting with POPS membrane.

Number of PEI Ns within 4 A of any siRNAs N/O atoms as a function of COM position of NP
while crossing the POPS membrane, (a) PEI NP and (b) PEI-LA NP.
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Figure 4.7. Dynamics of PEI binding to siRNA while interacting with POPC membrane.

Number of PEI Ns within 4 A of any siRNAs N/O atoms as a function of COM position of NP

while crossing the POPC membrane, (a) PEI NP and (b) PEI-LA NP.

These changes in PEI configurations could lead to structural changes in NP, thereby
affecting the integrity of NP during penetration. Hence, configurational changes in NPs were
quantified by calculating the gyration radius (R,) of the NPs, and the COM distance and relative

angle between the two siRNAs. Results are shown in Fig. 8 for the POPS (left panel) and POPC
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(right panel) membranes. With POPS membrane, R, (Figure 4.8a) was relatively constant for both
NPs during the approach stage, decreased during attachment and embedment, and increased during
detachment. This suggests that each NP experiences some level of compaction during attachment

and embedment, while “recovering” from their compacted structure during detachment.
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Figure 4.8. Structural changes of NPs during the SMD simulation.

Structural parameters for NPs crossing the POPS (left panel) and POPC (right panel) membranes:
(a, d) Gyration radius of the NP, (b, €) COM distance between the two siRNAs, and (c, f) the
relative angle between the two siRNAs, each as a function of the COM position of the NP.

The compaction of NP could occur in two ways, first through the reduction in COM distance

between the two siRNAs, and second through the contraction of the PEIs. The COM distance
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between the 2 siRNAs is plotted in Figure 4.8b. For both types of NPs, the COM distance hardly
changed during the approach, attachment and embedment. During detachment, distinct behaviors
were observed for the two NPs: while the COM distance increased significantly for PEI NP, it
decreased for PEI-LA NP. To quantify the role of PEIs on the observed NP compaction and
recovery, R, of each NP are plotted for the POPS (left panel) and POPC (right panel) membranes
(Figure 4.9.). For POPS membrane and PEI NP, R, of all PEIs were constant during the approach
stage. During attachment and embedment, R, of 2 bridging PEIs (PEI-2 and PEI-4) and 1
peripheral PEI (PEI-6) remained constant while that of the other 2 bridging PEIs (PEI-1 and PEI-
3) and 1 peripheral PEI (PEI-5) decreased. Together with the stable COM distance between the
two siRNAs, it can be concluded that the compaction of the PEIs gave rise to the overall reduction
in the R, of the NP. During detachment, R, of 3 PEIs (PEI-2, PEI-4, and PEI-5) were almost
constant whereas R, of the other 3 PEIs experienced slight increase. The increase, compared with
the change in COM distance between the siRNAs, is small, and the increase in Rg of the NP was
primarily due to the increased separation of the siRNA. For POPS and PEI-LA NP, similarly, R,
of all PEIs were constant during the approach stage. During attachment and embedment, R, of 3
PEIs (PEI-2, PEI-3 and PEI-5) showed a decrease, while R, of 1 PEI (PEI-4) displayed a slight
increase. Rg of PEI-6 showed a fluctuating trend, where it first decreased up to the COM position
of 0 A, and then increased afterward. Considering the insignificant changes in COM distance
between the siRNAs, the compaction of NP is again through the contraction of PEIs. During
detachment, R, of 4 PEIs (PEI-1, PEI-3, PEI-5, PEI-6) show an increase, while changes in R, of
the other PEIs was small. Considering a slight decrease in the COM distance between siRNAs, the

recovery of the compacted NPs was mostly caused by the relaxation of the PEIs.
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Figure 4.8c. shows the relative angle between the two siRNAs for POPS, as a way to
quantify changes in siRNA alignment during membrane penetration. Previous studies suggested
that misalignment may impact NP integrity by increasing the accessible area between the two
siRNAs, which allows destabilizing compounds to interact with the NP core [5]. The relative angle
(0) was defined and calculated based on two vectors, one in each siRNA. 8 = 0° indicates parallel
orientation, whereas 8 = 90° corresponds to perpendicular orientation of the siRNAs. For PEI NP,
6 underwent some initial fluctuations but showed an increasing trend during detachment,
corresponding to increased misalignment between the two siRNAs. For PEI-LA NP, 6 was stable
during approach but gradually decreased throughout the attachment, embedment and detachment
stages. Eventually the two siRNAs formed an almost parallel orientation (6~4°). Such an
alignment limits the interaction between membrane molecules and the PEIs at the center of the NP

serving as polyion bridges, thereby protecting the PEI-LA NP from dissociation.
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Figure 4.9. Gyration radius of the PEIs as a function of COM position of NP crossing the
POPS (left panel) and POPC (right panel) membranes.
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Corresponding results for the POPC membrane are shown in Figure 4.8d, e, f and Figure
4.9c, d. Table B.1. summarizes the changes in the structural parameters for the two types of NPs
and two membranes. The key differences between POPC and POPS membranes are shown in red
color, which mainly occur during detachment. For POPC in this stage, R, of PEI NP increased to
about the initial value, while it increased to 1 A more than the initial value for the PEI-LA NP.
The COM distance between siRNAs of both NPs exhibited no significant increase, indicating NPs
retained their integrity. No noticeable change in 8 was observed for PEI NP, while PEI-LA NP
again formed an almost parallel orientation. Comparing the results in the right panels of Figure
4.8. and Figure 4.9., for PEI NP there was a clear correlation between R, of the NP and the COM
distance between the siRNAs, while R, of individual PEIs were almost constant. This suggests that
the compaction and recovery of the PEI NP while crossing the POPC membrane were both due to
changes in the siRNA separation. On the other hand, the compaction and recover of PEI-LA NP

depended more strongly on the configurational changes of the PEIs.

4.4. Discussion

The stability of PEI/siRNA NPs en-route to cells is crucial for an effective therapeutic
outcome [57]. If the NP integrity is disrupted before uptake, the siRNAs will get exposed to
surrounding environment prematurely, and the efficacy of delivery will reduce significantly [5].
Approximately 50% of cell surface is composed of lipids including anionic and zwitterionic
species [58]. NPs during their cellular uptake are bound to interact with the charged lipidic
groups[59]-[64]. It has been suggested that DNA is released from lipoplexes through electrostatic
neutralization of cationic membranes by anionic lipids [61]. To assess NP integrity in the presence

of membranes’ lipids, representative anionic (POPS) and zwitterionic (POPC) liposomes have
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been employed in this study. The results from {-potential measurements confirmed that POPS
liposomes had higher negative charge than the POPC liposomes, which provide stronger
electrostatic interaction with cationic NPs. Experiments of Kwolek et al.[13] on interaction
between bare PEIs and liposomes showed that cationic PEIs did not interact strongly with
zwitterionic POPC liposomes, and that the change in the {-potential of POPC liposomes treated
with PEIs was insignificant. On the contrary, {-potential of the anionic liposomes of DOPA/POPC
became positive after the addition of PEls, indicating adsorption of the PEIs on the liposome
surface. Recently, Gurtovenko[20] using MD simulations investigated the interactions between
DNA/PEI NP and POPC membrane. In line with experimental observations, their simulations
showed that the free energy gradually increased as the NP approached the surface of POPC
membrane, indicating lack of attractive NP/membrane interactions. In our work, because of
stronger interaction between anionic liposome and cationic NPs, POPS liposomes caused partial
dissociation of both types of NPs in the EMSA experiments, while no dissociation was observed
with the zwitterionic POPC liposomes. Our SMD simulations showed that both membranes
induced configurational changes in both NPs. However, in line with the experiments, the structural
changes caused by POPC was small while the POPS membrane significantly disturbed the
structure of simulated NPs, evidenced by substantial increase in their siRNAs separation distance.

Besides lipids, the cell membrane contains other molecules that can interact with
polymeric NPs to affect their dissociation. An example of such molecules is GAGs, among which
heparin is known for its ability to destabilize polymeric NPs [54]. Liposome-induced dissociation
may follow a different process than dissociation caused by the GAGs such as heparin. With

increasing concentration of GAGs, complete disintegration of the NA cargo is common [18], [54].
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On the contrary, even at highest concentrations of liposomes used here, complete dissociation was
not observed in our work.

The presence of different membrane lipids can affect the resistive forces against the NP
penetration. From atomistic point of view, these resistive forces originate from several types of
interactions that stabilize the lipidic membranes. Interfacial tension caused by hydrophobic effect,
steric repulsion between aliphatic chains, van der Waals interactions, HBs and electrostatics in the
lipids' head group region, to name a few [65]. Here, since POPS and POPC membranes are
difference from each other only by a -COOH group on POPS, stronger intermolecular interactions
caused by formation of more HBs between POPS lipids is expected, consistent with the difference
in the phase transition temperature of 13[66] and -3 °C[67] for POPS and POPC, respectively.
The extra HBs can be formed between O of -COOH and hydrogen of -NH> on the adjacent lipid.
Consistently, our simulations showed that resistive force for NP penetration into the POPS
membrane was higher than the POPC membrane. Additionally, the presence of -COOH on POPS
facilitates formation of more HBs between its surface and NP as quantified in Fig. B2, which
provided additional resistance against the NP penetration. The HB curves mostly correlate with
the force profiles, with higher number of HB leading to larger force. An exception to this was the
PEI NP-POPS and PEI-LA NP-POPC systems. While the number of HBs is higher for the former
system, their associated force profiles were comparable during the detachment stage. During
detachment, R, of the NPs in the PEI NP-POPS and PEI-LA NP-POPC systems were ~25.5 and
~26.5 A (Figure 4.8a, d.), respectively. Considering stronger membrane deformation caused by
the larger size of PEI-LA NP penetrating into the POPC membrane, the results suggest that more
lipid-lipid interaction between POPC lipids needs to be broken, thereby increasing the force in the

PEI-LA NP-POPC system.
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Lipid substitution on PEIs can affect the stability of NPs and their ability to resist dissociation.
We and others unequivocally demonstrated that binding of bare PEI to NAs in solution is superior
to lipid substituted PEIs at the same PEI:siRNA ratio. However, dissociation of the NPs by POPS
liposomes was easier for the PEI NP compared to the PEI-LA NP. It has been suggested that
integrity of PEI/NA NPs are highly dependent on polyion bridging and its strength, where PEIs
establish contact with multiple NA[68]. Figure 4.10. shows, for each bridging PEI in each
simulated system, changes in its average number of N atoms within 4 A of any N/O atoms of the
siRNAs, based on calculations for the first and last 5 A of the penetration process. For both
membranes, bridging PEI Ns of PEI-LA NP either maintained or increased their interactions with
siRNAs, while bridging PEI Ns of PEI NP behaved differently for the two membranes. For the
POPS membrane, interaction of PEI-1 Ns of PEI NP with siRNAs was weakened considerably,
while the total number of N of PEI-2 and PEI-3 in close contact with siRNAs remained relatively
constant. However, the bridging performance of these two PEIs were weakened, as shown in
Figure 4.6a., and they showed trend of becoming peripheral rather than remaining bridging. For
the POPC membrane, on the other hand, bridging PEI Ns of PEI NP retained their interaction with
both siRNAs. Our SMD simulations of NP penetration through the POPS membrane also showed
insignificant changes in the angle between the two siRNAs in the PEI NP, accompanied by a large
increase (up to 20%) in siRNA COM distance during detachment. On the other hand, PEI-LA NP
showed a slight decrease in sSiRNA COM distance and a significant alignment of the two siRNAs,
forming almost parallel orientation as the NP detached from the membrane. The results indicate
that PEI-LA NP was able to better retain its integrity compared with native PEI NP, consistent

with observations from EMSA experiments.
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Sun et al.[25] previously explored the complexation mechanism for NPs derived from
lipid-substituted PEIs using MD simulations, and found a high degree of correlation between the
length of lipid chain and stability of the NPs; long-chained LA led to a more compact structure as
compared to short-chain caprylic acid. Figure B.4. shows lipid associations between PEIs of PEI-
LA NPs during penetration into the membranes. Lipid associations was quantified based on the
number of pairs of lipid Cs that are closer than 5 A between each pair of PEIs. Here, lipid
association was formed only between the bridging PEI-2 and peripheral PEI-5. The associations
follow a decreasing trend, where during detachment, associations were completely lost in the
POPC membrane, while it was strongly weakened in the POPS membrane. Since in practical
application excessive polymer will be used to form the NP with siRNA, associations are expected
to occur between more pairs of PEI-LAs. To disintegrate the PEI-LA NP, these extra lipid
associations need to be weakened and broken first, which requires stronger force and larger energy.
These lipid associations therefore provide an additional protection mechanism against dissociation

of PEI-LA NP, while PEI NP lacks this extra protection.
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Figure 4.10. Average number of Ns of bridging PEIs within 4 A of siRNAs N/O atoms during
the first and last 5 A of the penetration.

The anionic lipid molecules abundant in cell membranes may also contribute to dissociation
of NPs within the cytoplasm, given that when NPs undergo endocytosis, a layer of encapsulating
lipid bilayer will be formed around them [69]. Some NPs may also employ direct penetration to
enter the cells through various methods involving diffusion, permeation and pore formation [33].
Upon NP entry into cells, siRNAs need to be released from their carriers for the Argonauts proteins
and guide strand of siRNA to form RNA-induced silencing complex (RISC)[70]. Presence of
POPS lipids might contribute to disintegration of NPs during endosomal escape. It has been
reported that the percentage of PS lipids varies from being ~8.5% in the early endosome to 2.5-3.9
% 1in the late endosome[71]. Unlike dissociation during cell entry, NP dissociation during
endosomal escape can be beneficial to release the NAs for transport to appropriate sub-cellular

sites. Our SMD simulations showed that anionic POPS membrane substantially disturbs the
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integrity of siRNA/PEI NPs especially at the end of its membrane crossing and this methodology
may help to understand lipids that contribute to release of siRNA in cytoplasm.

Liposomes are often utilized as a model for membrane interactions, but an important factor
that may affect such interactions might be the size of liposomes used in the experimental systems.
In our case, it is possible that the integrity of PEI/siRNA NPs might be differentially affected by
the size of the liposomes. This issue was not explored in this chapter. With increase in liposome
size, other effects such as wrapping of NPs, aggregation, pore formation, and deformation of
liposomes might occur that need to be systematically evaluated [3], [72]-[74]. Here, we have used
liposomes with relatively similar sizes to that of our PEI/siRNA NPs to avoid the aforementioned
effects. It is of interest to evaluate the effect of liposome size on the stability of both PEI/siRNA
NPs and liposomes. As pointed out by the anonymous reviewer, large liposomes or vesicles might

be more representative of effects occurring at relatively flat cell membranes.

4.5. Conclusions

Using a combination of experiments and SMD simulations, integrity and configurational
changes of siRNA/PEI NPs were assessed during their interaction with model membranes derived
from POPC and POPS. We investigated two polymeric carriers for siRNA delivery, unmodified
and LA-substituted PEIs. Binding experiments showed that at the same PEI/siRNA weight ratio,
siRNA bound better with the PEI compared with PEI-LA, and higher polymer:NA ratio was
required for LA-modified PEIs to provide full siRNA binding. POPS liposomes induced partial
dissociation of both types of NPs whereas POPC liposomes lacked such an ability. SMD
simulations showed that the NPs had stronger interactions with the POPS than with POPC
membrane, evidenced by the formation of more HBs with the POPS membrane. Consequently,

larger structural changes were experienced by the PEI NP penetrating the POPS membrane,
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showing signs of NP destabilization. In addition, we found that lipid substitution on PEIs enhanced
the stability of the NPs during membrane discharge. Lipid association among PEIs of PEI-LA NP
as well as parallel orientation between its siRNAs provide an additional protection against the NP
disintegration. Our complementary experimental and simulations data provide a unique insight
into integrity and configurational changes of siRNA/PEI NPs during membrane crossing, which

can facilitate the design of more efficient carrier for NA delivery.
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5.1. 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
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[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-
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 (IPEI) 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
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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.

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
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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 PElIs, 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 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 chapter. 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
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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.

5.2. Methods

5.2.1. 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 Figure 5.1a. 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 5.1). The other simulated NP
was denoted as PEI-LA NP in Table 5.1, 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 equilibrated structure of each NP was adopted as
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the initial configuration of the NP for SMD simulations of membrane penetration (see Appendix

C, Figures CI1 and C2).

Three membrane lipids, POPC, DPPC and DLPC, were used, and their chemical structures are
shown in Figure 5.1b. Among these lipids, DLPC has the shortest lipid tails (12:0, 12:0), where
the first indices represent the number of C atoms in Snl 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 4% and 63.21 +
0.53 4? (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 Appendix C, Figures C3-C6).

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 sSiIRNAs were almost perpendicular to the
membrane surface. 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 ! A~ 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
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with a constant velocity along the z direction perpendicular to the membrane surface. The pulling
speed v =5 A ns! and spring constant k = 5 kcal mol! A were used. In the literature, pulling
speeds in the range of 0.1 to 100 A ns™! 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 the effect of pulling speed and showed that v =5 A ns! was suitable
for studying membrane penetration of NPs. Each SMD simulation took 34 ns for the NP to travel
a total distance of 170 A. In Table 5.1, 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.

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. Water
molecules were placed at above and below of the membrane. Each of the six membrane systems
was then subjected to 64 ns MD. These systems are labeled in Table 5.1 as POPC (PEI NP), DPPC

(PEI NP), DLPC (PEI NP), POPC (PEI-LA NP), DPPC (PEI-LA NP) and DLPC (PEI-LA NP).
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Figure 5.1. Molecular structure of the simulated molecules.

(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 5.1. Detailed information of the simulated systems.

Sysem N O onbes noJopean Tt Simlation
(A% each PEI
PEI NP 85640 90x100x100 None 1.5 40
PEI-LA NP 93691 100x90x100 3LA 1.27 40
PEI NP-POPC 990451 160 x180x340 None 1.5 34
PEI NP-DPPC 1018962 160%200%340 None 1.5 34
PEI NP-DLPC 1015417 180x%170%340 None 1.5 34
POPC (PEI NP) 658088 160x180%230 - - 64
DPPC (PEI NP) 632815 160x200x320 - - 64
DLPC (PEI NP) 633654 180%170x220 - - 64
PEI-LA NP-POPC 990473 160 x180x340 3LA 1.27 34
PEI-LA NP-DPPC 1019002 160x200%340 3LA 1.27 34
PEI-LA NP-DLPC 1015459 180x170%340 3LA 1.27 34
POPC (PEI-LANP) 572647 160x180%200 - - 64
DPPC (PEI-LA NP) 606802 160x200%310 - - 64
DLPC (PEI-LA NP) 605079 180x170%220 - - 64

5.2.2. 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) in x, y, and z directions were applied.

Particle Mesh Ewald [50] (PME) method was employed to calculate long-ranged electrostatic
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interactions. The cut off distance was set to 12 A 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 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.

5.3. Results

5.3.1. 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 Figure 5.2 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
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its lower resistance against pore formation due to its shorter thickness (Appendix C, Figure C4)

and weaker hydrophobic-hydrophobic interactions among its lipid tails.
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Figure 5.2. Positions of P atoms in the (blue) upper and (red) lower leaflets of membranes

(a) POPC (b) DPPC and (¢) DLPC membranes during penetration of the PEI NP.
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5.3.2. 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, 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 Figure 5.4 (see Appendix C, Figure C7 for calculation
details). For each membrane, Figure 5.3 shows the distribution at three stages: when the membrane
was initially undisturbed, when the pore was 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 1) corresponded to the edge of the formed pore where the lipids
accumulated, representative of the pore size. The second peak (location denoted by 72)
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. 71 was found to be
~26, ~30 and ~33 A 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 7>
were ~52, ~57 and ~58 A for POPC, DPPC and DLPC, respectively. The largest r» for DLPC

was consistent with its largest pore size, i.e. 71, among the three membranes. Compared with
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DPPC, POPC showed smaller values for both » and >, while the difference in > was more
significant. Consulting Figure 5.2, 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 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.

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, the probability
distribution (PD) of the angle formed between Snl and Sn2 acyl chains was monitored. To this
end, an angle (0) was defined between two vectors each associated with one acyl chain (see Figure
C8 for details). § = 0° corresponds to parallel orientation between Snl and Sn2 chains, whereas 0

= 90° represents perpendicular orientation between them. Figure 5.4 shows the PD of 0 at 0, 20,
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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
Figure C4). 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 Appendix C, section C5), which may impact the configurational changes of the NP during its

entry.
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5.3.3. Interaction between membrane and PEI NP

To evaluate the interplay between PEI NP and the membranes, pulling force and structural
parameters of the NP during SMD were monitored. Figure 5.5a 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 (Figure C9). 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 membrane lipids were still attached to the NP (Figure C9).
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 (Figure C4) 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 7 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 A), where the force was higher for POPC.
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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 Figure 5.2.
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Figure 5.5. Structural changes of NPs during the SMD simulation.

(a,d) Force profile, (b,e) gyration radii and (c,f) dcom distance between the two siRNAs, as
functions of COM position of the NP.
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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 Figure 5.4. To
monitor the configurational changes, R, of the NP and COM distance between the two siRNAs
(dcom) were assessed as a measure of NP compactness (Figure 5.5b and 5.5¢). 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 (Appendix C, section C7). For all
membranes, both R, and dcom showed an initial decreasing trend, 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 Ry 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 R, showed a positive correlation with the size of the established pore (Figure 5.3). (R¢)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 (Figure 5.5a), the size of the established pore was larger, and (Rg)min of NP
was larger. After reaching the minimum of R, and dcowm, the NP behaved differently for the three
membranes. For POPC, both R; and dcom displayed full recovery to their original values during

NP exit. For DPPC, NP showed little recovery from its compacted configuration. For DLPC, R,
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was fully recovered, while dcom showed only partial recovery. The high alignment between the
lipids of DPPC (as shown in Figure 5.4) caused the NP to retain its compressed configuration,
while the less alignment of the Snl and Sn2 chains in POPC allowed more space for the NP to

relax and recover during membrane crossing.

5.3.4. 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
(Figure 5.6a), one side of the bilayer deformed more and moved along with the NP as it exited;
while in the latter case (Figure 5.6b), 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 (Figure 5.6¢) exhibited asymmetric pore
formation, while DPPC (Figure 5.6d) and DLPC (Figure 5.6¢) showed symmetric pore formation.
A quantitative measure of pore symmetry at the end of pulling process (34 ns) is provided in SI,

section S8.
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Figure 5.6. Schematic of two types of pores:

(a) asymmetric, (b) symmetric, and side-view snapshots at 34 ns for (¢) 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. Figure 5.7 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 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 lower leaflet in Figure 5.7). This imbalance increased

the probability of lipid flip-flops between the leaflets. By 64 ns, lipid translocation from the lower
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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.

a b. c
50 50
30/ 30!
o 0
30 30
60" 60
90+ 90+
4120} () ns od 420} () s 4200 () ne
150 - - : - - - ’ -150 -
90 70 -50 30 -10 10 30 50 70 90 .90 -70 50 -30 -10 10 30 50 70 90 90 -70 -50 -30 -10 10 30 50 70 90
50, 50
30 30
—_
oL 0 o
S
o 30 -30
g 60" 60
= 90 -90
o 120/ 25 s 1201 25 ns 12075 pg
5 150 - ‘ ‘ -150 — 50 : —
° 90 70 -50 -30 -10 10 30 50 70 90 90 70 -50 -30 -10 10 30 50 70 90 -90 -70 -50 -30 -10 10 30 50 70 90
i)
= 50 50
- - )
8 30 -t 0
=30 .30
60 60
90 -90
1200 40 ns 1201 40 ng 120740 ns
— 50— -

-150 L
-90 -70 -50 -30 -10 10 30 50 70 90 90 -70 -50 -30 -10 10 30 50 70 90

501

30/
0,

30

60/

| 120

120164 ns 'zzo 64 ns 450 04 1S o

"0 70 50 30 410 10 30 50 70 % 90 70 50 30 <10 10 30 50 70 90 90 -70 -50 -30 10 10 30 50 70 90

x-position of P atoms (A) x-position of P atoms (A) x-position of P atoms (A)

Figure 5.7. Position of P atoms in the (blue) upper and (red) lower leaflets of membrane

(a) POPC (b) DPPC and (c) DLPC membranes during pore recovery.

142



Depending on the types of the formed pore (symmetric or asymmetric), the process of
resealing differed. Figure 5.8 shows a simplified schematic of pore resealing process. For an
asymmetric pore (Figure 5.8a), 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 Figure 5.8a).
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.
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Figure 5.8. Process of pore resealing

for (a) an asymmetric pore, and (b) a symmetric pore.
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For the symmetric pore (Figure 5.8b), 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 Figure 5.8b). 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. 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 C3 in the Appendix C 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.

5.3.5. 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 Appendix C (Figures C16-C17). 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 (Figure 5.5d). Figure 5.9 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
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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 (Figure

5.4) as compared to DPPC.

Results for R, and dcom of the PEI-LA NP followed a similar trend as the PEI NP (Figure
5.5e and 5.5f), where both NP compaction and relaxation from its compacted configurations were
observed in all membranes. The relative reduction in R, 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, Figure 5.5¢), while compaction in DPPC
and DLPC membranes occurred mostly through the reduction in dcom. The minimum R, was about
the same for all membranes, consistent with the similar pore size of the membranes (Figure C17).
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.

For the PEI-LA NP, POPC displayed symmetric pore formation while DPPC and DLPC exhibited
asymmetric pore formation (Figure 5.10a, b, ¢). As shown earlier, when the PEI NP penetrated the
bilayers, the 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 (Figure 5.10d, 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
Figure 5.7 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 C3. 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
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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 Appendix C, section C8) 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.

20 ns 20 ns 20 ns

34 ns 34 ns 34 ns

Figure 5.9. Side-view snapshots of PEI-LA NP crossing the membranes

(a) POPC, (b) DPPC and (c) DLPC membranes at different times 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.
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Figure 5.10. Side view snapshots at 34 ns of the SMD
for (a) POPC, (b) DPPC and (c) DLPC membranes. 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.
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5.4. Discussion

5.4.1. 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 Snl 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 Snl 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 Snl and Sn2 chains was found to be
narrower in DPPC (long-tail, saturated) than in POPC (long-tail, unsaturated) and DLPC (short-
tail, saturated). Our 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].
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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. 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.

Our 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
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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 and 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. The
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 C3).
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
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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 [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.

5.5. Conclusion

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
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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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6. Modeling Uptake of Polyethylenimine/siRNA Nanoparticles in breast Cancer Cells:

using machine learning
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6.1. Introduction

Gene silencing using polynucleotides aims to silence unwanted genes by blocking the
translation of target messenger ribonucleic acids (mRNAs) [1]. Without a carrier, the anionic
polynucleotides cannot cross anionic lipid bilayers of cell membranes to induce the gene silencing.
Both viral and non-viral carriers can be used to deliver polynucleotides into the cells. Among non-
viral carriers, cationic polymers have the advantage of being easily modified with other functional
groups, making it feasible to tailor their properties for different applications [2]. Polyethylenimine
(PEI) is the most promising and extensively investigated cationic polymer for polynucleotide
delivery [3]. The efficacy of PEI was found to increase with its molecular weight [4]. However,
high molecular weight (HMW) PEIs (~25 kDa) exhibited significant toxicity [4]. Low molecular
weight (LMW) PEIs (< 2 kDa) had an acceptable level of toxicity, but efficacy of its gene delivery
was low [5]. Modification of LMW PEIs with hydrophobic substitutions significantly increased
its cellular uptake [6], [7]. Various hydrophobic substitutions were used to enhance efficacy of
LMW PEIs including cholesterol, phospholipids, hydrophilic alkyl groups such as ethyl octyl, and
aliphatic lipids including caprylic, stearic, and linoleic acids [8]-[10]. As a representative
example, Neamnark et al.[10] studied the delivery and transfection efficiency of 2 kDa PEI
modified with different hydrophobic substitutions. They observed that these modifications
significantly increased cellular uptake compared with unmodified native PEI [10]. The beneficial
effect of the hydrophobic modification was shown to depend on both the type and level of the
substitution [7].

A number of studies attempted to address the role of lipids in the delivery efficiency of
hydrophobically modified PEIs [2], [4], [11], [12]. Meneksedag-Erol et al. [4] using molecular

dynamics (MD) and experimental tools studied LMW PEI modified with short propionic acid

161



(PrA), focusing on the role of level of substitutions. They observed the highest surface
hydrophobicity and surface charge density of the PEI/siRNA nanoparticle (NP) at an intermediate
substitution ratio; substitution level beyond this optimal value induced migration of PrA towards
the NP center and had a deleterious effect on both uptake and silencing. Experimental study of
Neamnark et.al.[10] showed that at a similar substitution level, PEI modified with linoleic acid
(LA) had a higher transfection efficiency than PEI modified with caprylic acid (CA). These two
hydrophobes differ in their length, i.e., number of hydrophobic carbons. These studies highlighted
the dependence of PEI’s delivery performance on the properties of grafted lipids. However,
exhaustive parametric study, experimentally or numerically, on all PEIs and their derivatives is
time-consuming and impractical. Additionally, significant amount of experimental data already
exists in the literature on modified PEIs but have not been critically analyzed to explore universal
relationships between the physicochemical features of the carriers and their efficiency in delivering
polynucleotides.

Machine learning methods can help determine complex relationships between participating
factors and desired targets, providing a means to predict the outcome without the need to perform
extensive testing. In recent years, chemoinformatics methods including quantitative structure
activity/property relationship (QSAR/QSPR) have been utilized to predict the activities/properties
of'a given compound as functions of its molecular substituents [13]. The core assumption in these
methods is that variation in the biological activities of a compound is correlated with changes in
its molecular structure. To date, there have been only two studies that utilized QSAR method to
correlate molecular properties with cellular uptake of NPs. Both studies examined the cellular
uptake data of cross-linked iron oxide (CLIO) NPs from Weissleder et al. [14]. Fourches et al.[15]

developed a QSAR model to predict the uptake of CLIO NPs, with a variety of small organic
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molecules decorating their surface, by human pancreatic cancer cells (PaCa2). The authors used
150 two-dimensional descriptors for 109 organic compounds, which included surface area,
physicochemical properties (such as the net charge and hydrophilicity), Kier & Hall connectivity
indices, kappa shape indices, atom and bond counts, adjacency and distance matrix descriptors,
molecular charges, and pharmacophore feature descriptors. A 5-fold cross validation k nearest
neighbors (kNN) regression was used as the prediction algorithm. The performance of their model
under optimum condition resulted in R’ value of 0.77. It was proposed that higher cellular uptake
was associated with higher lipophilicity of the organic molecules bound to the CLIO NP. Using
the same dataset, Winkler et al.[16] predicted the cellular uptake of CLIO NPs into PaCa2 and
human umbilical vein endothelial cells (HUVEC) based on machine learning methods. The
dataset, containing 108 data points, was separated into training set (87 data points) and test set (21
data points). Two-dimensional DRAGON descriptors were employed for the decorated CLIO NPs.
Using these descriptors, a linear and nonlinear nano-QSAR model was developed. Eleven
DRAGON descriptors were utilized for the uptake of NP into HUVEC cells, and the R? values for
the best fits were 0.63 and 0.66 respectively for the linear and nonlinear models. For the uptake of
NPs into PaCa2 cell, 19 DRAGON descriptors were used, which resulted in R? of 0.79 and 0.54,
respectively for the linear and non-linear models. Different molecular descriptors were used to
predict cellular uptake in different cell lines, which was related to different uptake mechanisms.
As these two studies used dataset that only involved CLIO NPs, the predictive cellular uptake
models can not be applied to more complex systems such as polymeric-nucleotide NPs.

In this chapter, we applied machine learning methods to predict the cellular uptake of
PEI/siRNA NPs into breast cancer cell lines for the first time. The dataset for this study originated

from published studies in our lab since 2011 that utilized different types of breast cancer cells and

163



an evolving pattern of hydrophobically modified LMW PEls. We selected molecular descriptors
that are easy to interpret by chemists, thereby providing informative guidance for the design of

effective PEI carriers in gene delivery applications.

6.2. Methods

6.2.1. Dataset

The experimental cellular uptake data of PEI/siRNA NPs into various breast cancer cell lines
including MDA MB231, MCF7, AU565, MDA 468, MDA 435, MDA 231 were collected from
previous publications by our group [17]-[23]. A critical strength of the dataset analyzed here is
that all NPs were tested under similar culture conditions in the same laboratory, thereby enabling
direct comparisons across NP formulations. The basic methodology remained the same, where a
scrambled FAM-labeled siRNA was formulated with PEI carriers and the uptake determined after
24 hours using flow cytometry methodology. The dataset was formed from 197 datapoints where
PEI in its native form was the base polymer which was modified with 9 different hydrophobic
substitutions including LA, alpha-linoleic acid (aLA), thioester linkage linoleic acid (tLA), CA,
oleic acid (OA), palmitic acid (PA), lauric acid (Lau), stearic acid (StA), and cholesterol (Chol).
Molecular structures of aforementioned hydrophobic substitutions are shown in Figure 6.1. All
these structures except Chol, differ mostly in terms of their length, type of carbon bonds (saturated

vs. unsaturated), number of unsaturated carbon bonds, and presence of thioester bonds.
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LA L,LJ\/\/\/\/W\/\/\
OA L'LJI\/\/\/\/'\/\/\/\/\

PA

Lau

CA

Figure 6.1. Molecular structure of hydrophobic substitutions used in this chapter.

6.2.2. Descriptors

Molecular descriptors were selected to capture the key parameters in the preparation of
PEI/siRNA NPs while ensuring easy interpretation by chemists. Considered descriptors and their
symbolic notations are shown in Table 6.1. Three descriptors namely N¢, Nuns and Nwio Were

generated by multiplying two other descriptors as shown in Table 6.1. The purpose of such an
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approach was to add complexity and non-linearity to the descriptors before modeling. The output
was logarithmic value of the cellular uptake of PEI/siRNA NPs, hereafter referred to as y (y = log

(cellular uptake)).

Table 6.1. Descriptors used to model cellular uptake of PEI/siRNA NPs.

Descriptor Definition Range

M, MW of PEI (kDa). 0.6-2

T PEI to siRNA weight ratio; determines the net charge of NP and the amount of bound 510
siRNA.

BCso PEI to siRNA weight ratio required for 50% binding of a given siRNA amount; siRNA 0115
solution without PEI is taken as 0% binding.

Ngub Number of amine groups per PEI modified with hydrophobic substitutions. 0-6.9

ne Number of C on each substitution; represents length of the hydrophobic substitution. 0-18

Ne Total number of C on the substitutions in each PEI (ncxnsw); related to NP hydrophobicity. 0-110

Nuns Number of unsaturated C (C=C bonds) on each substitution. 0-3

Nuns Total number of unsaturated C on the substitutions in each PEI (nynsXngup). 0-13

Nihio Number of thioester groups (R-S-C(0O)-R) on each substitution. 0-1

Nihio Total number of thioester groups on the substitutions in each PEI (nioXnsup). 0-7

S Type of hydrophobic substitution; none (native PEI) or one of the 9 types in Figure 6.1. -

CL Type of breast cancer cell line; one of the 6 types described earlier. -

6.2.3. Modeling

The dataset was divided into training data (147 data points), and test data (50 data point).
Training data was employed at the modeling stage while the test data was used to evaluate model
performance. Three different regression models were used, namely random forest (RF), multi-
layer perceptron (MLP) and linear regression (LR). RF is an ensemble of large number of
individual decision trees, where the predicted output is the average of predicted values from each

decision tree. The MLP model was constructed using one input layer, one hidden layer, and one
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output layer (see Appendix D, section D1). The activation function for the hidden layer was the
‘ReLU’ function, while the activation function for the output layer was the identity function [24].
The nodes in each layer were connected to the nodes in the next layer by weights, which were

interactively adjusted during the training in order to minimize the network error. The network error
was calculated ﬁom% |ly(predict) — y(actual)lli + % lwl||3 , where the subscript 2 represents [,

norm, « is a non-negative hyperparameter that penalize large weights (¢ = 0.0001 used in this

work), and w is the weight. LR fits a linear model between y and the independent descriptors in
order to minimize the model error as calculated by ||y (predict) — y(actual) IIE .

Three approaches were employed for the modeling, using different number of descriptors. In
Model type 1, all descriptors in Table 6.1 were directly used, where the two categorical descriptors,
S and Ci, were transformed using a dummy encoding scheme. This created a binary column for
each category (see Appendix D, section D2). Using this approach, these two categorical descriptors
were translated into 16 descriptors, 10 for S and 6 for Cr. Adding the 10 numerical descriptors in
Table 1, the total number of descriptors under Model type 1 was 26. In Model type 2, the total
number of descriptors was reduced using a binary encoder, where S and Cr were encoded by 4-
digit and 3-digit binary numbers, respectively (see Appendix D, section D3). The 4-digit binary
number for S translated into 4 index descriptors denoted as Isub-1, Isub-2, Lsub-3 and Isup-4. Similarly,
the 3-digit binary number for Cy translated into 3 index descriptors denoted as Ice-1, Leen-2 and
Ieeni-3. The total number of descriptors under Model type 2 was 10+4+3 = 17. Although the smaller
number of descriptors lacked the ability to independently describe each type of hydrophobic
substitution or cell line, this approach reduced overfitting and potential dimensionality problems.
When dimensionality increases, the volume of the descriptor space increases, causing the data

points to become sparse, which can be problematic for any models. Using Model type 2, the most
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informative descriptors were identified as the ones showing more than 10% correlation with
cellular uptake, and they were selected for modeling. In Model type 3, the number of descriptors
were further reduced from Model type 2 using backward elimination. In this method, independent
descriptors were entered into stepwise multilinear regression, followed by trial deletion of each
descriptor using a chosen model fit. The descriptor (if any) whose removal gave statistically the
most insignificant deterioration of the model fit was deleted, and this was repeated until no further
descriptors could be eliminated without a statistically significant loss of fit. Afterwards, the

remaining descriptors were used for modeling.

6.2.4. Metrics of model performance

Among various statistical measures for the performance of regression models, we used two
criteria for both the training and test data: squared correlation coefficient usually denoted as R,
and root mean square error (RMSE). Additionally, accuracy of the model was evaluated using an
acceptable difference between the predicted and actual values of y. The overall model Accuracy
was calculated by dividing the total number of accurate predictions (within 25% of the actual

values) by the total number of predictions.

6.3. Results and discussion

6.3.1. Significant descriptors

Model type 2 had a reduced number of descriptors (17) compared with Model type 1 (26
descriptors). Correlation between these 17 descriptors and cellular uptake was calculated using

Pearson correlation coefficient (Table 6.2). The results show that 11 descriptors (highlighted red
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in Table 6.2) had correlation of more than 10 % with the cellular uptake. The other 6 descriptors
had negligible correlation and hence were removed from further modeling using Model type 2. In
Model type 3 where backward elimination was utilized to further remove insignificant descriptors,
a significance level of 5% was selected that corresponded to p-value of 0.05. LR regressor was
fitted using the 11 descriptors identified from Model type 2, and the descriptor with the highest p-
value was examined. If its p-value was greater than the defined significance level of 0.05, the
descriptor was removed and LR was implemented again using the remaining descriptors. The
process continued until the highest p-value from all the remaining descriptors was less than 0.05.
The number of descriptors reduced to 6 after backward elimination, which were r, Isub-1, sub-2, N,

Nuns, and Ninio.

Table 6.2. Correlation of cellular uptake with descriptors used in model type 2.

Descriptor Correlation

with cellular

uptake (%)
My 7
r 23
Lsub-1 27
Lsub-2 27
Isub-3 0
Lsub-4 1
BCso 24
Nsub 33
n¢ 57
Ne 44
Nuns 3 7
Nuns 31
Nthio 13
Nihio 12
Icell‘ 1 2
Icell‘2 4
Icell‘3 8
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With the final numbers of descriptors (26 in Model type 1, 11 in Model type 2, 6 in Model
type 3), the regression models were trained and their performances were summarized in Table 6.3.
Better model performance corresponds to higher values of Accuracy and R’, as well as lower
values of RMSE. For all model types, non-linear models of RF and MLP had a better performance
than the linear model of LR. The model with best performance was RF using Model type 2.
However, RF with Model type 3 also showed comparable accuracy while having much fewer
descriptors. Our results therefore suggest that the most significant descriptors were those in Model

type 3, i.e., 1, Lub-1, Tsub-2, Ne, Nuns, and Ninio.

Table 6.3. Performance of different regression models.

Method no. Model  Accurac Accurac R’ R’ RMSE RMSE
descriptors  type y (train) vy (test) (train) (test) (train) (test)

RF 26 1 0.63 0.59 0.70 0.41 0.56 0.77
RF 11 2 0.58 0.47 0.71 0.50 0.56 0.70
RF 6 3 0.60 0.47 0.69 0.46 0.57 0.73
MLP 26 1 0.58 0.57 0.65 0.41 0.61 0.77
MLP 11 2 0.52 0.55 0.51 0.43 0.72 0.75
MLP 6 3 0.50 0.51 0.45 0.42 0.77 0.78
LR 26 1 0.54 0.45 0.54 0.34 0.70 0.81
LR 11 2 0.47 0.53 0.41 0.35 0.79 0.80
LR 6 3 0.45 0.53 0.41 0.39 0.80 0.78

6.3.2. Effect of most significant descriptors

The descriptor r, PEI-to-siRNA weight ratio, usually ranges between 2 and 10 in experiments.
Higher r leads to higher positive charge on the PEI/siRNA NPs, causing stronger interaction with

cell membranes. Additionally, higher r increases the presence of free PEIs that are not bound to
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siRNAs, which might destabilize membrane structure, thereby contributing to the uptake of
PEI/nucleic acid NPs [25]. Boeckle et al. [25] attributed the increase in gene expression observed
with free PEISs to their ability to facilitate proton sponge effect. They proposed that free PEIs could
be internalized into endosomes, which could then merge with vesicles containing PEI/DNA NPs.
These free PEIs subsequently assisted in the buffering of vesicular pH and accumulation of CI™ in
the endosome leading to its rupture.

Unlike the r, the two index descriptors Isuw-1 and Iwp-2 by themselves do not have direct
physical meaning. They are compacted form of the type of hydrophobic substitution, suggesting
that type of hydrophobic substitution plays a significant role in the delivery of siRNA into breast
cancer cells. As a supporting evidence, Aliabadi et al.[26] explored LMW PEIs substituted by
different lipids, as carriers for siRNA-mediated BCRP down-regulation. BCRP is an efflux protein
whose activity has been connected to multidrug resistance in breast cancer treatment. It was shown
that efficacy of siRNA delivery increased significantly with hydrophobic lipid substitutions
ranging from C8 to C18, and that LA- and CA-substituted PEIs were the most effective in both
cellular uptake and BCRP down regulation.

Nc¢ (= nexngup) is @ measure of hydrophobicity introduced to the PEI molecules. Same level of
hydrophobicity can be obtained experimentally by adjusting either the level of substitutions per
PEI (nsu) or the number of C on each substitution (n¢). It is worth noting that backward elimination
in Model type 3 eliminated the descriptor of nc. This indicates that given N¢, n itself does not play
an important role in cellular uptake. Figure 6.2a shows the relation between y and the two
parameters of N. and n., based on experimental data. Reading the plot horizontally at a fixed value

of N¢, the variation in y was small suggesting its insensitivity to n.. Reading the plot vertically, y
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exhibited an overall increasing trend with N¢ for n. of 8 and 12, while no specific trend was

observed for n. of 16 and 18.
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Figure 6.2. Visualization of dataset.

(a) Experimental data (training and test data) for y as a function of N¢ and n.. n¢ values correspond
to caprylic acid (8), lauric acid (12), palmitic acid (16) and linoleic acid (C18). (b) experimental
data for y as a function of Nuns and nuns. nuns values correspond to oleic acid (1), linoleic acid (2),
and a-linoleic acid (3).

The descriptor Nuns was found to be significant to the prediction of cellular uptake, which is a
measure of unsaturation level in the lipid substitutions. To further evaluate the role of Nuns, the
value of 'y as a function of Nups and nuns is shown in Figure 6.2b. The results suggested that for nuns
= 2, between 2 and 3 substitutions per PEI (Nuys = (2-3) X nuss = 4-6) resulted in higher y value,
and substitution level higher than 3 or lower than 2 caused a decrease in y. Because nuns was
eliminated in backward elimination, the optimal Nun,s was expected to be in the same range for
other nuns. This cannot be seen directly from Figure 6.2b due to the lack of data points to cover
wider range of nuns and Nuns, especially since some data points were not considered during training.

Finally, Nmio 1s another important descriptor which represents the total number of thioester

groups on hydrophobically modified PEIs. This functional group can increase the sensitivity of
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NPs to dissociation due its labile nature under aqueous conditions. Strong electrostatic interaction
between cationic polymers and nucleic acids has been shown to benefit the formation of a stable
NP to deliver nucleic acids across cell membranes [27]; however, it was also proposed to limit the
efficacy of polymers due to insufficient unpacking of NPs in the cytoplasm [28]. K.C. et al.[29]
showed that introducing electronegativity (with the addition of thioester groups) along with
hydrophobic tail decreased the binding strength between lipid-grafted PEI and plasmid DNA
(pDNA). Additionally, it was shown that PEI-tLA polymers were easier to dissociate from pDNA

than PEI-LA polymers, which resulted in better delivery performance of PEI-tLA polymers.

6.3.3. Closed-form predictions

Although the LR method exhibited poorer performance than the RF and MLP methods,
a strength of the LR method is that it can provide predictions in closed form. This can be useful in
practical settings where initial screening of the descriptors is done efficiently with relatively low
but acceptable accuracy. Here, closed-form predictions of y generated from LR regressor are
presented for each model type. The coefficient of each descriptor is shown in Table 4, and absolute
value of the coefficient represents significance of the descriptor. For Model type 1 (26 descriptors
in total, notations defined in Appendix D, section D2), 6 descriptors had a coefficient whose
absolute value was greater than 0.5. For Model types 2 (11 descriptors in total), 6 descriptors had
a coefficient with absolute value greater than 0.13. For model type 3 (6 descriptors in total), 3
descriptors had a coefficient with absolute value greater than 0.13. These coefficients are colored
red in Table 6.4. All model types suggested that Nuns and Nemio were significant descriptors. This
indicates that that tLA is an important hydrophobic substitution, being the only substitution that

carries thioester group on its structure. Also, for both Model type 2 and Model type 3, Isuw-1, and
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Lwb-2 were found to be significant. Although these two descriptors cannot directly distinguish
different types of hydrophobic substitutions, some information can be obtained from them.
Examining the binary encoding (Table D3 in Appendix D), 7 substitutions had Isu-1=1 or Lup-2=1
including tLA, PA, StA, LA, aLLA, Chol, and OA, suggesting long lipids are better hydrophobic
modification than short tail lipids (CA, Lau). Among the 6 cell lines, Iauses and Impa 468 had the
smallest coefficient (in magnitude) generated by Model type 1, suggesting insensitivity of y with
respect to these two cell lines.
The closed-form LR prediction of y using Model type 3 is given below:

y=0.10r + 1.24 Lsup-1 + 0.82 Isup-2 + 0.02 N¢ —0.05 Nuns —0.20 Ninio

This equation predicts that y increases with r, Isus-1, Isup-2, and N¢, while decreasing with Nuns and
Nuio. The coefficient in front of Nmi, was negative, which might seem contradictory to the
aforementioned beneficiary effect of thioester group on cellular uptake. However, it should be
pointed out that the descriptors are interconnected; an increase in Nuss can also be associated with
an increase in Isuw-1 or Isww-2 which are accompanied by positive coefficients. Figure 6.3 shows
representative model prediction for y by varying Nc, Nuns and Numio. In these plots, r was set to 5,
based on its most frequent value in the dataset. Index indicators of Isu-1 and Lsun-2 were assigned
1 and 0, because no hydrophobic substitutions in the dataset had value of 1 for both two indices
(Table D4). Figure 6.3 showed that given Ninio, low Nuns and high N. resulted in higher y (uptake)
into breast cancer cell lines. Such parametric study will help better design more potent PEI carriers

for gene delivery applications.
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Table 6.4. Coefficients generated from LR using the three model types.

Descriptor Coefficient Coefficient Coefficient
(Model type 1)  (Model type 2) (Model type 3)
My 0.39 - -

r 0.09 0.10 0.10
Tsub-1 - 0.99 1.24
Tsub-2 - 0.58 0.82
BCso 0.52 0.14 -

Nsub 0.03 —0.02 -
ne 0.05 0.01 -
Nc 0.01 0.02 0.02

Nuns —0.11 —0.10 —0.05

Nuns 0.79 0.16 b

Nthio 0.05 0.37 -

Nithio —0.10 —0.22 —0.20

INone 020 - -
Ica —0.37 - -

ILau —0.12 - -
Ira 0.33 - -

Ista 0.57 - -
Ira —1.15 - -
Ia]A —1.20 - -

Ichot —0.10 - -
Toa —0.68 - -

TiLa 0.047 - -

IMpa MB231 0.32 - -
Imcrr —0.50 - -
Tauses —0.001 - -
ImpA 468 —0.02 - -
ImpA 435 0.33 - -
Impa 231 —0.13 - -
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Figure 6.3. Model prediction for y as a function of Nuns, Ne, and Nino.

6.4. Limitation and future perspective

A common problem in the modeling of biological effects is the limited number of data points
and high number of descriptors. This might lead to overfitting, where the model performs well on
the training data but poorly on the test data. Many experimental studies are also typically
performed under different conditions including cell medium, baseline polymer, polymer
concentration, NP size and charge, number of cells, and instrument used to measure cellular
uptake, to name a few. This issue can be addressed by performing systematic experimental studies
to generate a large dataset, and normalizing the data into unitless quantities to minimize differences
in measurements. The problem of large number of descriptors can be tackled by proper descriptor
selection for model construction as used in our study through Model type 3.

The models generated here could be used to predict the cellular uptake of PEI/siRNA NPs

where the parameters of hydrophobic substitutions are new and untested. Reliable predictions can

176



be made within the ranges of the utilized descriptors. To strengthen the model predictions, new
experimental data especially on the types of hydrophobic substitutions with low number of data
points in current dataset should be added (i.e. wider range of unsaturated lipids with various level
of substitutions (Figure 6.2b)), and then the models need to be retrained. Additionally, our model
suggested that cellular uptake of PEI/siRNA NPs is insensitive to AU565 and MDA 468 cell lines
which needs to be verified with experiments. Another approach is to find more informative
descriptors that provide additional information regarding uptake of PEI/siRNA NPs into cancer
cell lines. An example of such descriptors could be the toxicity level PEI/siRNA NPs. As new
descriptors are added to the models, backward elimination should be employed to test whether the
new descriptors are statistically significant.

Computational methods that give better model predictions are usually in some form of artificial
neural networks, or other non-linear methods such as the RF used in our study. Selection of
methods must take into consideration factors such as the complexity of NPs, number of descriptors
affecting cellular uptake, and complexity of the relation between descriptors and cellular uptake.
The advantage of non-linear methods is that they can find more complex relation between
descriptors and the target (here, cellular uptake), thereby providing better prediction. However, the
disadvantage is that such methods cannot separately describe the contribution of individual
descriptors and can only be used as a black box algorithm. The simpler LR can provide direct
information on the contribution of each descriptor, at the cost of losing accuracy. To improve the
performance of linear methods, more complex descriptors can be generated by imposing non-
linearity. For example, through multiplication of two descriptors as utilized in our study (N¢, Nuns

and Ninio).
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6.5. Conclusions

Machine learning algorithms were employed to model the uptake of PEI/siRNA NPs into
breast cancer cells. A large dataset was compiled composed of experimental values for the uptake
of LMW PEI/siRNA NPs into six breast cancer cell lines, where the PEIs were modified with
different hydrophobic substitutions. Three different regression models namely RF, MLP and LR,
as well as various descriptors were used to construct the models. RF and MLP regression methods
were found to have a better performance, suggesting that non-linear models were better estimators
than the linear model to predict the cellular uptake of PEI/siRNA NPs. Descriptors that had major
contribution to uptake included PEI-to-siRNA weight ratio, type of hydrophobic substitution, as
well as the total number of C, thioester groups and unsaturated C on the substitutions in each PEL
Our study was the first report of quantitative modeling and prediction of cellular uptake of
PEI/siRNA NPs, using chemically interpretable descriptors, which will facilitate the design of

more efficient gene delivery systems.
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7. Overall conclusions, General Discussion and Future Perspectives
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7.1. Overall conclusions

This dissertation investigated the interaction between polymer/siRNA NPs with the cell
membranes through a series of computational studies, along with some experimental studies. I
focused specifically on structural changes of NPs during membrane penetration as well as the
effect of membrane properties on penetration of NPs. The thesis work started with an in-depth
literature review on molecular dynamics simulations studies performed on NPs-membrane
interactions presented in Chapter 2. Majority of the simulation studies investigated the effect of
NP’s physical properties on direct penetration using dissipative particle dynamics (DPD)
simulations, while very few studies focused on all-atom simulations of direct penetration of NPs.
Also, very few studies addressed the dissociation capability of membrane’s surface molecules to
disassemble polynucleotide NPs. The knowledge gaps discussed in this chapter motivated the

studies executed in Chapters 3-5.

Chapter 3 investigated the stability and configurational changes of NPs formed by 6 PEI
and 2 siRNA molecules during penetration into the zwitterionic POPC membranes. Three types of
PEI molecules, namely unmodified PEI and PEIs modified with hydrophobic substitutions of CA
and LA were employed for NP formation. The results showed that HB formation between the PEIs
and the membrane did not cause instability of the PEI/siRNA NPs during the internalization
process. Instead, the results suggested adoption of a “self-protecting” configuration by the
PEI/siRNA NP during membrane penetration, where the NP becomes more compact and siRNAs
become aligned leading to more stable configurations while detaching from the membrane. Among
types of PEI molecules, the PEI/siRNA NP modified with LA showed the smallest structural
change due to its strong intra-particle lipid associations and the resulting rigidity, while NP

modified with CA exhibited the largest structural changes.
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There exist various types of lipid molecules on the cell membrane surface, which can
induce configurational changes of the NP and possibly affect their functional performance.
Chapter 4 focuesd on underestading the role of cell membranes lipids on integrity and
configurational chages of PEI/siRNA NPs using SMD simulations and dissociation experiments.
The NPs was drived from two different PEIs, unmodified LMW PEI and LA-substituted PEI, and
utilized membranes were anionic POPS and zwitterionicn POPC. The experiments showed that
POPS liposomes interacted strongly with both types of NPs, which caused partial dissociation of
the NPs, while POPC liposomes did not induce any dissociation. Consistent with the experiments,
SMD simulations showed a a stronger interaction between the NPs and the POPS membranes than
between the NPs and the POPC membranes. The presence of LA substitutions on the PEIs enhaced
the stability of NPs during membrane crossing; similarly to the results of Chapter 3, lipid
association between PEIs of LA-bearing NPs as well as aligned orientation of the siRNAs provided

protection against their dissociation unlike NPs from unmodified PEL.

Up to this, the role of polymeric structure and its stability upon interactions with lipid
membranes were addressed. However, the role of membrane deformations and its pore closure is
of great importance in studying NP-membrane interactions. Chapter 5 focused on the effect of
NP penetration on the integrity of various membrane models where the acyl chain lengths and
saturation levels were altered. To this end, SMD and MD simulations were employed using three
membrane bilayer built from zwitterionic POPC, DPPC, and DLPC membranes. Studied NPs
formed by 2 siRNA and 6 PEI molecules, where two types of PEI molecules were exploited-
unmodified PEI and PEIs modified with hydrophobic LA substitutions. The results showed that
different membrane lipids could lead to differences in pore formation symmetric vs. asymmetric,

as well as could undergo different levels of pore-mediated flip-flops during its closure.
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Additionally, introduction of LA substitutions onto the PEIs was facilitate pore formation, since
the long LA tails could insert themeseleves into the hydrophobic part of the membrane where the
lipid tails were less aligned. Among simulated membranes, POPC and DLPC had more space
among their lipids compared with DPPC, which promoted the insertion of LA tails and hence NP
entry into the cell. The results reported in this dissertation on several aspects of polymer/siRNA
NPs — membrane interactions enhanced our undertanding of the key properties of polymer siRNA

delivery system , which can help design polymer with better functional performance.

Machine learning methods can help us to extract useful information in terms of identifying
the important descriptors, and also to predict the desired outcome without the needs to perform
extensive experimental testing. Also, many experimental studies already existed, but what can be
learned from generated data is limited due to contribution of various factors on the output target.
To this end, chemoinformatics methods including QSAR/QSPR have been utilized in the literature.
The core assumption of the QSAR method is that the variation in biological activities of a NP is
correlated with changes in its molecular structure. Chapter 6 investigated the cellular uptake of
PEI/siRNA NPs into various breast cancer cell lines, and by using machine learning algorithms a
predictive model using easy to interpret descriptors was generated. The most important descriptors
were found to be PEI-to-siRNA weight ratio, type of hydrophobic substitution, as well as the total
number of C, thioester groups and unsaturated C on the substitutions in each PEI. This chapter was
the first report of quantitative modeling on prediction of cellular uptake of PEI/siRNA NPs, which
provides valuable insight for the design of improved hydrophobic substituents on cationic PEI

polymer.
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7.2. Limitation and future direction to study polynucleotide NP-membrane interactions
While past molecular simulations have provided insight into the interaction of polynucleotide
NP with cell membrane, much remains to be explored. To start, the correct compositions of lipidic
membranes are essential to their better simulation behaviors [1]. Eukaryotic cell membrane
consists of as many as 1000 different lipid species, with variations of aliphatic chain lengths, head
groups and other structures [2]. The frequently used lipid bilayer structures in molecular
simulations are relatively simple and composed of a single or a binary mixture of lipid constituents
(e.g., POPC or POPA). The presence of different components can significantly affect cellular
uptake pathways, and utilizing more complex membrane models by introducing biologically
relevant molecules, such as cholesterol, heparin, and protein receptors will be more realistic.
Additionally, lipid compositions can differ considerably between the two leaflets at the cytosolic
vs. extracellular interfaces [3]. For example, plasma membrane have an asymmetric lipid
distribution, where phosphatidylcholine (PC) and sphingomyelin (SM) are mainly localized in the
extracellular leaflet, whereas phosphatidylethanolamine (PE) and phosphatidylserine (PS) are
exclusively present in the cytoplasmic leaflet [4]. The resulting asymmetry affects the curvature
of the membrane, and can impose a transmembrane electrostatic potential difference [5]. In
addition to asymmetry in composition, the solvent facing the two leaflets are different in terms of
pH, ionic strength, and electric potential [6]. 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
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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 [7] [8].

Protein corona adsorbed on the NPs can substantially influence the NP-membrane interaction.
Along with experiments, molecular simulations can help us address whether the protein adsorption
is beneficial or detrimental for the uptake. For example, the nature of proteins in the corona can
first be identified experimentally based on the biological fluids the NPs come in contact with (e.g.,
Albumin, HAS). Simulations starts providing insight on NP-membrane interaction in presence of
the protein adsorption. However, simulations are at the early stage with focus only on CG
simulations and one type of protein corona. Various types of protein corona exist that can adsorb
on NP surface and affect NP-membrane interactions. Atomistic insights on such interactions will

guide us to design efficient NPs with promoted or inhibited protein adsorption.

One of the general limitations with any all-atom MD simulation is the length and time scales
that make it highly challenging to investigate the dynamics of real-size supramolecular
assemblies. Because of this, computing resources do not allow us to investigate the full-scale
dynamics of complex biological systems. For example, the largest 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 [9]. Therefore, direct quantitative comparisons cannot be made between the simulation
results and the experimental observations. Some significant efforts have been made for the
development of algorithms to overcome aforementioned limitation. These methods include
replica exchange MD [10], SMD [11], simulated annealing [12], or CG [13] to name a few. An
example of CG approaches is DPD. In the DPD method, a cluster of atoms is treated as one soft
spherical bead, whose motion is governed by the interactions among beads and certain collision

rules, thus decreasing the degrees of freedom and enabling larger time steps. However, CG
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methods cause loss of atomistic detail of the simulated systems. To better reveal the complete
picture of complex processes such as cellular uptake is usage of advanced MD approaches in
conjunction with all-atom MD simulations. For example, in Chapter 5, we were able to
determine the role of membrane deformations prvode insight into pore mediated lipid flip-flops

using combination of SMD and MD simualtions.

Current molecular simulations usually study small numbers of factors at a time. In recent
years, with the increase in computational power and available data, machines learning is starting
to be applied in materials design. By studying a large amount of data, this method can provide
consolidated information on what are the dominating factors for NP uptake, and how these factors
mutually influence each other. There is room for integrating machine learning with molecular
simulations to expedite our design of polynucleotide NP-membrane interaction. In Chapter 6,
we were able to generate a predictive model for cellular uptake of PEI/siRNA NP into breast
cancer cell lines. The next step in model development is expansion of dataset through addition
of descriptors and data points in order to provide more accurate cellular uptake prediction. Also,
new output targets can be added into the dataset, and model can be developed to provide more
complex scientific questions. As a representative example, the purpose of PEI/siRNA NPs
delivery is down regulate specific messenger RNAs (mRNAs) involved in signaling, thereby
effectively reducing the intracellular levels of desired proteins [14]. By altering the nucleotide
sequence of siRNA molecules, one can silence a broad range of mRNAs to restore the normal
physiology. In case of breast cancer cell lines, a wide range of targets was identified to silence
breast cancer cells including Src kinase in MDA-MB-231, anti-apoptosis Mcl-1 in the MDA-
MB-435 to name a few [14]. The efficacy of siRNA molecules depends on an effective delivery

system that can transport siRNA into cells and release it into cytoplasm to exert its effect. A new
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dataset can be built using our current descriptors with the addition of cellular uptake as a new
descriptor. The new target for model prediction is the silence efficiency of PEI/siRNA NPs. Such
a model can provide valuable information in terms of polymer modification with the purpose of

better delivery vector for silencing the target proteins.
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APPENDIX A: Supplementary Information for Chapter 3

A.1. Simulation of CA-NP with a Different Initial Configuration

The initial structure of CA-NP discussed in Chapter 3 was generated from a previous study[1]
where the original system contained 4 siRNAs and 18 PEI molecules. Two siRNAs and 6 PEIs
were selected from the original system (already equilibrated) and the COM distance between the
2 siRNA molecules was 32.5 A. In Section 3.3.1 of Chapter 3, it was observed that the CA-NP had
a much looser structure compared with native NP and LA-NP. To ensure that this is not caused by
the specific initial configuration, we conducted a separate simulation with a more compact initial
CA-NP structure. This structure also contained 2 siRNAs and 6 PEIs, but the initial COM distance

between the siRNAs was much closer (27 A).

Figure A.1 shows R, of the CA-NP and COM distance between the 2 siRNAs as a function of
simulation time for this new simulation. The horizontal time axis starts at 5 ns since the NP is
subjected to restrained simulations with little structural changes during the first 5 ns. It is observed
that R, has an initial increase and decrease during the first 15 ns of the simulation, but ultimately
reaches a stable value of 25.45+0.338 A (data collected from the last 20 ns). The COM distance
has a stable value during the first 15 ns of the simulation followed by an increasing trend, indicating
siRNA molecules are moving apart compared to their starting configuration. The COM distance
averaged over the last 20 ns is 29.33+0.556 A. The final equilibrium values of R; and COM
distance are close to those given in the main text which resulted from a very different initial
configuration. Therefore, it can be concluded that the looser structure of CA-NP, compared with
native NP and LA-NP, is not caused by the specific initial configuration but rather due to the steric

hindrance of the bridging PEIs.
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molecules in CA-NP with the new initial configuration.
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A.2. Number of Water-Membrane HB and Water-NP HB

In Section 3.3.2 of Chapter 3, the number of HB between NPs and membrane have been discussed.
Here we show the number of HB between water and the membrane, and between water and the
NPs (Figure A.2). Number of HB between the membrane and water has an almost constant value
during approach and attachment stages followed by an increase during embedment and detachment
stages (Figure A.2a). The increasing trend indicates that initially the membrane surface was not
saturated with the water due to the NP above the membrane. As the NP is pulled through the
membrane to create a pore, the membrane molecules become more exposed to water, leading to

formation of more HB between them.

Number of HB between water and the NP (Figure A.2b) also has an almost constant value during
approach stage, followed by a decrease during attachment and embedment stages, and ultimately
an increasing trend during detachment stage. The initial constant value is caused by the lack of
interaction between the NP and the membrane so that the NP can maintain its interaction with
surrounding waters. As the NP interacts with the membrane, increase in HB between the NP and
the membrane causes the HB between water and the NP to decrease. During detachment, number
of HB between water and the NP increases again, which is consistent with the decrease of HB

between the membrane and NP.
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A.3. Membrane Deformation during NP Penetration

Figure A.3 shows the z and x positions of phosphate (P) atoms of the membrane at selected time
during the penetration. For clarity the position of other membrane atoms are not shown. Similar
trends of membrane deformation are observed for native NP, CA-NP and LA-NP, where the P
atoms rearranged themselves to interact with the polar amine groups of the NPs, and this led to
pore formation that allowed the NP and water to cross the membrane. At the end of the penetration
process (Figure A.3c), the LA-NP has pulled out some lipids which can be seen from the presence
of some P atoms at very low locations along the z-axis. This phenomenon is consistent with Figure
3.4b in Chapter 3 where HB counts between NP and the membrane is higher for the LA-NP

indicating stronger contact between LA-NP and the membrane.

227



"
| 5% m:p“ﬁ“ 5%
20 _¢E % By ?2 ;:{{;‘W

2
Z-position of P atoms(A)

:1 w’-
@ g
m‘;sm.%qt

: e g 5 e R B
20| Pt o ool i 4%

0
Hes 100
a0
0
20}
o
<
@ 10|
§
® ol
b o
£ 0
2
=
i
O 20
-
N
a0
native NP
G LA-NP
< CA-NP
-50 . 1 —— J
100 0 40 80 100
60
40
20 e
- - L PE RO ¢ 8 B 8" ;
< 5 L“«b =9 3 o B 3
w 08 @ ¥o %oy R, i
g 85 P 3
£ A 00 "l , O ;
e oo G
p ol B Py P dg e
u 20 0, 5o Y ,“-L’Jf}?\"m\*’o,,?aﬁn Bl o
= dorc "o 3 ofot . nge S
¢ ©
£ 40
L]
i ax
8 ol B tee ek Yo g o = native NP
= : :
N i CA-NP
80 o 9 .
00 -
-120 : - 1 > L 1 |
-100 0 50 40 20 0 20 40 60 80 100

X-position of P atoms(A)

Figure A.3. Position of phosphate (P) atoms of the membrane at selected time of the penetration
process: (a) 0 ns, COM of NP at —80A, (b) 30 ns, COM of NP at —4A, and (c) 64 ns, COM of NP
at 80A.

228


https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85

A.4. Relative Orientation of siRNAs

In Section 3.3.3 of Chapter 3, the relative orientation of the 2 siRNAs was monitored by measuring
the angle () between two vectors each defined in one siRNA. This vector was defined by
connecting two atoms at the opposite ends of the siRNA, which are C1' of the 18th residue in each
strand. These vectors are schematically shown in Figure A.4. We then measured the angle &

between the two vectors as a function of COM position of the NP.

Figure A.4: Schematic representative of defined vectors. Each color represent one strand of
siRNA molecules. The spheres are C;" atoms of the 18th residue in each strand.
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A.5. Angle between siRNAs of NPs and Unperturbed Membrane Surface

In Section 3.4.1 of Chapter 3, the angle between each siRNA of the NPs and the unperturbed
membrane surface is shown (Figure 3.7) at four locations where snapshots in Figure 3.5 are taken.
Here, we show this angle during the entire penetration process (Figure A.5). For all the three
systems, we have observed the rotation of each siRNA from its relatively upright initial
configuration to a relatively parallel orientation during embedment, and returning to a relatively

upright orientation again during detachment. The upright orientation is more evident in native NP

and CA-NP than in LA-NP.
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A.6. Pore Resealing after Restraint Removal

A series of MD simulations were performed in absence of the pulling force on the NPs. In
particular, for each NP, two configurations obtained from the SMD simulation were selected: (I)
one corresponding to maximum compaction of the NP (minimum R;) and (II) one from the end of
the SMD simulation. Each configuration was used as the initial configuration for a MD simulation
in which the restraint on the COM of NP was removed and the system was simulated for 20 ns.
The time evolutions of COM position of the NP, R, of the NP, COM distance between the two
siRNA molecules and relative angle between the two siRNA molecules were monitored. Figure
A.6 shows the results for initial configuration (I), and Figure A.7 shows the results for initial

configuration (II).

For all the three systems, COM position of NP (Figure A.6a) decreases with time,
indicating that once the pulling force is removed the NP is repelled from the membrane and hence
the induced pore is unstable. During the NP’s separation from the membrane, R, of each NP
(Figure A.6b) increases and the increase is more noticeable for LA-NP. For LA-NP and native NP,
the COM distance between the siRNAs slightly rises (Figure A.6¢), while it decreases for CA-NP.
For all three systems, the relative angle between the siRNAs (Figure A.6d) shows an insignificant
change. Similar repulsion of NP by the membrane is also observed in Figure A.7 with initial
configuration (II). CA-NP has a slight reduction in R, while the change is insignificant for LA-
NP and Native NP. COM distance between the siRNAs is relatively stable for Native NP, while
increases slightly for LA-NP and CA-NP. For all three NPs, the change in relative angle between

the siRNAs (Figure A.6d) is insignificant.
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A.7. Sensitivity of Result to Pulling Speed

To evaluate the sensitivity of our result to the pulling speed, we performed a series of SMD
simulations on the CA-NP using two other speeds of 5 A/ns and 10 A/ns (usual pulling speed was
2.5 A/ns). Figure A.8 displays the force profile, R,, the siRNA separation distance and relative
angle between siRNAs as functions of COM position of the CA-NP. The results show that while
the magnitude of the force rises upon increase in the pulling speed, the qualitative behavior of the
CA-NP is the same irrespective of the pulling speed. Importantly, the same behavior was observed
at all pulling speeds for the gyration radius (compaction of CA-NP), siRNA separation distance,

and change in the relative angle between the siRNAs (siRNA alignment).
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APPENDIX B: Supplementary Information for Chapter 4

B.1. Structural parameters for the two types of NPs and two membranes.

In Section 4.3.3 of Chapter 4, structural parameters of NPs have been discussed. Here, Table B.1

summarizes the changes in the structural parameters for the two types of NPs and two membranes.

Table B.1. Changes in structural parameters of PEI/siRNA NPs during four stages of membrane
crossing process. Key differences between POPS and POPC membranes are shown in red color.

MEMBRA
NP NE PARAME APPRAOCH ATTACHMENT EMBEDMEN DETACHMENT
TER T
MODEL
POPS Relatively Decrease Decrease lncre.as.e.to 1.5 A larger
constant than initial value
PEI NP _
POPC Relatively Decrease Decrease Increase to initial value
Rg constant
POPS Wtie siveely Decrease Decrease Increase to initial value
PEI-LA constant
NP i A
POPC Relatively Decrease Decrease Incre'as'e.to 1 A larger
constant than initial value
POPS Relatively Relatively Relatively Increase to much larger
PEI NP constant constant constant than initial value
POPC Relatively Relatively Decrease Increase to initial value
d'COM constant constant
istance - - :
Relatively Relatively Relatively .
PEI-LA LOES b?&eﬁn constant constant constant Sl demense
NP si S . . . '
POPC Relatively Relatively Slightly Relatively constant
constant constant decrease
POPS Relatively Relatively Relatively Increase to 15 degree
PEI NP constant constant constant more than initial value
POPC Relatively Slichtly increase Slightly Decrease to initial
Angle constant gty increase value
between ; )
R
PEL-LA etatind pD )
NP POPC clatively Slightly decrease  Decrease ccrease to almost
constant parallel orientation
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B.2. Number of hydrogen bonds (HBs) between siRNAs and PEI molecules

In section 4.3.3 of the Chapter 4, the number of PEI N atoms within 4 A of any N/O atoms of
siRNA as a function of COM position of NP have been discussed. Here, Figure B.1 and Figure
B.2 show the number of HBs between PEIs and siRNA molecules as a function of COM position
of NP for POPS and POPC membranes, respectively. Compared with Figure 4.6 and Figure 4.7 of

Chapter 4, the trend of the curves remain the same.
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of NP while crossing the POPS membrane, (a) PEI NP and (b) PEI-LA NP.
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B.3. Number of membrane-NP hydrogen bonds (HBs)

In Section 4.4 of Chapter 4, correlation between force profiles and HBs between NPs and
membranes have been discussed. Here, Figure B.3 shows the number of HBs between each NP
and membranes. For both NP and membranes, the number of HBs is zero during the approach
stage. During attachment and embedment, the number of HBs between NP and membrane
increases, and finally during detachment, the number of HBs display a decreasing trend. For both
NPs, number of HBs formed between NP and the POPS membrane is higher than between NP and

the POPC membrane, suggesting that interaction between NPs and the POPS in stronger than that

of POPC membrane.
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Figure B.3. Number of HBs between NPs and membranes as a function of COM position of the
NP.
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B.4. Lipid associations between PEIs of PEI-LLA NPs

In Section 4.4 of Chapter 4, lipid associations between the PEIs of PEI-LA NP have been
discussed. Here, Figure B.4 shows the lipid associations between the PEIs of PEI-LA NP and
membranes. Lipid associations is quantified based on the number of pairs of lipid Cs that are closer
than 5 A between each pair of PEIs. The 5 A limit is based on the closest carbon-carbon distance
within which the free energy for the association of two alkane molecules is negative, and therefore,
association is energetically favorable[1]. Considering that the LA lipid has 18 carbons and each
PEI of PEI-LA NP has 3 substitutions, all possible pairing of carbons between two PEIs would be
2916. During approach and attachment stage, the associations is stable for both membranes,
followed by a decreasing trend during detachment, in which associations are completely lost in

POPC membrane, while it is strongly weakened in the POPS membrane.
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Figure B.4. Number of LA lipid carbon pairs that are closer than 5 A between PEI-2 and PEI-5 of
PEI-LA NP as a function of COM position of NP.

242


https://www.google.com/search?q=angstrom+1+%C3%A5+in&sa=X&ved=2ahUKEwj--9DTr4_iAhUjiVQKHWtMAK4Q6BMoADAhegQICxAK
https://www.google.com/search?q=angstrom+1+%C3%A5+in&sa=X&ved=2ahUKEwj--9DTr4_iAhUjiVQKHWtMAK4Q6BMoADAhegQICxAK
https://www.google.com/search?q=angstrom+1+%C3%A5+in&sa=X&ved=2ahUKEwj--9DTr4_iAhUjiVQKHWtMAK4Q6BMoADAhegQICxAK

B.5. References

[1]  C. Sun, T. Tang, and H. Uludag, “Probing the Effects of Lipid Substitution on Polycation
Mediated DNA  Aggregation: A Molecular Dynamics Simulations Study,”
Biomacromolecules, vol. 13, no. 9, pp. 2982-2988, Sep. 2012, doi: 10.1021/bm301045b.

243



APPENDIX C: Supplementary Information for Chapter 5

C1. Equilibration of isolated NPs

NPs were subjected to 40 ns of equilibration at 323K. Figure C1 shows the initial (left) and
final (right) equilibrated configurations of PEI and PEI-LA NPs in the absence of the membrane.
Time evolution of the gyration radius of the NPs (R,) and center of mass distance between the
siRNAs (dcom) are shown in Figure C.2a and Figure C.2b, respectively. For the PEI NP, R, was
rather constant (~ 24 A), but dcom increased form 25 A to ~27 A, indicating that the siRNAs
formed a looser configuration at higher temperature. For the PEI-LA NP, R, displayed a 0.5 A
reduction compared with its starting value (25 A), while dcom was relatively constant. This
indicates that PEI-LA NP became more compacted through its lipid-substituted PEIs. It was shown
by Sun et al. [1] that lipid-substituted PEIs formed associations among their lipids, which increased
the stability of NP. Here, for both NPs, higher temperature increased the dynamics of the PEIs.
For PEI-LA NP, lipid associations between PEIs increased. Specifically, lipids from two pairs of
PEIs formed association at the end of equilibration, in comparison to 1 pair of PEIs at the start.
PEI NP, on the other hand, lacked lipid associations, making it more susceptible to structural

loosening at higher temperature.
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Figure C1. Snapshots of initial (left panel) and final (right panel) configurations of the NPs in the
absence of the membrane for (a) PEI NP, and (b) PEI-LA NP. Different PEIs and siRNAs are

represented by different colors. For clarity, water and ions are removed.
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Figure C.\2. (a) Gyration radius of NPs and (b) the COM distance between the siRNAs as

functions of the simulation time in absence of the membrane.
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C2. Equilibration of isolated membranes

Before SMD simulations of NP-membrane interactions, the membranes were subjected to 50 ns MD
simulations without restraints. Membrane thickness was calculated by plotting the mass density of P atoms
as a function of z coordinate, measured from the center of the bilayer in the direction perpendicular to the
membrane surface. The density showed two peaks (Figure C3), and the distance between these two peaks
was considered as the membrane thickness. The membrane thicknesses (Figure C4) were relatively
constant: 39.25 £ 0.16 A, 41.00 £ 0.27 A, and 32.02 + 0.39 A (data collected from last 20 ns) respectively
for the POPC, DPPC and DLPC bilayers. These thicknesses are in line with reported values in the literature
[2], [3]- DLPC had the lowest thickness, consistent with its shortest lipid tails. For the DPPC and POPC
membranes, POPC has a longer length on its Sn2 chain, but its thickness was slightly lower than DPPC.
This suggests that the presence of unsaturated Cs induced a change in orientation of the lipid tails which

led to a more compressed structure than DPPC.
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Figure C3. Mass density profile of P atoms as a function of distance form bilayer center.
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Figure C5 shows the total energy of the systems as a function of simulation time, which converged
over a short period of time and remained stable throughout the simulation. The time evolution of

area per lipid for each membrane (Figure C6) also shows convergence and equilibration of the

membrane.
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Figure C6. Time evolution of area per lipid for each simulated membrane.
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C3. Schematic representation for the calculation of in-plane distribution of P atoms around

COM of NP
® COM of NP z a. *
@® P atoms
Y EEREEEEEXEXX)
X
Y EEREEEEEXEXX)
Yy
b.

Radius
corresponding to
the first peak

Figure C7. Schematic representation for the calculation of in-plane distribution of P atoms around
COM of NP. (a) side view of the membrane and COM position of NP, (b) top view of undisturbed
membrane, and (c) top view of formed pore within the membrane. N () is the number of P atoms
enclosed by the circle in the x-y plane with radius  from the projected location of the NP COM.

The in-plane distribution of P atoms around the NP COM is quantified by the local areal density

calculated from 28 = NU+AD-N(T)

: where r* =r 4+ Ar/2. Ar =6.45 A was used in the calculations.
AA 2nr*Ar

ND

The density within the first circle was calculated from g
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C4. Angle calculation between lipid tails

In Chapter 5, the probability distribution was shown for the angle between the two tails of the
membrane lipid. This angle was measured between two vectors, one attributed to each tail. Each

vector was defined by connecting two atoms on the chain as shown in Figure C8.

Figure C8. Two vectors defined, one in each tail, for calculating the angle between the two chains.
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C5. Free volume of membranes

To measure the free volume inside the membrane, we first filled the empty space of the membranes
with water molecules. To this end, no water molecules were added within 1.5 A of any atoms of
the membrane lipids. Afterward, the number density of water molecules within each membrane
was measured (Table C1) and multiplied by 0.0299 nm?, which is the volume occupied by each
water molecule. The output of this multiplication was considered as percentage of free volume

within each membrane (Table C1).

Table S1. Free volume within each membrane.

Membrane  # of water molecules per nm3 of Percentage of free volume inside membrane
membrane (%)

POPC 4.82 14.4

DPPC 4.58 13.7

DLPC 4.68 14.0
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Cé6. Side view snapshots of the NP and the membrane during SMD
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Figure C9. Side-view snapshots of the NP and membranes at different time of the SMD
simulations for (a) PEI NP-POPC, (b) PEI NP-DPPC, (c) PEI NP-DLPC, (d) PEI-LA NP-POPC,
(e) PEI-LA NP-DPPC, and (f) PEI-LA NP-DLPC. z, z2, z3 and z4 are the z-positions of the COM
of'the NP when the snapshots were taken. Different PEIs and siRNAs are represented by different
colors. For simplicity of visualization, water and ions are removed and only the P atoms of the

membranes are shown (in ochre).

252



C7. Additional characterization of the NP

C7.1. shape anisotropy of NP

The relative shape anisotropy (k?) of the NP was calculated using Equation S1, where 4;, 4,, A3
are the three eigenvalues of the gyration tensor of the NP. The value of k2 is limited between 0
and 1. For highly symmetric spherical structure, k2 is close to 0, and x?reaches 1 if all atoms lie

on a straight line.

2 _ 3A A%+ 1 (S1)

T2 (Mt Ap423)2 2

Figure C8 shows k2 ofall the NPs, plotted against their COM position. To facilitate the discussion,
we divide the penetration process into two stages: insertion (NP COM from —60 to 60 A), and
detachment (NP COM from 60 to 90 A ). From —80 to —60 A the NP was approaching the
membrane but had limited interaction with it. Consider first the PEI NP. During insertion and for
POPC and DPPC membranes, k? followed a similar trend as R,: it decreased which corresponded
to a slightly more isotropic configuration. During detachment and for POPC membrane, k?
increased back to its initial value, while it remained low for the DPPC membrane. For the DLPC
membrane and during insertion, R, of the NP showed a decreasing trend, while its k2 remained
relatively constant. This suggests that the NP underwent compaction with minimal change in its
shape anisotropy. During detachment from the DLPC membrane, R, showed full recovery, while
Kk? slightly decreased. For the PEI-LA NP, k2 followed a similar trend as R, in all three cases.
However, during detachment, the increase in k? was higher for POPC membrane than for DPPC
and DLPC membranes. This suggests that the NP changed to a more anisotropic structure during

detachment from the POPC membrane.
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Figure C10. k% of NP as a function of COM position of NP.
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C7.2. Relative Orientation of siRNAs

The relative orientation of the 2 siRNAs was monitored by measuring the angle (&) between two
vectors each defined in one siRNA. This vector was defined by connecting two atoms at the
opposite ends of the siRNA, which are C1' of the 18th residue in each strand. These vectors are
schematically shown in Figure C11. We then measured the angle 6 between the two vectors as a
function of COM position of the NP. 8 = 0° corresponds to the siRNAs being parallel, whereas

6 = 90°represents two siRNAs perpendicular to each other.

Figure C11: Schematic representative of the vectors defined to measure the relative orientation of
the two siRNAs. The spheres are C;’ atoms of the 18th residue in each strand.

Figure C12 shows 6 as a function of COM position of the NP. For PEI NP, 6 followed a fluctuating
trend in all membranes within the range of 30-55°. For PEI-LA NP and POPC membrane, starting
from 50° 6 followed an increasing trend and during detachment the two siRNAs formed a
relatively perpendicular orientation (6 ~ 70°). For DPPC membrane, 8 first increased from 50° to
~70°, but decreased to its initial value during detachment from the membrane. For DLPC, the

angle did not deviate significantly from its initial value throughout the penetration process.
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Figure C12. Relative angle between the two siRNAs as a function of COM position of the NP.
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C7.3. Angle between each siRNA and z-axis

To measure the rotation of siRNA during the penetration process, the angle between each siRNA
of'the NP and the z-axis (perpendicular to the membrane surface) was calculated (see Figure C13).
Figure C14 shows the angle for the two siRNAs (labeled siRNA1 and siRNA2) as functions of
COM position of the NP. For all systems, the siRNAs underwent rotation during detachment and

became more parallel with respect to the unperturbed membrane surface.

Vec2

Vecl

Figure C13. Schematic representative of vectors defined to measure the orientation of each siRNA
relative to the membrane. Details for the definition of the vector representing axis of each siRNA
are given in Figure C11. The angle between each vector of siRNA and z-axis was measured.
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Figure C14. Angle between each siRNA and the z-axis during the penetration process for (left)
PEI NP, (right) PEI-LA NP.

258



C8. Pore symmetry

To provide a quantitative assessment of pore symmetry at the end of NP pulling (34 ns), all P
atoms located below z = —50 A were first projected onto the x-y plane which was parallel to the
undisturbed membrane surface. The center of the pore was identified as the center of the circle that
best fit the void in the x-y plane due to the absence of P atoms. Then, a new coordinate x’-y’ was
established in the x-y plane, with the origin located at the center of the pore. All projected P atoms
within 4 nm of the pore center were considered, and the number of P atoms in each quadrant of

the x’-y’ plane was counted for further analysis (Figure C15).

Pore center

Figure C15. Schematic of P atoms in the four quadrants of the x’-y’ coordinates.
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Let n; be the number of P atoms in the i quadrant, a bi-quadrant symmetry index was introduced

4Tli1’lj

aij = (l,] = 1,2,3,4‘;i :/:])

- 2
(ni+nj)

a;; ranges between 0 and 1, and the maximum value of @;;=1 is achieved when n; = n;, i.e., when
the P atoms are distributed equally between the i and j quadrants. a; ;=0 corresponds to the case
where there are no P atoms in one of the quadrants. Since @;;= @;;, the 4 quadrants generated 6
distinct indices: ay,, @3, 14, (a3, Az4, A34. Using these a;; values, the sum Y, a;; and product
[1 @;; were calculated and summarized in Table C2 for all the simulated systems. The closer Y. a;;
is to 6, the more symmetric is the pore. Similarly, larger values of [[a;; correspond to more
symmetric pores, and when [[ @;; = 0 at least one quadrant had no P atoms in it, suggesting strong

asymmetry. Among the systems, PEI NP-DPPC, and PEI-LA NP-DLPC displayed the highest-

and lowest values of Y, ;;, respectively. This suggest that PEI NP-DPPC had the highest pore
symmetry, while PEI-LA NP-DLPC had the lowest pore symmetry. . a;;= 3 represent 50% of its
maximum attainable value, and was chosen in this work to separate the symmetric pores from the
asymmetric ones. Based on this definition, the pores in PEI NP-POPC, PEI-LA NP-DPPC and
PEI-LA NP-DLPC were asymmetric, while the ones in PEI NP-DPPC, PEI NP-DLPC and PEI-
LA NP-POPC were symmetric. Based on Y. a;;, we also ranked the 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.
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Table C2. Pore symmetry evaluation for the simulation systems.

System Z a; 1_[ a; Pore type
PEI NP-POPC 2.8017 0 Asymmetric
PEI NP-DPPC 5.7379 0.7603 Symmetric
PEI NP-DLPC 4.1068 0.0719 Symmetric
PEI-LA NP-POPC 5.1795 0.3843 Symmetric
PEI-LA NP-DPPC 2.7867 0 Asymmetric
PEI-LA NP-DLPC 0.9467 0 Asymmetric
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C9. Additional results for PEI-LA NP

Deformation of the membranes caused by PEI-LA NP was measured by plotting the
position of all P atoms (Figure C16). The results showed that compared with PEI NP in the same
membrane, the deviation of P atoms from their initial position was lower in the POPC membrane,
while it was higher in the DLPC membrane. This was caused by the type of pore formed (Table
C2), which for POPC changed from asymmetric (PEI NP) to symmetric (PEI-LA NP), but for
DLPC changed from symmetric (PEI NP) to asymmetric (PEI-LA NP). For the DPPC membrane,

the type of pore changed from symmetric (PEI NP) to asymmetric (PEI-LA NP).

For all three membranes, in-plane distribution of P atoms around the NP COM (Figure
Cl17a-c) was similar for PEI-LA NP and PEI NP, where for a well-established pore, two peaks
were observed. The first peak was located at ~30, ~29, and ~30 A from the NP COM, while the
second peak was located at ~59, ~56, and 54 A, respectively for POPC, DPPC, and DLPC

membranes.

Probability distribution (PD) of the angle between Snl and Sn2 acyl chains (Figure C17d-
f) followed a similar trend as that of PEI NP. For all membranes, as time increased and NP
penetration progressed, there was a decline in the peak value of the PD and the angle distribution
became wider, suggesting a reduction in the order of the membrane. The most probable angle
between the two lipid tails was respectively ~27°, ~22° and ~28° for POPC, DPPC and DLPC

membranes at 0 ns.
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Figure C16. Position of P atoms at the (blue) upper and (red) lower leaflets of (a) POPC (b) DPPC
and (c) DLPC membranes during penetration of PEI-LA NP.
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Figure C17. (Left panel) in-plane distribution of P atoms around the COM of the PEI-LA NP for
(a) POPC, (b) DPPC and (¢) DLPC membranes. (Right panel) probability distribution of the angle
between Snl and Sn2 chains for (d) POPC, (e) DPPC, and (f) DLPC membranes during penetration
of PEI-LA NP.
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C10. Number of lipid flip-flops in each system

Table C3. Number of lipid flip-flops from the bottom leaflet to the top leaflet in each system.

Number of  Number of Number of Total number
System Pore type lipid flip- lipid flip-flops lipid flip-flops of lipid flip-
flops (25 ns) (40 ns) (64 ns) flops
PEI-NP-POPC asymmetric 0 2 1 3
PEI-NP-DPPC symmetric 0 0 0 0
PEI-NP-DLPC symmetric 0 0 19 19
PEI-LA NP-POPC  symmetric 0 0 0 0
PEI-LA NP-DPPC  symmetric 0 4 7 11
PEI-LA NP-DLPC  asymmetric 3 3 10 16
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APPENDIX D: Supplementary Information for Chapter 6

D1. Detail of multi-layer perception (MLP) regression model

A schematic of MLP network, with only one hidden layer, is shown in Figure D1. The input layer
consists of a set of nodes {xi, X2, ..., Xa} representing the input descriptors. Each node in the hidden
layer {ai, a2, ..., ax} results from the previous layer by a weighted linear summation followed by
a ReLU activation function (e.g. a1 = max (0, wiiXi+w21X2+tw31X3+...Wn1Xn)), where wijj is the
weight associated with x; and a;. Once {ai, az, ..., ax} are determined, they become the new input
representation to learn the output layer. The output layer for linear regression would be a weighted

linear combination of nodes in the hidden layer, f{lX) = aiw 1+ a2w 2+ a3w 3+...+ W k.

Figure D1. Schematic of MLP with one hidden layer.

D2. Dummy encoding for categorical descriptors
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In Model type 1, the two categorical descriptors S and Cr were transformed using a dummy
encoding scheme. The type of hydrophobic substitution, S, consisted of 10 categories (9
hydrophobic substitutions and another category “none” representing no modifications). For each
category a column was generated as shown in Table D1. As a result, the categorical descriptor of
S was converted into 10 new descriptors. For example, if a data point involved the use of Chol as
the substitution, then the descriptor Ichot would have the value of 1 while the other 9 descriptors in
Table D1 would be 0.

Table D1. The transformation of categorical descriptor S using dummy encoding.

S INone | Ica TLau Ipa Isea Ira Lapa Icha | Toa Ta
None 1 0 0 0 0 0 0 0 0 0
CA 0 1 0 0 0 0 0 0 0 0
Lau 0 0 1 0 0 0 0 0 0 0
PA 0 0 0 1 0 0 0 0 0 0
StA 0 0 0 0 1 0 0 0 0 0
LA 0 0 0 0 0 1 0 0 0 0
aLA 0 0 0 0 0 0 1 0 0 0
Chol 0 0 0 0 0 0 0 1 0 0
OA 0 0 0 0 0 0 0 0 1 0
tLA 0 0 0 0 0 0 0 0 0 1

Similarly, the categorical descriptor of Ci, type of cell line, was transformed as shown in Table S2
where 6 new descriptors were generated. When a particular cell line was used for a data point, the
corresponding description would take the value of 1 while others took the value of 0.

Table D2. The transformation of Cr using dummy encoding.

Co Impa mB231 | Imcrr Tauses Impa-46s | IMmpa43s | Impa 231
MDA MB231 1 0 0 0 0 0
MCF7 0 1 0 0 0 0
AU565 0 0 1 0 0 0
MDA-468 0 0 0 1 0 0
MDA 435 0 0 0 0 1 0
MDA 231 0 0 0 0 0 1
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D3. Binary encoding for categorical descriptors

Binary encoding converts a category into a binary number, and each binary digit creates one
descriptor column. The transformations of categorical descriptors S and Cr using binary encoding
are shown in Tables D3 and D4, respectively. Take Table D3 for example, each category was first
converted into a 4-digit binary number. The left-most digit corresponded to column -1, the
second digit from left corresponded to Isuw-2, etc. Four descriptors (Isub-1, Lsub-2, Isub-3, Isub-4)
resulted from this conversion. The same was done for the categorical descriptor of Cr, where only

3 descriptors were needed (Icei-1, Teen-2, Ieen-3).

Table D3. The transformation of categorical descriptor S using binary encoding.

S Tsup-1 Tsup-2 Lsup-3 Lsup-4
None 0 0 0 1
CA 0 0 1 0
Lau 0 0 1 1
PA 0 1 0 0
StA 0 1 0 1
LA 0 1 1 0
aLA 0 1 1 1
Chol 1 0 0 0
OA 1 0 0 1
tLA 1 0 1 1

Table D4. The transformation of categorical descriptor CL using binary encoding.

Co Leen-1 Leen-2 Lea-3
MDA MB231 0 0 1
MCEF7
AU565
MDA-468
MDA 435
MDA 231

—_l— = OO

1
1
0
0
1

SO
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