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a b s t r a c t

Delivery of polynucleotide-based therapeutics into target cells involves interactions with glycosamino-
glycan chains that are located on cell membrane milieu. Mechanisms governing glycosaminoglycan-
mediated changes in the nanoparticulate structures of polymer-polynucleotide complexes are un-
known, and cannot be fully elucidated without atomistic level details of molecular interactions. We
selected a representative nanoparticulate system consisting of a short interfering RNA (siRNA)-poly-
ethylenimine complex, and performed all-atom molecular dynamics simulations with the prototypical
glycosaminoglycan heparin. We monitored the binding between the complex constituents and the
heparin, and identified key features contributing to the response of the siRNA nanoparticles to heparin.
We observed three main metastable states that the siRNA nanoparticles might visit in the presence of
heparin, which can be translated into different functional outcomes. By correlating our data with the
widely different and seemingly contradictory roles previously assigned to glycosaminoglycans, this study
provides unique insights into the discrepancies in the experimental literature concerning the role of
glycosaminoglycans in the polymeric nanoparticle delivery.

© 2017 Published by Elsevier Ltd.
1. Introduction

Gene therapy with polynucleotide-based therapeutic agents
holds considerable promise in a range of genetic and acquired
diseases, including cancer. For functional delivery, polynucleotides
are formulated into nanoparticulate structures by drug carriers for
the protection of the polynucleotide cargo while facilitating its
translocation through the plasma membrane. Owing to their safety
and versatility, synthetic cationic polymers are the most utilized
carriers. For a therapeutic benefit, either locally or systemically
administered polynucleotides must be internalized by the targeted
cells, remain intact in endocytic compartments, and disassemble
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from the polymeric carriers to be transported to the appropriate
sub-cellular compartment. Extracellular matrix components and
cell membrane molecules have been recognized to be involved in
the process of polynucleotide delivery, as the cellular uptake of the
polynucleotide nanoparticles is influenced by their interactionwith
the membrane milieu. Glycosaminoglycans (GAGs) located on the
cell surface and in extracellular matrix, are a class of structurally
heterogeneous complex polysaccharides (10e100 kDa [1]), having a
high anionic charge density due to the presence of carboxyl and
sulfate groups [2]. The most common GAGs are heparin/heparan
sulfate (HS), chondroitin/dermatan sulfate (CS/DS), keratan sulfate
(KS), and hyaluronic acid (HA) [2e4].

The role of the GAGs on the uptake of polynucleotide nano-
particles has been controversial and long debated. Previous studies
have reported widely different and seemingly contradictory con-
clusions on the involvement of GAGs in the polynucleotide delivery
pathway. On one hand, sulfated GAGs have been attributed bene-
ficial effects in the delivery of polynucleotide nanoparticles. It was
suggested that GAGs can act as “receptors”, upon the observation of

mailto:meneksed@ualberta.ca
mailto:tian.tang@ualberta.ca
mailto:tian.tang@ualberta.ca
mailto:hasan.uludag@ualberta.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2017.11.037&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2017.11.037
https://doi.org/10.1016/j.biomaterials.2017.11.037
https://doi.org/10.1016/j.biomaterials.2017.11.037


D. Meneksedag-Erol et al. / Biomaterials 156 (2018) 107e120108
a significant reduction in the transfection efficiency of nano-
particles in vitro [5] and in vivo [6] after the alteration of cell surface
GAGs by either treatment with chlorate that decreases the sulfation
of GAGs [7], or by enzymatic removal of the GAGs with GAG lyases.
Moreover, chlorate treated cells was shown to display increased
levels of cationic lipid associated cytotoxicity while addition of
exogenous sulfated GAGs to the medium could reverse this toxic
effect, suggesting that GAGs can reduce the cytotoxicity of the
nanoparticles by shielding their high cationic charge [8]. On the
other hand, exogenous GAGs were reported to decrease in vitro
transfection efficiency of the polynucleotide nanoparticles [5,6,9].
The delivery agents that are the most susceptible to the deleterious
effects of GAGs were identified as the polycationic carriers with
buffering capability, such as polyamidoamine (PAMAM) den-
drimers, polyethylenimine (PEI), and dio-
ctadecylamidoglycylspermine (DOGS); while fusogenic lipids such
as 1,2-dioleyl-3-phosphatidylethanolamine (DOPE) were observed
to resist better the GAG associated inhibitory events [9]. The
inhibitory effects of the GAGs were attributed to their capability to
alter or disrupt the integrity of nanoparticulate complexes. Many
physicochemical studies carried out in this context [9e12] have
reported partial relaxation of the nanoparticles or complete release
of the polynucleotide cargo depending on GAG concentration and
the physical properties of the GAG. In addition, binding of free GAGs
to the nanoparticles was suggested to sequester the cationic charge
of the nanoparticles, preventing them from establishing electro-
static interactions with the cell membrane or “GAG receptors” on
the cell surface, hence blocking the cellular entry [6]. GAGs could
also affect intracellular trafficking/dissociation of the poly-
nucleotide nanoparticles. Confocal microscopy studies have shown
that exogenous GAGs could be internalized by the cells in complex
with the carriers [13] and polynucleotide nanoparticles [14], and
the complex-bound GAGs may direct the nanoparticles into unfa-
vorable endosomes for functional translation [15,16]. Accordingly,
these reported dual roles of GAGs on polymeric polynucleotide
delivery systems creates a discrepancy in our understanding of
their exact role.

The molecular details of the interactions between the GAGs and
polynucleotide nanoparticles are obscure. The factors governing
the extent of their interaction and the subsequent effects of these
interactions on the functional performance are not well defined.
The lack of a mechanistic understanding on the conditions leading
the change in biological performance hinders the development of
functional polynucleotide delivery systems that could make use of
the beneficial aspects of the GAGs, while withstanding their
inhibitory effects. Molecular dynamics (MD) simulations can pro-
vide atomic resolution information on the dynamic evolution of the
biological systems, which could not be readily attainable with most
experimental tools. In this study, we performed a series of all-atom
MD simulations on model polynucleotide nanoparticle e GAG
systems. We used a short interfering RNA (siRNA) as a represen-
tative polynucleotide and PEI as a prototypical polymeric carrier,
while heparin served as a prototypical GAG. The simulation systems
were designed based on the experimental literature with the aim of
creating a series of scenarios that the siRNA/PEI/heparin ternary
systems might exist. At the all-atom level, Barnard and coworkers
developed an approach to estimate a carrier's ability to release a
gene cargo by comparing the carrier's binding affinity to DNA and
to heparin sulfate from individual one-on-one binding simulations
[17], without directly addressing question of complex disassembly.
While this approach is useful to make comparative analysis among
different carriers, without running the complex three partite sim-
ulations it does not provide any mechanistic details on complex
disassembly and the behavior of the polymeric polynucleotide
nanoparticles in the presence of heparin. To the best of our
knowledge, our study is the first attempt to simulate the in-
teractions of heparin with polynucleotide nanoparticles using all-
atom MD simulations. We aim to shed light on the ambiguity in
the experimental literature through detailed analysis of heparin
interactions with the nanoscale siRNA-PEI complexes and heparin-
mediated changes on the conformational states of the complexes,
and correlating them with the current experimental data.

2. Methods

2.1. Simulated systems

The specific siRNA simulated is designed for P-glycoprotein
mRNA silencing [18]: sense: 5ʹ-CAGAAAGCUUAGUACCAAATT-3ʹ;
antisense: 5ʹ-UUUGGUACUAAGCUUUCUGTC-3ʹ. It carries a total
charge of �40 in the fully deprotonated state. The initial structure
of the siRNA is adopted from our previous study [19]. We studied
two PEIs differing in molecular weight (MW): 568 Da and 1874 Da
(Fig. 1a and b). 568 Da PEI consists of 13 amine groups, of which 6
are protonated; 1874 Da PEI has 43 amine groups and 20 of them
are protonated (indicated in Fig. 1a and b). The exact protonation
state of PEI under physiological conditions is unknown; previous
experimental works have determined varying protonation ratios,
ranging from 10 to 20% [20,21] to ~50% [22,23]. Ziebarth and
Wang's “computational titration” through Monte Carlo simulations
[24] has shown that linear PEI has a protonation ratio of 55% under
physiological conditions. From isothermal titration calorimetry
(ITC) assays, Utsuno and Uluda�g reported the fraction of protonated
PEI Ns to be 47% at pH¼ 6, and 33% at pH¼ 7 [25]. Considering that
in the context of cancer therapy the target of the siRNA based
therapeutics is malignant tumors, the conditions of the tumor
environment should also be taken into account. The extracellular
pH of human tumors is known to be slightly on the acidic side
[26e28]; the pH values reported in the literature range from 5.85 to
7.68 [29]. From these considerations, in this study, we chose PEI
protonation ratio to be 46% corresponding to the protonation state
at pH ¼ 625, consistent with our previous studies [19,30e34]. The
initial structures of the PEIs are adopted from our previous studies
[30,32], where the pre-equilibration of the structures were per-
formed for 6 ns for the 568 Da PEI [30], and 50 ns for the 1874 Da
PEI [32] with MD package of NAMD [35]. We investigated two
heparin molecules differing in length: a dodecasaccharide (12-
mer), and a henicosasaccharide (21-mer). The structures of hepa-
rin (Fig. 1c and d) consist of alternating units of N,O6-disulfo-
glucosamine (GlcNS(6S)) and 2-O-sulfo-alpha-L-idopyranuronic
acid (IdoA2S) residues. The charge of the heparin molecule is
dependent on its length; the 12-mer heparin carries a total charge
of�24, whereas the 21-mer heparin molecule carries a total charge
of �42. The initial coordinates of the 12-mer heparin molecule are
adopted from the NMR solution structure of heparin under the PDB
code: 1HPN, Model 1[36], and the two ends of the molecule were
saturated with hydrogen (H). The initial structure of the 21-mer
heparin molecule was built upon adopting the atomic coordinates
from the same PDB code and extending the length of the heparin
chain by increasing the number of repeating IdoA2S e GlcNS(6S)
disaccharides using Schr€odinger's Maestro software [37]. Both the
12-mer and 21-mer heparin molecules were equilibrated for 10 ns
(restrained) þ 10 ns (free) with MD package of NAMD [35] (Section
1; Supporting Information). The structures of the heparin mole-
cules at the end of the simulations were adopted as input structures
to the main simulations with the siRNA complexes.

We investigated two groups of siRNAePEI complexes with
different polymer/siRNA charge ratios: one group with polymer/
siRNA charge ratio � 1, and the other with polymer/siRNA charge
ratio <1. Changing the polymer/siRNA charge ratio (Table 1) was



Fig. 1. Chemical structures of the simulated molecules, (a) 568 Da PEI, (b) 1874 Da PEI, (c) 12-mer heparin, and (d) 21-mer heparin. Protonation sites of the PEIs are indicated with
(þ) in (a) and (b). The saturation sites in the heparin molecules are highlighted in red, and the number of the repeating IdoA2S e GlcNS(6S) disaccharide is denoted with n in (c) and
(d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Information on the siRNA e PEI e heparin ternary systems simulated in this study.

System PEI MW (Da) PEI/siRNA charge ratio Heparin length Number of heparins Simulation box volume (nm3) Heparin concentration (mM) Heparin/PEI charge ratio

C1-7sh 568 1.05 12-mer 7 1129.5 10.3 2.0
C2-2sh 568 0.15 12-mer 2 793.8 4.2 4.0
C2-5sh 568 0.15 12-mer 5 762.3 10.9 10.0
C2-2lh 568 0.15 21-mer 2 981.2 3.4 7.0
C3-7sh 1874 1.00 12-mer 7 1761.0 6.6 2.1
C4-5sh 1874 0.50 12-mer 5 968.2 8.6 3.0
C4-2lh 1874 0.50 21-mer 2 876.4 3.8 2.1
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achieved by changing the MW of the PEI and/or the number of PEI
molecules in the complexes. Complex 1 (C1) consisted of 2 siRNA
and 14 PEI (568 Da) molecules. In the initial configuration of C1
(Fig. 2a, left andmiddle panels), 2 siRNAmolecules were placed at a
center of mass (COM) distance of 17.7 Å. Two PEIs were then placed
amidst the 2 siRNAs, and the remaining 12 PEIs were placed sym-
metrically to surround the siRNAs. Upon solvationwith TIP3P water
and adding a proper amount of Kþ and Cl� ions to achieve 150 mM
salt concentration, the system was simulated for 10 ns
(restrained) þ 50 ns (free) for the complexation to occur. From the
final configuration of C1 at the end of the simulation (Fig. 2a, right
panel), the initial structure of the system Complex 2 (C2) was
generated (Fig. 2b, left and middle panels). This was done by
removing the 12 PEI molecules in the periphery of the C1's final
structure, along with all the water molecules and ions, while
keeping the 2 PEI molecules bridging the 2 siRNAs. Upon re-
solvation and re-ionization (150 mM KCl), C2 was simulated for
10 ns (restrained) þ 10 ns (free). Complex 3 (C3) consists of 2 siRNA
and 4 PEI (1874 Da) molecules. In the initial configuration of C3
(Fig. 2c, left and middle panels), 2 siRNA molecules were placed at
COM distance of 17.7 Å. Two PEIs were then positioned amidst the 2
siRNAs, and the remaining 2 PEIs were placed symmetrically to the
periphery of the siRNAs. The system was solvated, ionized with
150 mM KCl and simulated for 10 ns (restrained)þ 50 ns (free). The
final configuration of C3 is given in Fig. 2c, right panel. By removing
the 2 peripheral PEIs along with all the water molecules and ions
and keeping the 2 PEIs bridging the two siRNAs, the initial structure
of Complex 4 (C4) was built (Fig. 2d, left andmiddle panels). System



Fig. 2. Initial (left: top view; and middle: side view) and final (right: top view) con-
figurations of the simulated complexes; (a) C1, (b) C2, (c) C3, and (d) C4. siRNAs are
given in cyan, 568 Da PEIs are in gray, and 1874 Da PEIs are in orange. Water and ions
are removed for clarity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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C4 was re-solvated and re-ionized, and then simulated for 10 ns
(restrained) þ 10 ns (free). The final configurations of systems C1,
C2, C3 and C4 (right panel of Fig. 2aed, respectively) were then
adopted as input structures to further simulations with heparins.

To explore heparin's effects on the complexes, seven simulation
systems were designed to contain different numbers of heparin
molecules (Table 1). All the siRNA-PEI-heparin ternary systems
possess a net negative charge; the charge ratio of the heparin to PEI
molecules in each system is given in the last column of Table 1. To
design the initial structures of the siRNA-PEI-heparin ternary sys-
tems (Fig. 3a, cef, h, i; left panel), a desired number of heparin
molecules was added to the pre-formed siRNA-PEI complexes,
corresponding to the final configurations of systems C1, C2, C3 and
C4. To facilitate the discussion herein, the simulation systems are
labeled to include the complex identifier, the number of heparins,
and the length of the heparin molecule, respectively. For this pur-
pose, 12-mer heparin is represented with lower case letters “sh
(short heparin)” and 21-mer heparin with lower case letters “lh
(long heparin)”, both appended to the number of heparins in the
system name. To explore the influence of the MW of the PEIs, the
simulated systems are divided into two main groups that contain
PEIs of 568 Da and 1874 Da. The first group consists of systems
bearing the 568 Da PEI: C1-7sh, C2-2sh, C2-5sh and C2-2lh; and the
second group has the 1874 Da PEI as the carrier: C3-7sh, C4-5sh, C4-
2lh. Within the first group, C2-2sh and C2-5sh differ only by the
number of heparin molecules, which allows us to investigate the
influence of heparin amount on the proposed roles of heparin.
Systems C2-2sh and C2-2lh differ only by the length of the heparin
molecule, which allows the exploration of possible consequences of
heparin chain length (orMW) variation on the properties/dynamics
of the complexes. To systematically explore the effect of the PEI
MW, comparisonswill bemade in three pairs of systems: C1-7sh vs.
C3-7sh, C2-5sh vs. C4-5sh, and C2-2lh vs. C4-2lh, as the two
systems in each pair consist of the same number of heparins of the
same chain length. All the heparin containing systems were
simulated for 10 ns (restrained) þ 250 ns (free), upon solvation in a
rectangular box of TIP3P water with a margin of 15 Å from all sides,
and ionization with 150 mM KCl.

Two additional simulations were performed in the absence of
heparins to serve as a “control”. Specifically, from the final structure
of the C2 (Fig. 2b, right panel), the starting structure of Complex 2
control (C2 ctl) was constructed by removing all the water mole-
cules and ions (Fig. 3b, left panel). Upon re-solvation and re-
ionization (150 mM KCl), system C2 ctl was simulated for 10 ns
(restrained) þ 250 ns (free). Complex 4 control (C4 ctl, Fig. 3g, left
panel) is constructed from C4, and simulated in a similar way. These
systems will be compared to their heparin bearing counterparts;
i.e., system C2 ctl serves as a control to C2-2sh, C2-5sh and C2-2lh,
and system C4 ctl is the control to C4-5sh and C4-2lh.

2.2. Simulation details

The force field for the PEI molecules was adopted from a
CHARMM format force field which was generated and validated
with ab initio calculations in our previous works [30,32,38]. The
force field for the heparin molecule was devised by following the
CHARMM General Force Field (CGENFF) methodology [39]. The
procedure we followed for the development and validation of
heparin's force field is given in detail in Section 1 and 2 of Sup-
porting Information, respectively. Briefly, the topology of the main
building blocks of heparinwas generated by analogy to the selected
parent and model compounds in CHARMM36 additive all-atom
carbohydrate force field [40]. Extended CHARMM36 general force
field (CGENFF36) of sulfonyl-containing compounds [41] was used
for the sulfamate group (NHSO3

�) in GlcNS(6S). The default topology
of the sulfamate group was modified to include the adjusted partial
atomic charges retrieved from quantum mechanical calculations at
HF/6-31G(d) level using Gaussian 09 [42]. Bond, angle, torsion, and
van der Waals parameters were adopted from the existing pa-
rameters of the selected analogous compounds in CHARMM36
additive all-atom carbohydrate force field [40] and CGENFF3641;
and the assignment of the missing parameters was done by
following the CGENFF methodology [39]. CHARMM27 force field
[43e46] was used for all the other molecules.

All simulations were performedwithMD package of NAMD [35].
A time step of 2 fs, periodic boundary conditions (PBC), particle
mesh Ewald (PME) [47] for full electrostatics, a cut-off of 12 Å for
van derWaals and pairwise interactions, and SHAKE algorithm [48]
to constrain the bonds involving H atoms were used in all simu-
lations. All systems were first minimized for 5000 steps, and then
gradually heated from 0 K to 300 K within 20 ps, with a harmonic
restraint of 10 kcal/mol$Å2 on non-H atoms of the solute. Systems
were further simulated for 10 ns while keeping the restraint on
solute's non-H atoms. The restraint was then removed, and NPT
simulations were performed for 50 ns for complexes C1 and C3, 10
ns for complexes C2 and C4, and 250 ns for all the siRNA-PEI-
heparin ternary systems as well as their controls. Temperature
control was achieved with Langevin dynamics thermostat with
thermostat damping coefficient of 10 ps�1 for all the non-H atoms.
Nose�Hoover�Langevin barostat with damping time scale of 100
fs and Langevin piston oscillation period of 200 fs was used for
pressure control. VMD [49] was used for the visualization and
analysis of the simulation trajectories.

3. Results and discussion

The final configurations of the siRNA-PEI-heparin ternary sys-
tems as well as their controls are shown in the right panel of Fig. 3.



Fig. 3. The initial (left) and final (right) configurations of the simulated siRNA-PEI-heparin ternary systems and their controls (a) C1-7sh, (b) C2 ctl, (c) C2-2sh, (d) C2-5sh, (e) C2-2lh,
(f) C3-7sh, (g) C4 ctl, (h) C4-5sh, and (i) C4-2lh. The color coding of the molecules is as follows: cyan, siRNA; gray, 568 Da PEI; orange, 1874 Da PEI; red, 12-mer heparin; pink, 21-mer
heparin. Water and ions are removed for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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The conformational states of the ternary systems were vastly varied
depending on: (i) the physical properties of siRNA-PEI complexes,
namely PEI/siRNA charge ratio and PEI MW, and (ii) heparin
properties, namely the length of the heparin chain and the number
of heparin molecules. We investigated the effect of heparin on the
dynamics of the complexes, as well as the atomistic details of the
interactions formed between the PEI and heparin to elucidate the
mechanism of heparin mediated changes on the siRNA complexes.
3.1. Dynamics of siRNA complexes in the presence of heparin

3.1.1. siRNA dynamics
The integrity of the siRNA complexes en-route to cells is a crit-

ical parameter affecting the desired therapeutic outcome. If the
complex integrity is disrupted through disintegration of the pro-
tective carrier vectors, and the siRNAs get exposed to surrounding
environment, the delivery performance can get adversely affected
either through the degradation of the exposed siRNAs by the nu-
cleases, or poor cellular uptake due to high anionic charge of the
siRNAs. To assess the compactness of the complexes in the absence
and presence of heparin molecules, we first monitored the time
course of the center of mass (COM) distance between the two
siRNAs. Under practical conditions, gel electrophoresis mobility
shift assays are commonly used to monitor the stability of the
siRNA complexes against the exogenous GAGs, where a fully
dissociated complexwould result in a bandwhose intensity is equal
to that of the free siRNA sample. In a fully dissociated complex, it is
expected that the siRNAs are no longer in an aggregated form, and
are separated from each other. Here, COM distance between the
two siRNAs was chosen as the parameter to quantify the
compactness of the complexes, where a significant increase in the
COM distance would signal the complete disassembly of the
complex.

In Fig. 4a, we plotted the COM distance as a function of the
simulation time, along with the average COM distance over the last
50 ns of the simulations in Fig. 4b. It can be seen from Fig. 4a that
five out of seven simulated systems display COM distances that are
fluctuating from 25 Å to 35 Å throughout the simulations; whereas
two systems, C2 ctl and C2-2sh, exhibited COM separation beyond
35 Å. The latter two systems share the same complex composition
(C2) comprising a lowMWPEI, and possess a PEI/siRNA charge ratio
below unity. For quantification purposes, we defined the time for
siRNA separation when the COM distance between the two siRNA
molecules reaches 35 Å and shows an overall increasing trend
beyond this value. Following this definition, the control system C2
ctl was observed to experience siRNA separation with a sudden
jump in the COM distance above 40 Å at around 100 ns, after which
an increasing trend with fluctuations was observed reaching to



Fig. 4. (a) Time evolution, and (b) average values over the final 50 ns of the simula-
tions of the COM distance between the two siRNA molecules.
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54.37 ± 5.45 Å on average over the last 50 ns. On this regard, with
time-resolved fluorescence spectroscopy techniques, Vuorimaa and
coworkers [50] have previously shown that DNA possesses
different states when in complex with PEI. They proposed a 2-step
mechanism for PEI-DNA binding where DNA first undergoes an
intermediate state between free and loosely bound states at low
PEI/DNA charge ratios, and transitions to fully bound state when
PEI/DNA charge ratio is higher. Their findings might serve as the
experimental validation for the COM separation seen in C2 ctl,
given that the PEI/siRNA charge ratio is 0.15 in this system.

In comparison to C2 ctl, system C2-2sh experienced less sepa-
ration (with an average value of 40.05 ± 2.38 Å for the last 50 ns)
starting at ~170 ns. Increasing the number of heparin molecules
from low to moderate (C2-5sh), or the length of the heparin
molecule from 12-mer to 21-mer (C2-2lh) prevented the separation
of the siRNAs. Compared with C2 ctl (no heparin), the presence of
heparin molecules did not expedite (C2-2sh), or cause (C2-5sh, C2-
2lh) siRNA separation; however, these observations could be
attributed to MD-related limitations such as finite simulation box
size and the use of PBC. PBC are used to introduce the bulk prop-
erties of the solution, where the primitive simulation cell is repli-
cated in all directions to create infinite images of the simulation box
[51]. As our simulations consist of disordered many-body systems,
use of PBC may bring in an “artificial periodicity” [52]. Our simu-
lation boxes are quite spacious (15 Å water layer from all edges of
the box), but the presence of free heparin molecules close to the
edges increases their chances of interaction with their own images.
This interaction might impose a repulsive force on the primitive
cell, confining the contents of the simulation box to a limited space
and hindering the necessary particle motions needed for siRNA
separation in C2-5sh.

Among the low MW PEI systems, increasing the PEI/siRNA
charge ratio above unity (C1-7sh) increased the stability of com-
plexes, so that no separation was evident. High MW (1874 Da) PEI
systems, namely C3-7sh, C4 ctl, C4-5sh, and C4-2lh, did not elicit
siRNA separation, and displayed fairly stable COM separation
through the simulations.

Visual examination of our simulation trajectories revealed an
interesting mechanism involving the torsional motion of the siR-
NAs, i.e., change in relative orientation of the principal axes of the
two siRNAs, accompanying siRNA separation. The torsional motion
may impose a negative impact on the complex stability arising from
(i) the weakening of the polyion bridging among multiple siRNAs,
and (ii) the generation of an accessible area between the siRNAs for
binding of heparin molecules to exposed PEIs. Thus, the relative
orientation of the siRNAs was monitored based on the cosine of the
angle q (cos q) between the two siRNA molecules. To do so, we
defined a vector in each siRNA molecule by connecting two atoms
at the opposite ends of the siRNA's two strands (C10 of the 18th
residue in each strand). We thenmeasured the angle q between the
two vectors as a function of the simulation time. q ¼ 0� (cos q ¼ 1)
represents the configuration of two parallel siRNA molecules,
whereas q ¼ 90� (cos q ¼ 0) corresponds to the two siRNAs being
perpendicular to each other. Fig. 5 shows the time evolution of cos q
in the simulated systems. All systems consist of two siRNA mole-
cules which are initially aligned parallel (cos q ¼ 1). We defined the
transition from parallel to perpendicular orientation when cos q is
reduced to 0.7, and shows an overall decreasing trend beyond. Such
a transition indicates the complexes being “partially relaxed”. Par-
tial relaxation was seen in systems C2 ctl, C2-2sh, C2-5sh, and C4
ctl. Among these four systems, separation of the siRNAs took place
at ~100 ns and ~170 ns in C2 ctl and C2-2sh, respectively. The time
of transition from parallel to perpendicular siRNA orientation is at
~140 ns in both systems, revealing that the torsional motion of the
siRNAs could either accompany or follow the siRNA separation, or
could be a preceding mechanism to complex disassembly via the
partial relaxation of the complex. System C2-5sh displayed a very
early transition (at ~50 ns) in siRNA torsional motion in comparison
with others, although siRNA separation was not present within the
simulated time frame. The onset of partial relaxation was detected
at ~230 ns in system C4 ctl, which comprises 1874 Da PEI as the
carrier and PEI/siRNA charge ratio below unity. Compared with C2
ctl (both systems are in the absence of heparin), increasing the PEI
MW from 568 Da to 1874 Da increased the overall stability of the
complex. However, complex relaxation is still seen to some extent
in this system given that PEI/siRNA charge ratio is below unity.

Among the remaining systems, C3-7sh displayed the least
amount of torsion, followed by C4-2lh and C4-5sh, all consisting of
1874 Da PEI. The systems with 568 Da PEI, C1-7sh and C2-2lh, did
not display the signs of partial relaxation, although the periods of
high fluctuation in C2-2lh should be noted. These observations
thereby highlighted the two distinct influences on the siRNA
torsional motion. First, the course of relaxation was highly depen-
dent on PEI MW as well as PEI/siRNA charge ratio. Second,
increasing the heparin length in the 568 Da PEI systems impeded
the partial relaxation of the complexes (C2-2sh vs. C2-2lh).

3.1.2. PEI dynamics
To investigate the PEI dynamics accompanying separation or

partial relaxation of the siRNAs, we examined polyion bridging in



Fig. 5. Absolute value of cos q between the two siRNA molecules as a function of the simulation time in (a) C1-7sh, (b) C2 ctl, (c) C2-2sh, (d) C2-5sh, (e) C2-2lh, (f) C3-7sh, (g) C4 ctl,
(h) C4-5sh, and (i) C4-2lh.
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C2 ctl, C2-2sh, C2-5sh, and C4 ctl, where the complexes displayed
signs of instability. The polyion bridging pattern in the remaining
systems can be found in Figs. S6 and S7 (Supporting Information).
Fig. 6 shows the number of PEI N atomswithin 4 Å of any N/O atoms
of siRNA or heparin, as a function of the simulation time. Here, 4 Å
represents the distance in which a direct H-bond between PEI
amines and siRNA and/or heparin N/O could be formed [33]. Each
subfigure contains two plots corresponding to the two PEIs in each
system (labeled as PEI-1 and PEI-2 respectively). In these systems,
we intentionally kept the two PEI molecules amidst the two siRNAs
to serve as a bridge while constructing the initial configurations.
Each plot has a different number of curves representing the two
siRNA, and two or more of the heparin molecules (each heparin is
labeledwith a number, for example, heparin-1). To quantify polyion
bridging, the following definitions have been made: (i) a PEI is
defined as bound to an siRNA (or heparin) if it has at least one N
atom within 4 Å of any of the N/O of the siRNA (or heparin); (ii) a
polyion bridge forms when one PEI molecule is bound to two siRNA
molecules simultaneously.

In system C2 ctl (Fig. 6a), PEI-1 and PEI-2 were found to bridge
the two siRNA molecules up until 76 ns and 87 ns, respectively.
Subsequently, each PEI maintained their interactions with their
closest siRNA, losing their interaction with the other siRNA. As
discussed above, C2 ctl showed siRNA COM separation at around
100 ns, followed by torsional motion of the siRNAs starting at ~140
ns. The loss of polyion bridging thus preceded both siRNA COM
separation and the torsional motion, and may indicate the reason
for siRNA separation. The presence of two heparin molecules in
system C2-2sh (Fig. 6b) slightly extended the bridging brought by
the PEI-1 (from 76 ns to 110 ns). PEI-1 was bound to heparin-1 since
the beginning of the simulation, and this interaction was further
strengthened upon the loss of PEI-1's contact with siRNA-1. PEI-1
maintained its bound state to siRNA-2 and heparin-1 past 110 ns. As
observed in system C2 ctl, the decrease in polyion bridging pre-
ceded both the COM separation of the siRNAs as well as siRNA
torsional motion, which took place at ~170 ns and 140 ns, respec-
tively. Presence of heparin did not break the polyion bridge formed
by PEI-2. However, the strength of this bridge was substantially
weakened, fluctuating around 1 or 2 bound Ns (out of 13 N atoms in
total) to siRNA-2 past 166 ns. Increasing the number of heparin
molecules, on the other hand (C2-5sh, Fig. 6c), did not lead to the
loss of the bridges formed by the PEIs, except in PEI-2 during the
early stages of the simulation. The bridging performance of PEI-2 is
again significantly weakened, in fact non-existent between 40 and
100 ns, and fluctuating around 1 or 2 N atoms bound to siRNA-2
past 100 ns. In addition, neither of the PEIs are bound to any hep-
arin molecule in system C2-5sh despite the higher number of
heparinmolecules than that of C2-2sh. Although showing the onset
of partial relaxation towards the end of the simulation, system C4
ctl (Fig. 6d) displayed a strong and consistent polyion bridging
throughout the simulation. This system contains 1874 Da PEI which
forms stronger contacts with the siRNAs, regardless of the PEI/
siRNA charge ratio being below unity.
3.2. Interactions of PEI with heparin and siRNAs

The siRNA and heparin are both anionic in nature, capable of
forming electrostatic interactions with the cationic PEI. The phys-
icochemical characteristics of each molecule, however, are
distinctly different from each other. The type of the anionic group
(phosphate groups of siRNA vs. sulfate and carboxylate groups of
heparin), the spacing between the charged groups, as well as the



Fig. 6. Number of PEI N atoms within 4 Å of any siRNA and/or heparin N/O atoms as a function of simulation time in systems (a) C2 ctl, (b) C2-2sh, (c) C2-5sh, (d) C4 ctl. Two plots in
each subfigure represent two separate PEIs (black and cyan curves corresponding to two separate siRNA molecules). The two and five heparin molecules in systems C2-2sh and C2-
5sh, respectively, are presented with green, yellow, red, blue and purple curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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molecule charge density are the key differences [53]. To investigate
PEI binding to these polyanions, we followed the same definition of
bound PEI Ns as in Section 3.1, and used the percentage of bound Ns
(out of the total PEI N atoms, Table S4; Supporting Information) to
quantify PEI-siRNA and PEI-heparin binding in Fig. 7a. There was an
inverse correlation between PEI's binding to siRNA and heparin;
that is, if PEI binding to heparin is stronger, its binding to siRNA is
weaker.

Among the systems with 568 Da PEI, maximal PEI binding to
heparin is observed in C2-2lh with the average value of ~37%.
Analysis of the PEI dynamics has shown that one of the 21-mer
heparins is detaching one of the bridging PEIs at ~190 ns, and re-
mains solely bound to this PEI afterwards (Fig. S7a; Supporting
Information). This also explains the lowest PEI-siRNA binding
observed in this system as one of the PEIs completely loses its
contact with both siRNAs for about 60 ns (out of 250 ns simulation
time in total). Decreasing the length of the heparin molecule from
21-mer to 12-mer (C2-2sh) decreased heparin's binding to PEI by
10%, and this resulted in a subsequent increase in PEI-siRNA bind-
ing. On the other hand, increasing the number of the short (12-mer)
heparin molecules from low to moderate (C2-2sh vs. C2-5sh)
completely hindered PEI-heparin binding, possibly due to MD
related artifacts as discussed above. The lack of PEI-heparin binding
was reflected in the strong PEI-siRNA binding; the comparison
between systems C2-2sh and C2-5sh shows about 15% increase in
PEI-siRNA binding in system C2-5sh.
Among the systems with 568 Da PEI, C1-7sh possesses the
highest number of PEI molecules to achieve PEI/siRNA ratio >1. The
abundance of PEI in the periphery of the complex results in a
limited amount of space for each PEI to interact with the siRNAs.
This gives rise to the surface PEIs being loosely bound to the siRNAs,
as opposed to the PEIs amidst the two siRNAs establishing strong
contacts with siRNAs (bridging PEIs). Close monitoring of the PEI
dynamics in system C1-7sh (Fig. S6; Supporting Information) has
revealed one of the surface PEIs (PEI-1) being detached from the
complex by two heparins (heparin-5 and heparin-6) almost
immediately after the simulation began (~10 ns). The interaction
between heparin-6 and PEI-1 was maintained from the moment of
their initial binding, whilst the binding between heparin-5 and PEI-
1 was unstable. It appears that the length of the heparin is an
important contributor to its binding strength to PEI, while 21-mer
heparin was capable of detaching a strongly bound, bridging PEI
(C2-2lh), under the same conditions, 12-mer heparin was unable to
do so (C2-2sh). However, when 12-mer heparin interacted with
loosely bound surface PEIs (C1-7sh), it was able to disengage the PEI
from the complex surface. PEIs at different locations in the complex
possess different binding strength to siRNA, which is another major
factor impacting PEI binding affinity/strength toward heparin.

All the systems containing 1874 Da PEI displayed similar levels
of PEI-siRNA and PEI-heparin binding. The ability of heparin to
detach PEI was not evident on the 1874 Da PEI (Figs. S7bed;
Supporting Information). This suggests that MW of the PEI is



Fig. 7. (a) Percent binding of all PEI Ns to siRNA and heparin. Due to the higher number of PEI molecules in the systems with PEI/siRNA charge ratio�1 (thus higher number of PEI N
atoms), the percentage of PEI binding to siRNA was found to be lower than that of the systems having PEI/siRNA charge ratio <1 (except for C2-2lh where PEI-siRNA binding is
comparable), despite the presence of a higher number of Ns in bound state. (b) The individual groups in GlcNS(6S) and IdoA2S, where the summation of the atomic partial charges
yields an integer group charge. Percent binding of all PEI N atoms to individual groups of heparin's building blocks (c) GlcNS(6S), and (d) IdoA2S. Percent contribution of the
protonated PEI N atoms to overall PEI-heparin binding in (e) GlcNS(6S), and (f) IdoA2S. All the presented data in (a), (c), (d), (e), and (f) are average values over the final 50 ns of the
simulations.
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critical for the heparin's destabilizing effect on siRNA complexes.
Next, we examined the binding between the individual groups

of heparin and PEI to assess the contribution of each group in
binding. To do so, we first divided each heparin residue, GlcNS(6S)
or IdoA2S, into five groups, where the summation of the atomic
partial charges yields an integer group charge (Fig. 7b). Group 2 and
Group 5 are the anionic groups, each carrying an overall charge
of �1. Group 2 comprises a sulfamate moiety in GlcNS(6S), and a
sulfate moiety in IdoA2S; whereas Group 5 contains a sulfate
moiety in GlcNS(6S), and a carboxylate in IdoA2S. Group 3 has an
overall neutral charge. Groups 1 and 4 are the connection points
between the two residues in the heparin molecule, i.e., 1 / 4
linkage, their overall charge can differ depending on whether they
undertake a linking role (�0.18 for Group 1 and 0.18 for Group 4) or
remain as isolated residues at the two ends of the molecule
(neutral). In Fig. 7c and d, we plotted the %binding of all the PEI Ns
to designated groups in GlcNS(6S) and IdoA2S, respectively (see
Table S4 for actual number of PEI Ns bound to each group). Based on
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the analysis in Fig. 7c and d, Group 4 is the least contributing group
to PEI binding, given that it is a small group residing in the 1 / 4
linkage. Group 1 exhibited considerable PEI binding levels in both
GlcNS(6S) and IdoA2S residues, whereas Group 3 binding wasmore
complex, its contribution was considerable in GlcNS(6S) but very
little in IdoA2S. The anionic Group 2 and Group 5 were substantial
contributors to PEI binding.

The strong binding demonstrated by the anionic groups brings
up the questionwhether this behavior is a result of the electrostatic
interactions between the anionic sulfate, sulfamate, or carboxylate
moieties of heparin and the protonated Ns in PEI. In Fig. 7e and f, we
plotted the percent contribution of the protonated PEI Ns to overall
PEI-heparin binding (the actual number of PEI protonated Ns bound
to the heparin groups is given in Table S4, along with the their %
binding in Figs. S8a and b, in Supporting Information). Protonated
Ns of PEI are expected to form electrostatic interactions with the
anionic groups of heparin, as well as with the heparin atoms car-
rying negative partial charges. It could be seen from Fig. 7e and f
that heparin's two building blocks, GlcNS(6S) and IdoA2S, display
marked differences in their ability to establish electrostatic in-
teractions with the protonated PEI Ns despite their equal anionic
charge. Starting with the Group 2 of IdoA2S (a sulfate moiety), it
was observed that 60e75% of the PEI-Group 2 binding comes from
direct contacts with the protonated Ns of PEI (Fig. 7f). Having a
sulfamate moiety in position 2 in GlcNS(6S), however, slightly
hinders Group 2's ability to form electrostatic interactions, and
reduces the electrostatic contribution to PEI-Group 2 binding to
45e60%, except for system C2-2sh (Fig. 7e). PEI-Group 5 binding
displays even more marked differences between GlcNS(6S) and
IdoA2S; the carboxylate moiety of IdoA2S is responsible of 87e98%
of the overall PEI-Group 5 binding, as opposed to the GlcNS(6S)’s
sulfate moiety where the corresponding contribution fluctuates
from 23 to 81%, mostly localizing around 60%. The pattern observed
in the electrostatic interactions was reflected in the H-bonds
formed between the heparin's groups and the PEI Ns (Figs. S8c and
d). Groups 2 and 5 displayed the highest number of H-bonds per PEI
N, while the number of H-bonds formed by Groups 1 and 3 were
significantly less, but comparable to each other. Group 4 was
identified as the least contributor. The carboxylate of IdoA2S was
again the most prominent group leading the H-bond interactions
with PEI Ns.

The anionic moieties of heparin possess acid dissociation con-
stants (pKa) in the range of 0.5 and 1.5 for the sulfate groups, and
2.0e4.0 for the carboxylates [54]. Given that the carboxylates are
inherently weaker acids than the sulfates [55], one might expect
sulfate containing groups dominating the binding of heparin to
other biomolecules [1]. On the other hand, different moieties of
heparin other than the sulfates could be essential for heparin
binding [56]. We have observed that the carboxylate moiety of the
iduronic acid is a major contributor to PEI binding. However, given
the abundancy of sulfated groups in heparin (three sulfate moieties
in the repeating disaccharide), the contribution to overall PEI
binding from all the sulfated groups combined could be more than
that of the carboxylate. The mechanism for the difference between
the binding of sulfate and the carboxylate moieties remains to be
explored. It is possible that the conformational flexibility of the
internal iduronic acid pyranose rings [57,58] may lead to the
positioning of the carboxylates that is favorable for PEI binding, or
the steric hindrance brought by the bulky sulfates might be hin-
dering their interactions.

3.3. Mechanistic insights into heparin mediated complex
disassembly

Our simulation trajectories revealed that siRNA-PEI complexes
display different responses to the presence of heparin in their pe-
riphery. We evaluated the response of each system by monitoring
the motion of the siRNAs and the heparin's mode of action. The
motion of the siRNAs was examined to see if the siRNAs remain
complexed, or become partially relaxed or separated, whereas the
heparin's action was determined from its binding to PEI, its PEI
detachment activity, or its free floating motion in the bulk solution.
These key observations are summarized in Table 2. There exists a
clear distinction for the systems with different PEI MW; systems
containing 568 Da PEI were found to be more vulnerable to the
destabilizing effects of heparin, displaying a variety of different
siRNA motions contingent on the heparin-related variables,
whereas in 1874 Da PEI systems, the siRNAs remained in complex
regardless of the heparin length or number of heparin molecules.
Along the same lines, heparin's PEI detachment action can be seen
in the 568 Da PEI systems, whilst PEI disengagement from the
1874 Da PEI bearing complexes was not possible. This puts great
emphasis on the size of the carrier to resist heparin mediated
destabilization. In support of this observation, Bertschinger and
coworkers have previously shown that the amount of heparin
bound to the branched PEIs correlated well with increase in PEI
MW from 2 kDa, to 25 kDa and 750 kDa, thus a higher heparin
concentration was needed to release the DNA bound to higher MW
PEIs [59]. Kwok and Hart reported that DNA complexes containing
25 kDa branched PEI were more stable against heparin-mediated
disassembly, requiring about 4 times higher heparin concentra-
tion than that for 22 kDa linear PEI to reach 95% dissociation [60].
Schaffer and coworkers investigated the dissociation of plasmid
DNA complexes formed with polylysines possessing different
lengths ranging from 19 to 180 residues. They demonstrated that
complexes with shorter polymers can fully and more quickly be
dissociated when exposed to excess amounts of immobilized
double-stranded DNA, while only 50% dissociation was detected in
the complexes formed with the longest (180 residue) polylysine
[61]. Along the same lines, Danielsen and coworkers reported
easier dissociation of DNA e low degree of polymerized chitosan
complexes by heparin than the complexes from longer chitosan
[62].

Among the 568 Da PEI systems, it could be seen that the change
in the complex integrity is related to PEI/siRNA charge ratio and
heparin length. Having the PEI/siRNA charge ratio >1 delivered a
more stable complex, where shorter heparins were observed to
disengage the loosely bound surface PEIs, but not the PEIs under-
taking siRNA bridging role. The loss of a surface PEI did not induce
any significant change in the complex stability, as there were still
plenty of PEIs maintaining the overall integrity. Decreasing the
number of PEIs (i.e. lowering the PEI/siRNA charge ratio below
unity), however, induced instability within the complexes. At such
low charge ratios, the complexes do not bear a net positive charge;
moreover, due to the lack of PEIs, much of the complex is exposed
to the surrounding solvent. Consequently, there exist repulsive
forces between siRNAs and the peripheral heparin molecules. The
absence of excess PEI also provides an easy access of heparin to the
siRNA-bridging PEIs; the competing electrostatic attractions be-
tween the heparin and accessible PEIs negatively impact (or further
sensitize) the stability of the complexes. The separation of the
siRNAs was dependent on the amount of heparin as well as the
length of the heparin chain. 12-mer heparin triggered the separa-
tion of the siRNAs when the number of heparin molecules in the
system is low, whereas having excess heparin in the periphery did
not allow for the full separation of the siRNAs, only permitting the
partial relaxation. Owing to its longer chain length, hence higher
negative charge, at the same amount of heparin molecules in the
system, 21-mer heparin displayed stronger destabilizing action
than its 12-mer counterpart by disengaging a bridging PEI from the



Table 2
Summary of the behavioral patterns observed in the studied systems. The orange icons represent the state of siRNAs, whereas the blue icons demonstrate heparin's mode of
action.
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complex.
In the light of the different behavioral patterns demonstrated by

our simulation systems, we propose the following five-stage
mechanism for heparin-mediated disassembly of the siRNA-PEI
complexes: (i) heparin binding to complex, (ii) detachment of
surface PEIs, (iii) disengagement of bridging PEIs, (iv) change in
siRNA torsional motion and partial relaxation of the complexes, and
(v) separation of siRNAs (Fig. 8). We articulate that stages I and II are
prerequisites for heparin-mediated relaxation/disassembly process
to take place, via the loss of the protective PEI shell surrounding the
siRNA cargo. It is important to note that the sequence of some of the
proposed events does not necessarily have to be in this particular
order; e.g. stages (iv) and (v) may happen simultaneously or one
after the other; and some of the proposed stages may not be readily
observed such as the detachment of the bridging PEIs.
Fig. 9. Proposed conformational states of the siRNA-PEI-heparin ternary systems in
explicit water. The representative siRNAs are given in gray, and representative PEIs and
heparins are given in red and blue, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
3.4. Implications

Our methodology in varying the preparation variables has led to
the sampling of different conformational states at the atomistic
level. In Fig. 9, we schematically illustrate the free energy landscape
of siRNA-PEI-heparin complexes in explicit water. From the analysis
of many atomistic trajectories, we observed three main metastable
conformational states; namely (i) heparin coated stable siRNA-PEI
complex, (ii) stable siRNA-PEI complex with partially removed
PEIs (surface bound and/or bridging), and (iii) relaxed or dis-
assembled complex. As these states are derived from the simulation
trajectories of different compositions, we are unable to decide
which one of the metastable states is thermodynamically more
stable than the others. Therefore, we present all the observed states
as if they possess the same level of thermodynamic stability,
however, in reality, some conformations might be more favorable
Fig. 8. The proposed mechanism for the heparin-mediated siRNA-PEI complex disassembly
given in red and blue, respectively. (For interpretation of the references to colour in this fig
than the others.
The atomistic details of the ternary systems acquired from our

MD simulations have shown that siRNA-PEI complexes experience
a variety of heparin-mediated changes in their conformational
states. Due to complex effects of GAGs on the complexes, previously
conducted experimental studies have assigned contradictory roles
to GAGs in the context of polynucleotide-based therapeutics. Our
simulations have shown that heparins bind to siRNA-PEI complexes
. The representative siRNAs are given in gray, and representative PEIs and heparins are
ure legend, the reader is referred to the web version of this article).
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through electrostatic interactions and H-bonding with PEIs. The
surface of the complexes becomes coated with heparin molecules
in the presence of abundant peripheral PEIs, therefore the positive
surface charge of the complex is sequestered by the heparins. This
could be beneficial to reduce the cytotoxicity of the complexes, as
the cationic charge of the PEI is mainly responsible for inducing
damage to cell membranes and endocytic compartments [63]. If the
complexes remain stable and coated with heparin (one of the
proposed metastable states depicted in Fig. 9) prior to binding to
the membrane milieu, heparins adsorbed on complex surfaces may
explain the effects related to reduced cytotoxicities [8].

When heparin is present on cell surfaces in the form of heparin
sulfate proteoglycans (HSPG), the attractive forces between highly
anionic HS chains and the cationic complexes could facilitate
cellular uptake of complexes [64]; GAGs may act as “receptors” in
this case [5,6]. Along the same lines, previous dissipative particle
dynamics simulations have shown that increasing the anionic lipid
content of the cell membrane facilitates the uptake of the DNA
containing cationic nanovectors through enhanced attraction to
cell membrane, thereby decreasing the total engulfment time [65].
Hence, it is possible that the uptake of the complexes can take place
more quickly and more efficiently in the presence of cell surface
HSPGs. Since cells and tissues display a great variety in their GAG
size and content [66], our simulations suggest that the number of
heparins/HSPGs present on the cell surface and the length of hep-
arin/HS GAG chains may critically influence the strength of the
interactions and the resulting cellular uptake efficiency of com-
plexes, as also suggested by Ruponen and coworkers [15]. On the
other hand, cell surface GAGs may also disrupt the integrity of the
complexes, by detaching the surface and bridging PEIs; the extent
of this effect is dependent on GAG chain length, as well as the MW
of the carrier and the cationic charge of the complex.

Binding of heparin to the polynucleotide complexes may also
affect the subsequent intracellular trafficking events [14e16].
Shielding of the PEI cationic charges may adversely affect endo-
somal escape ability of PEI, and can eventually trap the complexes
in the endocyctic compartments. Complexes may experience hep-
arin mediated partial relaxation and/or disassembly as shown by
our MD simulations, which will make themmore susceptible to the
destabilizing effects of the pH changes in endosomes, hence they
may be prematurely degraded. On the other hand, if the partially
relaxed complexes could manage to escape from the endosomes,
their disassembly in the cytosol, a key rate-limiting step to poly-
nucleotide delivery, may have been facilitated by the relaxation
that is already initiated by heparin.

3.5. Limitations

The size and time scale limitations brought by classical all-atom
MD makes it highly challenging to study the dynamics of real-size
supramolecular assemblies. With techniques such as coarse grain-
ing (CG) [67], it is possible to study systems of larger sizes by
grouping a number of atoms together into “CG beads”, thus
decreasing the degrees of freedom. Such an approach, however,
causes the loss of atomistic representation of the system to some
extent. As the aim of this study was to determine the nature of the
atomistic interactions between the siRNA-PEI complexes and
heparin, and to identify the conditions leading to conformational
changes in the complexes, the simulations were performed at the
all-atom level. The choice of the PEI and heparin was, thus, made
accordingly to be of lowMW. Although lowMWPEIs are ineffective
in delivering their nucleic acid cargo [68]; they possess low cyto-
toxicity profile and can be derivatized to match or exceed the
performance of 25 kDa PEI after substitution with hydrophobic
moieties, such as propionic acid [34]. Moreover, we expect the
nature of interactions formed between PEI and heparin to remain
the same, regardless of the PEI MW. It should be emphasized,
however, heparin's PEI detachment action is dependent on the size
of the PEI; as discussed, lower MW PEIs are more prone to heparin-
mediated disengagement from their complexes with siRNA.

The PEI molecules simulated in this work carry a fixed charge of
46% amine protonation. The PEI/siRNA charge ratio is varied by
changing the number of PEIs within the complex, at fixed number
of siRNAs. Considering the increase in the simulation box size upon
addition of heparin to the periphery of complexes, the maximum
PEI/siRNA charge ratio is kept at ~1, corresponding to a PEI/siRNA
weight ratio of ~0.3. From gel electrophoresis mobility shift assays,
we previously reported complete binding of 2 kDa PEI to siRNA at
the PEI/siRNA weight ratio of 0.4 [19]; hence, in the complexes
bearing PEI/siRNA charge ratio ~1, the PEIs should display almost
complete siRNA binding. Practically, the PEI/siRNA charge ratio is
kept at an excess (see Ref. 69e72 that report N/P ratios ranging
from 6 to 80) to ensure full protection of the siRNA cargo en route.
However, it is not practical to simulate systems of such large sizes
with all-atom MD simulations. Furthermore, we expect that the 5-
step mechanism proposed for the heparin-mediated siRNA-PEI
complex disassembly can still be applied to the systems bearing
excess charge ratios, although more heparin molecules may be
required to observe the entire process. It is worthwhile to note that
as the number of surface PEIs increases, the process of disassembly
may occur at a slower pace; given that the detachment of surface
PEIs is necessary for the exposure of interior PEIs to heparin, which
ultimately leads to the complete separation of the siRNAs via the
loss of polyion bridging.

Among the systems bearing different PEIs and PEI/siRNA charge
ratios, the destabilizing action of heparin was most prominent in
the systems with low MW PEI and PEI/siRNA charge ratio below
unity. Under experimental conditions, heparin was reported to
dissociate the complexes in a concentration dependent manner;
even at high polymer/nucleic acid charge ratios ([1), the com-
plexes can be dissociated at a sufficiently high heparin concentra-
tion [9]. However, within the size and time scale attainablewith all-
atom MD simulations, it is not practical to increase the heparin
concentration, as this will give rise to technical problems such as
the artificial periodicity mentioned in Section 3.1. In addition, the
experimental time scale for heparin mediated changes on nucleic
acid complexes lies between 15 min [12] to 2 h [62]; therefore, it is
highly challenging to visit all possible transitional states under
traditional MD settings (time less than one ms). Given the
complexity of the supramolecular assemblies, the risk for the sys-
tems to be trapped in deep energy wells, unable to sample other
possible conformational states, always exists. Enhanced sampling
techniques such as replica exchange MD [73], accelerated MD [74],
or metadynamics [75] to name a few, could be employed to over-
come the high energy barriers between metastable states, as well
as to increase the time scale of the simulations. We should note
that, our efforts to sample more conformational states in the sys-
tem C3-7sh by a simulated annealing [76] approach, i.e., gradually
heating the system to 330 K, followed by full dynamics at 330 K for
50 ns, and then gradually cooling the system down to 300 K, did not
result in any significant changes in the structure of the complexes
(data not shown).

Despite the technical challenges, our methodology allowed us to
observe some of the transitional states the complexes undergo both
in the presence and absence of heparin. By varying the physical
properties of the simulation systems and simulating as many tra-
jectories of different compositions as possible, we were able to
provide a full picture of the heparin-mediated disassembly of the
siRNA-PEI complexes. In addition, we identified the critical pa-
rameters regulating the process of disassembly: PEI MW, PEI/siRNA
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charge ratio, heparin length and concentration. Some of these pa-
rameters (PEI MW, PEI/siRNA charge ratio, heparin concentration)
were previously identified through physicochemical studies, and
on these aspects, our study provided a computational validation to
the experimentally observed phenomena. Due to the challenges
arising from the poor characterization of commercial heparin and
lack of atomic resolution in most physicochemical assays, the mo-
lecular interactions between heparin and siRNA-PEI complexes
were not fully known to date. By investigating these interactions at
the all-atom level, we demonstrated the electrostatic origin of the
heparin e siRNA-PEI complex interactions, and revealed, for the
first time, the influence of heparin's different anionic groups on
binding to PEI.

4. Conclusions

The effect of heparin on siRNA-PEI nanoparticles has been
elucidated from a series of all-atomMD simulations. We developed
an approach to study the transitional states of the siRNA-PEI-
heparin ternary complexes to reveal a picture of the heparin-
mediated changes in complex conformation. We found that hepa-
rin binds to siRNA-PEI complex through electrostatic interactions
and H-bonding with PEI Ns. These interactions with PEI were
mainly governed by the anionic eN/OeSO3

� and eCOO� groups of
heparin. The eCOO� moiety of the iduronic acid residues was a
major contributor to PEI binding. The MW of PEI and PEI/siRNA
charge ratio in complexes were found to regulate the response to
heparin. The chain length of heparin and the number of heparin
molecules present in the system were critical. From these findings,
we propose the following multi-step mechanism for heparin
mediated disassembly of the siRNA-PEI nanoparticulate complexes:
(i) heparin binding to complex, (ii) detachment of surface PEIs, (iii)
disengagement of bridging PEIs, (iv) change in siRNA torsional
motion and partial relaxation of the complexes, and (v) separation
of siRNAs.We further propose threemetastable states in the energy
landscape of the ternary systems in explicit water, which are (i)
heparin coated stable siRNA-PEI complex, (ii) stable siRNA-PEI
complex with partially removed PEIs (surface and/or bridging),
and (iii) relaxed or disassembled complex. These mechanistic ob-
servations should further facilitate design of new carriers for gene
medicines and help to better understand the behavior of poly-
nucleotide complexes in the physiological milieu.
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