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Abstract

Polyelectrolyte complexes formed from nucleic acids and synthetic polycations have been studied
because of their potential in gene delivery. Coarse-grained molecular dynamics simulations are
performed to examine the impact of chain length and polyanion stiffness on polyplex formation
and aggregation. Polyplexes containing single polyanion chain fall into three structural regimes
depending on polyanion stiffness: flexible polyanions form collapsed complexes, semiflexible
polyanions form various morphologies including toroids and hairpins, and stiff polyanions form
rod-like structures. Polyplex size generally decreases as polycation length increases. Aggregation
(i.e., formation of complexes containing multiple polyanions) is observed in some simulations
containing multiple polyanions and an excess of short polycations. Aggregation is observed to
only occur for semiflexible and stiff polyanions and is promoted by shorter polycation lengths.
Simulations of short, stiff polyanions condensed by long polycations are used as a model for
SiRNA gene delivery complexes. These simulations show multiple polyanions are spaced out
along the polycation with polyanion-polyanion interactions, usually limited to overlapping chain
ends. These structures differ from aggregates of longer polyanions in which the polyanions are
packed together in parallel, forming bundles.
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Coarse-grained molecular dynamic simulations are performed to shed light on polyplex structures
formed in polymer based gene delivery. Long stiff polyanions (PA) condensed by short flexible
polycations (PC), mimicking delivery of plasmid DNA, formed bundles, whereas short stiff
polyanions condensed by long flexible polycations, mimicking delivery of siRNA, did not form
bundles.
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1. Introduction

Polyelectrolyte complexes have great importance in a variety of biological and industrial
applications, including drug delivery, layer-by-layer assembly, and packaging of genetic
materials.[2=3] One highly studied application of polyelectrolyte complexes has been non-
viral gene delivery systems containing polyanionic nucleic acids (usually plasmid DNA or
siRNA) and synthetic polycations, such as polyethyleneimine (PEI) or poly-L-lysine (PLL).
[2-4] packaging therapeutic nucleic acids into polyelectrolye complexes protects them from
degradation and enhances their uptake into cells. These polyplexes can be further enhanced
by linking the polycation to hydrophilic polymers to increase stability and/or to ligands
that target specific cell types.[2°] However, polycation-based gene delivery treatments
remain under development and would benefit greatly from improved understanding of the
relationship between the properties of the polyelectrolytes, the resulting structure of the
polyelectrolyte complex and the efficacy/safety of the complex as a gene delivery vector.[2:3]

One common focus of studies of polyelectrolyte complex structure has been determining
the composition of the polyplexes (i.e. the numbers of polycations and nucleic acid chains
in the polyplex) and, more specifically, if the polyplexes are aggregates, where we use

the term aggregate to refer to a polyplex containing multiple polyanion chains.[6-15] For
example, examination of polyplexes consisting of PEI and plasmid DNA has shown that
polyplexes can be aggregates containing dozens of DNA plasmids and PEI molecules, [®]
and that aggregation depends on DNA concentration, the length and type (e.g. linear or
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branched) of the PEI, and the ratio of PEI amine groups to DNA phosphates (a property
referred to as the N/P ratio).[”] The systems in these studies were typical of many potential
gene delivery preparations, as they involve long, comparatively stiff polyanions (plasmid
DNA which is typically thousands of basepairs long) interacting with an excess of shorter,
more flexible polycations. However, not all gene therapy polyplexes fit this paradigm, as the
lengths and rigidities of the polyelectrolytes in gene delivery complexes vary. Significantly,
gene delivery based on either siRNA, which is ~20 nucleotides long, or single-stranded
oligonucleotides, which are much more flexible than their double-stranded counterparts,

has also been investigated. Thus, there have been several experimental investigations

of how polyelectrolyte length and rigidity impact complex structure.[8-15] Hayashi et

al. examined complexation between a ~+40 charged PLL-PEG block copolymer and a
21-mer of either double-stranded siRNA or single-stranded RNA. They found that, at
sufficient RNA concentrations, complexes formed from single-stranded RNA chains formed
aggregates containing many RNA chains, while double-stranded siRNA did not aggregate.[8]
Lueckheide et al. examined a similar PLL-PEG block copolymer system but used DNA,
instead of RNA, as the polyanion and found different results.[®] In this study, single-stranded
DNA complexes were spheroidal micelles while double-stranded DNA complexes were
cylindrical structures with the DNA helices hexagonally packed in parallel.

Despite the advancements provided by these experimental results, their interpretation is
challenging, as it can be difficult to determine if differences in complex structures are due
to differences in polyelectrolyte chain lengths, polyelectrolyte flexibilities or other factors
such as the molecular level details of the chains. For example, experiments have indicated
that differences in the charge density, and not the flexibility, of single- and double-stranded
polyanions are the cause of the differences in the structures of polyplexes composed of
PLL homopolymers and either single-stranded or double-stranded DNA.[0] Coarse-grained
simulations, which offer precise control over the specific properties that are varied, are,
therefore, useful in investigating the impact of variation in polyelectrolyte chain length and
flexibility on polyplex structure and interpreting experimental results. Some relevant coarse-
grained studies have been performed previously,[16:17.26-28,18-25] and, notably, there have
been a few recent investigations of the formation of aggregates.[29-34] These coarse-grained
studies of aggregate formation have had two main areas of focus. First, there have been
studies that focused on the aggregation of double-stranded DNA or siRNA, specifically,
using a coarse-grained model that was parameterized for DNA/siRNA32:33] or an atomistic
model for siRNA.[34:35] A second group of simulations focused on the aggregation of
polyanions in the presence of small cations and investigated how the flexibility of the
polyanions, the charge density of the polyanions and the valency of the cations impacted
aggregation.[29-31]

Here, we use coarse-grained molecular dynamics simulations to examine the impact of
variation in polyelectrolyte chain length and flexibility on the structures of complexes
formed from oppositely charged polyelectrolyte chains. The polyelectrolytes in the
simulations are simple models, in which the beads of the polyanion and polycation chains
have opposite unit charges but are identical in terms of mass and size. Thus, we isolate how
changes in chain length and flexibility impact complex structure without complications from
the molecular level details of the polyelectrolyte chains. In the first section, we examine
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the structure of complexes formed in simulations containing a single polyanion chain with
charge —50 whose flexibility is varied in the presence of several shorter flexible polycation
chains whose chain lengths and numbers are varied. In the second section, we perform
simulations containing several polyanion chains and investigate how polyanion flexibility
and the lengths of the oppositely charged polycations impact the formation of polyplex
aggregates.

2. Methods
2.1 Chain Models

The polyelectrolytes were modeled using a bead-spring model that has been extensively
used in previous studies.[18.28:36-38] A|| parameters in the system are given in terms of the
basic unit of energy ¢, the basic unit of length o and the basic unit of mass m. The basic

units of time = and temperature 7 are given by r = (mie)*sand T = elkpg, where kg is the

Boltzmann constant. Bonded beads interact through an attractive finite extensive, nonlinear
elastic (FENE) potential given by

1, 2 r?
Upona (r) = — EkR()ln 1- g (1)

with spring constant k = 7/¢% and maximum bond distance Ry = 2¢, producing an average

bond length of 1.1 o. The stiffness of the polyanion chain was varied through the angle
flexibility term,

Uangle (r) = k9(9 - 90)2 (2

where kg is the angle stiffness term and ¢ is the bond angle in degrees. The equilibrium bond
angle g in these simulations was always set to 180°. The polyanions were modeled with a
wide range of angle stiffness terms with &y, taking values between 0 and 300 ¢/deg?. The
exact kg values used for the polyanions are specified in the Results section and Table S1. In
all simulations, the polycations are assumed to be fully flexible with kg = 0.

The beads in the simulations also interact through two non-bonded interactions: a purely
repulsive Lennard Jones (LJ) potential and a Coulomb potential. The shifted LJ potential is
given by

12 6
(2 () i} =
Upyn =1 [\r r;o 4 @
0, F>r,
such that the LJ interaction becomes zero at r, = 266, placing the chains in a good solvent.

The Coulomb potential is given by
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kgT
uij(r) = z;zjAp—— @

where z; is the valence of particle 7 and g is Bjerrum length, which is the distance at

which the interaction energy between two unit charges would be equal to k4T In water at
300 K, A = 7.1 A. The charge-to-charge distance along the phosphate backbone in DNA

is ~3.4 A, resulting in a Coulomb strength parameter I = gAg/(r) = 2.1 for ssDNA and

I = 4.2 dsDNA, where (r) is the average distance between charges along the chain. In the
coarse-grained model used here, all beads carry a single charge and are separated by a bond
with average length 1.1 . We set Ag = 3.2, giving a Coulomb strength parameter I" = 3 for
the coarse-grained polyelectrolytes, a value between those of sSSDNA and dsDNA. This value
was not varied in these simulations.

The simulations were performed using the LAMMPS molecular dynamics software package.
[39] A Langevin thermostat with damping constant y = 1 was used to maintain a constant
temperature T = 1.0¢/kg. Long-range electrostatic interactions were included using the P3M

mesh-Ewald method. The initial configurations of the systems were generated randomly.
Chains were built as random walks with the requirement that the minimum next nearest
neighbor distance between chain beads was 2 o, producing starting conformations that
were extended. Counterions were added to the simulation boxes when necessary to produce
systems with a net charge of 0. The counterion beads had the same parameters as the
monomers.

Every simulation began with an initial equilibration period using a short time step, 4¢, that
was gradually increased from 107° = to 0.005 ¢ to allow for relaxation of high LJ energies
resulting from initial configurations with overlapping beads. All production runs used a time
step 4r = 0.015 = and were performed for at least 0.75 x 10° 7. Simulations with multiple
polyanion chains were performed for longer, ranging from 1.5 x 10° 7 to 30 x 10° 7. All
simulations were performed in cubic boxes with edge lengths between 75 and 100 o. The
details for all simulations, including production lengths and box sizes, are given in Table S1.
The trajectories were visualized using VMD.[40]

2.2 Monitoring Conformation of Chains

The conformational properties of the chains were monitored by determining the radius of
gyration tensor which was then diagonalized to obtain the three principal components, R, {2,

Rg 22 and R, 32 (Equation 5), where R, 12 is the largest component and R, 32 is the smallest
component. The relative shape anisotropy (RSA or «2) is calculated from these principal

components as shown in Equation 6. RSA can range between zero when the shape of the
polyanion is spherical and 1 when all its monomers lie in a straight line (i.e. a rigid rod). R,

and RSA are reported as averages, < Rg > and < RSA >, over the last 0.45 x 10 7 of the
trajectories.
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Ry =Ry 1+ Rg 2+ Ry 3 (5)

4 4 4
» 3 Rg’1+Rg’2+Rg,3 1

RSA =« = 6
2(p2 2 2\ 2 ®)
(Rg,l + Rg o+ Ry, 3)

Preliminary simulations of a single 50mer polyanion in the presence of only counterions
were performed to examine how < Rg >, < RSA > and persistence length L, change in

response to kg alone (Figure S1). As expected, both < R, > and < RSA > gradually increase
with kg. Furthermore, the maximum < R, > was determined to be ~16 . The morphologies
of the polyanions can be roughly characterized using this maximum < R, > and < RSA >.
Rods have maximum < R, > and < RSA > values of ~16 o and ~1.0 while collapsed
structures have significantly lower values. Hairpins have < R, > roughly equal to half of the
maximum < R, > (~8 o in this case) and a relatively high < RSA > of ~0.8 due to their
linear-like shape. On the other hand, toroids have < R, > and < RSA > values less than the
half maximums (< R, > <8 o and < RSA > < 0.5). The L, gradually increases with kg in a

linear fashion as shown in Figure S1. However, the stiffness of the polyanion will be denoted
by kg, not L,, in the remainder of the study.

3. Monitoring Conformation of Chains

3.1 A Single Polyanion Condensed by Multiple Polycations

We first examine polyplexes formed in simulations containing a single polyanion chain,
whose flexibility was varied through the angle bending stiffness & in the chain, and multiple

flexible polycations. The single polyanion chain had length 50, giving a total polyanion
charge Q4 of —50, while the average polycation length < L > and the total charge of

the polycations Q¢ were varied. Polycations of slightly different lengths were used to
maintain consistent values of Qc; for example, simulations with Q¢ = 50 could include two
polycations of length 9 and four of length 8, giving < L > = 8.33, or two polycations of
length 12 and two of length 13, giving < Lc > = 12.5. For more details, Table S2 contains
the explicit number n. and length L of the polycation chains for each respective < L¢ >

value. The polyelectrolyte complexes had a wide variety of structures in these simulations,
depending on the flexibility of the polyanion chain (Figure 1), ranging from collapsed
globules that were typical for flexible polyanions (Figure 1a) to toroids and hairpins for
polyanions with intermediate flexibilities (Figure 1b and c) to rod-like shapes for stiffer
polyanions (Figure 1d).

To quantify the impact of varying ky and < L > on polyplex structure, we calculated
< Ry >and < RSA > of the polyanion as a function of < L¢ > with [0c/Q 4| = 1 (Figure

2). In agreement with previous results[?l], there are three structural regimes based on
the flexibility of the polyanion. First, for flexible polyanions (kg = 0,2,5), < Rg > is
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small and continuously decreases as < L¢ > increases. < RSA > ranges between 0.4 and

0.2 in this regime, indicating that the polyanion adopts a globular form. Second, for
stiff polyanions (kg = 30 & 300), < Ry > and < RSA > maintain values of approximately

16 o and 1.0, respectively, for all < L >, indicating that stiff polyanions remain in
rod-like conformations. Third, for semiflexible polyanions (kg = 10, 15&20), < Rg > and

< RSA > fluctuate wildly as < L¢ > increases; these fluctuations are due to the formation
of toroids (< Rg> <60, <RSA> <0.5), hairpins (< Rg> ~ 86, < RSA> ~0.8), and

other morphologies similar to those shown in Fig. 1 panels (b) and (c), and slow transitions
between one morphology to the other. To better quantify the structural changes in the three
regime, we present the moving average of R, over the length of the trajectory and histograms

of R, for every < Lc > and kg = 2,10&300 in Figure 3. It can be clearly seen that the flexible
polyanion (kg = 2) forms a globular complex (R, < 4 ) and the rigid polyanion (kg = 300)
remains rodlike (R, = 16 o). On the other, the semiflexible polyanion (kg = 10) can vary
between toroids (with R, that are slightly greater than 4 o) and hairpins (with R, that

are slightly less than 8 o). Obtaining converged < R, > values in semiflexible regime is

therefore challenging and would require more sampling beyond the scope of this study.

The data in Figure 2 are obtained when |0c/0Q4| = 1 (the total positive charge of the

polycations equals the negative charge of the polyanion). However, there is great interest
in other |O¢/Q 4| ratios, as experiments often study the condensation of polyanions

while increasing the polycation concentration (i.e, increasing the N/P ratio). Thus, these
experimental studies focus on when condensation of the polyanion is complete and whether
added polycations associate with condensed polyanions or remain free in solution.[7:41-43]
For example, one study of PEI-based gene delivery showed that, while DNA condensation
was complete when N/P = 3, gene transfection efficiency improved significantly when N/P
=10, indicating that unbound PEI may facilitate gene transfection.[”4243] To investigate
the impact of the total polycation charge on polyplex structure, we performed simulations
for a total of three polycation/polyanion charge ratios (|Oc/Q4| = 0.5 and 2, in addition

to |0c/0 4| = 1). The existence of three structural regimes based on the flexibility of the
polyanion was also observed when |0c/Q4| = 0.5 and 2 (Figures S2 and S3). We note that
direct comparisons between N/P and |0¢/Q 4| may be difficult in some cases, especially for

polycations such as PEI where some amine nitrogens remain unprotonated.[44]

For undercharged (|Oc/Q 4| = 0.5) and neutral systems (|Oc/Q4| = 1), all of the polycations
were found to bind to the polyanion chain for all < L > and kg values, where polycation
chains are classified as bound to the polyanion if any bead of the polycation chain

was within 2 o of any bead of the polyanion. However, this is only rarely observed in
overcharged systems (|Qc/Q 4| = 2); in these systems, the net charge of the polyplex (i.e.,
the sum of the charges of all polyelectrolyte chains in the polyplex) is positive, but, in
most cases, one or more polycation chains remain free in solution. The magnitude of

the net charge on the polyplex varies depending on the flexibility of the polycation and
length of the polycation (Figure 4). The net charge was calculated by multiplying the
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number of polycation chains within 2 o of the polyanion by the < L > and subtracting the

charge of the polyanion. In general, increased polyanion stiffness promoted the binding of
additional polycations, resulting in polyplexes with stiff polyanions usually having higher
net charges than corresponding polyplexes with more flexible polyanions. For example,
all of the polycations in the simulation with < L > > 12.5 bind to the stiff (kg = 300)

polyanion, but do not do so when the polyanion is more flexible. Additionally, the net charge
of the polyplex generally increases with polycation length, in agreement with previous
results by Dias et al.[22] Thus, longer polycation chains are more likely to form overcharged
polyplexes.

We now examine how the condensation of the polyanion responds to variation in the charge
ratio |Oc/Q 4| for each of the three structural regimes. In the flexible polyanion regime

(kg = 2), values of both < R, > and < RSA > of the polyanion are larger in the [0c/Q 4| = 0.5
system than in the corresponding neutral and overcharged systems for all values of < L >

(Figure 5). The charge of the polycations in the undercharged system does not neutralize the
polyanion charge, resulting in intrachain repulsion and a relative expansion of the polyanion.
For both the undercharged and neutral system, < R, > and < RSA > gradually decrease as

< L¢ > isincreased. This behavior agrees with phenomena mentioned by Dias et al., in

which complexes with longer polycations lengths lead to compaction for undercharged and
neutral systems.[22] In contrast, there is an expansion of the polyanion in the overcharged
system (|Oc/Q 4| = 2) for longer polycations (< L¢c > > 5). This expansion is associated with

an increase in the net charge within the polyplex, as shown previously (Figure 3).

The impact of variation in |Qc/Q 4| on polyplex structure in the semiflexible regime
(kg = 10) is harder to interpret (Figure 6), as < R, > and < RSA > change significantly

when the polyanion adopts different morphologies, including extended structures
(<Ry> >80, <RSA> ~0.7),hairpins (< R, > ~8 0, < RSA> ~0.8)and toroids

(<Rg> <60, < RSA> <0.5) (Figure 6). However, many of the trends that were observed

for the flexible polyanion are repeated, as the polyanion is typically smallest in the neutral
system and < R, > is at a maximum in the presence of short polycations. Unless the

polycations are very short, the polyanions in the undercharged system typically have
< Rg> ~8cand < RSA > = 0.8, indicating the formation of hairpins. Both toroid and

hairpin structures are formed in the neutral and overcharged systems, with < R, > ~ 5¢ and
< RSA> = 0.2, indicating the formation of a toroid when < Lc > = 10. The < R, > and

< RSA > of rigid polyanions (ky = 300) remain near their maximum values of 16 o and

1.0 for all values of < L¢ > and |Q¢/0 4] (Figure 7), indicating that the chain remains in a

rod-like conformation.

Many of the results presented here can be compared with previous coarse-grained
simulations of polyelectrolyte complexation. Notably, Narambuena et al. also identified
three distinct structural regimes and found that semiflexible chains form hairpins/toroids
while stiffer polyanions maintain extended conformations.[?1] Another coarse-grained study
by Dias et al.[22] found that short polycations are only loosely bound to relatively long
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polyanions and that polyanions have more compact structures when condensed by longer
polycations, a result that agrees with our observations of the behavior of flexible and
semi-flexible polyanions (Fig. 2, 5, and 6). In contrast, Zhou et al.[25] found that varying
polycation length had only a small impact on the R, of the polyanion; however, this study
used only a small range of polycation lengths. Finally, both Dias et al.[22] and Zhou et al.[2%]
found that the polyanion expands in the presence of an excess of polycations when the net
charge of the polyplex becomes positive, in agreement with the results found here.

3.2 Multiple Long Polyanions Condensed by Multiple Polycations

In this section, we present coarse-grained simulations of systems containing multiple
polyanion chains and examine factors that lead to the formation of polyplex aggregates,
where aggregation refers to the formation of a polyelectrolyte complex that contains
multiple polyanion chains. Specifically, these simulations contained 6 polyanion chains
of length of 50 (04 = — 300) and multiple polycation chains whose charge totaled +1200,

producing a system with |0¢/0 4| = 4. The flexibility of the polyanions and the lengths
of the polycations were varied in nine different simulations, with kg =2, 10& 300 and L¢

=10, 20 & 50. The final configuration of each system is presented for each polyanion
flexibility and polycation length in Figure 8. Large polyplex aggregates containing all or
most of the polyanion chains are produced in some of these simulations. The polyanions
in these aggregates are generally aligned parallel to each other, with polycation chains
wrapped between and around the polyanions within the aggregate. Aggregate formation
is influenced by both polyanion flexibility and polycation chain length. In particular,

it seems some threshold of polyanion stiffness is required for the formation of stable
aggregates, as both semiflexible (kg = 10) and stiff (kg = 300) polyanions formed large,

long-lasting aggregates, while flexible polyanions (kg = 2) did not aggregate, but were,

instead, individually condensed by the polycations. Aggregation was also enhanced when
polycations were short. Both semiflexible and stiff polyanions formed a single, large
aggregate with the shortest polycations (Figure 8, panels d and g) and did not form large
aggregates in the presence of the longest polycations (Figure 8, panels f and i).

To quantify the formation and stability of the aggregates, we calculated the number of
polyanion chains that were adjacent to each polyanion as a function of time, where
polyanions were defined as being adjacent if any two beads of the chains were within

4o (Figure 9). As these systems contained 6 polyanions, each polyanion could be adjacent
to, at most, 5 other polyanions and the polyplex is fully aggregated if the number of
adjacent chains is equal to 5. For flexible chains (kg = 2), the average number of adjacent
polyanions does not exceed 1, as there is little to no direct interaction between these very
flexible polyanions. In contrast, the semiflexible and stiff polyanions formed a single, large
aggregate when L-=10 that remained stable throughout the remainder of the simulation.
Based on the simulations performed here, it is difficult to make any conclusions about
differences in the tendency to aggregate between semiflexible and stiff polyanions. When
Lc = 20, the semiflexible polyanions form a single aggregate, while the stiff polyanions
form a smaller aggregate containing only 4 of the polyanion chains (Figure 8h). However,
this behavior may be the result of differences in the starting configuration or other kinetic
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effects, and the stiff polyanions may fully aggregate in the Lo = 20 system if the simulation

was continued. Thus, the simulations here only seem to indicate that there is a threshold
value of kg between 2 and 10; polyanion chains must be stiffer than this threshold for

significant aggregation to occur.

Although it cannot be definitively determined whether semiflexible or stiff polyanions
aggregate more, there does appear to be a difference in the structures of their aggregates.
To quantitatively characterize the structure of the aggregate, the radial distribution function
(RDF) between polyanion beads of separate chains was plotted for each stiffhess (kg =

2, 10 & 300) and polycation length (L = 10, 20, and 50) in Figure 10. The RDF of the
fully aggregated stiff polyanion system (kg = 300, L¢ = 10) is the most ordered with a clear

first peak at 2.3 o and a smaller second peak at 4.3 . The semiflexible polyanion RDF
has a broader, single broad peak with a maximum at 2.4 o for Lo = 10 and at 2.6 o for

Lc =20. An examination of < R, > of the polyanions in the aggregated polyplexes also

indicates that polyanion flexibility influences the polyplex structure (Figure S4). While the
semiflexible polyanions in the aggregates do not form toroids or hairpins as they did in the
single polyanion simulations, < R, > values of the semiflexible polyanions in the aggregates

are less than that of the stiff polyanions.

3.3 Multiple Short Polyanions Condensed by Multiple Long Polycations

Polyplexes containing ~20 bp long siRNA have repeatedly been shown to be less stable than
those containing their much longer plasmid DNA counterparts in experiments.[45461 |t has
been commonly suggested that this difference in stability is the result of the large differences
between the chain lengths (and charges) of the two nucleic acids. To investigate structures

of siRNA-based polyplexes, we performed simulations of complexation between relatively
short, stiff (kg = 300) polyanions and longer, flexible polycations. These simulations

contained multiple stiff polyanions of length 5 or 10 to have a total charge of —250 (fixed)
and 10 polycations of length 100, giving |Oc/Q4| = 4. The final steps of both simulations
(Figure 11a and b) show that the polycation chains remain distinct and large complexes
containing multiple polycations do not form. Furthermore, despite the polycations being
extremely flexible (kg = 0), they do not collapse, but remain extended to enable interactions

with many of the short, stiff polyanions. This is unlike what is observed for both the
single (Figure 5) and multiple flexible polyanion (Figure 8a, b, and c) simulations where
complexes of long, flexible polyelectrolytes have globular configurations.

Additionally, images of selected polycation chains bound to several of the short polyanions
show that the complex structures differ from the aggregates of longer, stiff polyanions that
were shown previously (Figure 11c and d). When these short polyanions interact, they do
not form the parallel, ordered bundles like those that were found for longer polyanions and,
instead, typically interact by having overlapping ends. This is especially true for polyanions
with L 4=10 as shown in snapshots of the last 50 timesteps of the trajectory (Figure S5).

Additionally, the interactions between the polyanions with L 4=5 are relatively unstable, as
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the polyanions move along the polycation to which they are bound, only briefly interacting
with other polyanions in the complex (Figure S6).

To quantitatively characterize interactions between short polyanions in these polyplexes,
we calculated both the average number of adjacent polyanions and the bead-to-bead RDF
of separate polyanions (Figure 12), as was done for simulations with longer polyanions
(Figure 10). The average number of adjacent chains for both polyanion lengths (L 4=5

and 10) fluctuates around 1 throughout the simulations, indicating that on average each
polyanion would be overlapping end-to-end with one other polyanion. However, as
discussed previously, these interactions are less stable than the long-lasting aggregates
observed for longer polyanions simulations (Figures 8 and 9). The RDFs for the two
short polyanion lengths are also similar and have magnitudes that are lower than what
was observed in aggregates of long polyanion chains (Figure 10). Thus, they confirm
that interactions between short, stiff polyanions are present, but less prevalent than in the
aggregates of long, stiff polyanion complexes.

4. Discussion and Conclusion

We performed coarse-grained simulations to examine the impact of varying polyanion chain
stiffness and polycation chain length on the formation and structure of polyelectrolyte
complexes and aggregates (i.e. complexes that contain multiple polyanion chains). In
agreement with previous results,[211 our analysis of the complexation of single polyanion
chains indicated that polyanions of different flexibilities could be separated into three
categories based on the structures of their complexes. Flexible polyanions formed collapsed
globules when condensed by polycation chains of any length, while stiff polyanions
remained in rod-like conformations. Polyanions with intermediate flexibilities formed

a variety of morphologies including extended structures, toroids, and hairpins when
complexed with polycations of different lengths.

Based on these results, we selected a representative stiffness for each regime (bending
constants kg = 2, 10&300) to investigate the formation of polyplex aggregates. Complex

aggregates containing all of the polyanion chains in the system were formed for some
combinations of polyanion stiffness and polycation chain length. The polyanion chains in
these aggregates were, roughly, in extended conformations and parallel to each other, with
the flexible polycation chains wrapped between the stiffer polyanions. We identified two
factors that promoted the formation of aggregates in these systems: (1) The polyanion chains
had to have some amount of stiffness to form aggregates, as complexes containing very
flexible polyanions did not aggregate. (2) The polycation chains should be relatively short,
as the largest polyplex aggregates were formed when the polycation chain length was less
than that of the polyanion.

The aggregation behavior observed here can be compared with previous simulations by a
group investigating the aggregation of polyanion chains in the presence of small mono- or
trivalent cations.[2%-31] These simulations showed that bundled aggregate structures, similar
to those shown in Figure 8 here, are produced in systems containing trivalent cations and
polyanions with a charge density similar to that used here.[30] Interestingly, this group also
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showed that flexible polyanion chains could aggregate into large globular structures in the
presence of trivalent cations if the Bjerrum length of the system was sufficiently short.[31]
In our simulations, the Bjerrum length of the system was kept constant, and we did not
investigate how varying the system Bjerrum length and, thus, the charge density of the
polyelectrolyte chains impacts aggregation.

The simulations presented here can shed light on the structures of polyplexes created for use
in gene delivery and related experimental results. First, the simulations confirm that polyplex
aggregates with relatively stiff polyanion chains packed in parallel arrangements can be
produced solely as a result of electrostatic interactions with flexible polycation chains. Thus,
the similar structures that have been found in studies of gene delivery complexes[®47] are
not necessarily specific to the atomic level properties of nucleic acids, but may, instead, be
understood in terms of general features of polyelectrolytes. Second, while polyelectrolyte
charge density was not varied in the simulations here, the simulation results can be used

to supplement the suggestion that differences in the aggregation of complexes formed from
single-stranded and double-stranded nucleic acids may be due to differences in the charge
density, and not the rigidity, of the nucleic acids.[8:9] Specifically, Hayashi et al. reported
that more flexible single-stranded RNA was more likely to aggregate than stiffer SIRNA
when complexed with pLys-PEG.[8] As our simulations indicated that increased stiffness, in
isolation, tended to increase aggregation, they suggest that factors other than flexibility, such
as differences in charge density, are the reason for this experimental result.

Finally, our results may help explain why PEI/pDNA complexes have been consistently
shown to be more stable than their PEI/siRNA counterparts.[4546] Simulations of longer,
stiff polyanions in the presence of shorter, flexible polycations (a system similar to pDNA/
PEI) results in the formation of tight bundles of the polyanions, as discussed previously.

In contrast, shorter, stiff polyanions bound to a longer, flexible polycation (a system

similar to siRNA/PEI) do not interact as extensively. Thus, the short polyanions would

be more exposed than longer, aggregated polyanions and the short polyanion/long polycation
(SiRNA/PEI-like) complexes would be more easily disrupted. We note that a recent study of
the complexation of siRNA by block copolymers found complex structures that were similar
to those found in our simulations, with multiple siRNAs bound to a single longer polycation
chain.[34] The siRNA chains in these complexes remained spaced along the polycation and
did not extensively interact with the other bound siRNAs, similar to behavior found here.

Lastly, we note that the simulations presented here focused on examining the impact of
chain length and polyanion flexibility on polyplex formation and aggregation. Thus, other
characteristics of polyelectrolyte chains, such as the relative hydrophobicity of the polymer
and the distance between charges along the chain (i.e. Coulomb strength T'), are likely to
influence polyplex structures. The impact of these characteristics on polyplex formation and
aggregation will be investigated in a future study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a)

Figurel.
Snapshots of polyplexes formed from single polyanions with varying stiffnesses and

multiple, short polycations with varying lengths. Polyanions chains are shown in red, while
polycation chains are shown in blue. The small red beads are neutralizing counterions. The
panels show complexes of (a) a polyanion with kg =2 and < Lc > = 10, (b) a polyanion

with kg =10and < Lc > = 10, (€) a polyanion ky = 10 and < L > 25 and (d) a polyanion
with kg =300 and < L¢ > 25.
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Figure2.
< Rg > (a) and < RSA > (b) of a 50-bead polyanion with varying flexibility condensed by

multiple polycation chains as a function of < L >, the average length of the polycation
chains in the system. The flexibility of the polyanion was varied by changing the value of kg
shown in the figure legend) by fixing total polycation-to-polyanion charge ratio |0c/Q 4| at
1. Table S2 contains the explicit number r. and length L of the polycation chains for each
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respective < L¢ > value. The < R, > and < RSA > were calculated from the last 0.3 x 108 ¢
of the trajectory.
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(a-g) Moving averages of < R, > (taken over a £7.5 x 103 © window) over the length of the
simulation and (h-n) histograms of R, for all of the listed < Lc > values in Table S2. Only
representative stiffnesses of ky = 2, 10&300 for the flexible, semiflexible and stiff regime are
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Figure 4.
Net charge of a complex formed from a single polyanion condensed by multiple polycation

chains as a function of the average length of the polycation chains < Lc >. Three different
polyanions flexibilities were investigated: flexible (kg = 2, empty circles), semiflexible

(kg = 10, crosses) and rigid (kg = 300, filled squares). The total polycation-to-polyanion
charge ratio |0c/0 4| is equal 2. The net charge of the complex was calculated by multiplying
the number of polycations within 2 o of the polyanion by < L > and subtracting the charge

of the polyanion.
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Figure5.
Variation of < R, > and < RSA > of a single polyanion in the flexible regime (kg = 2)

condensed by multiple polycation chains with |0¢/Q 4| = 0.5 (empty circles), 1 (crosses), and
2 (filled squares) as a function of < L¢ >.
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Figure 6.
Variation of () < R, > and (b) < RSA > of a single polyanion in the semiflexible regime

(kg = 10) condensed by multiple polycation chains with |0;/0 4| = 0.5 (empty circles), 1
(crosses) and 2 (filled squares) as a function of < L > values.
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Figure7.
Variation of (a) < R, > and (b) < RSA > of a single polyanion in the stiff regime kg = 300

condensed by multiple polycation chains with |0,/0 4| = 0.5 (empty circles), 1 (crosses) and
2 (filled squares) as a function of < L >.
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Images from the final time step of multiple polyanion simulations for polycation lengths
Lc =10, 20& 50 and polyanion stiffnesses kg = 2, 10&300. Polyanion beads are shown in

red, while polycation beads are shown in blue. Only polycation beads within 4 o of any
polyanion are shown for clarity.
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Figure9.

The average number of polyanion chains adjacent to each polyanion for polycation lengths
Lo = 10, 20& 50 and polyanion stiffnesses kg = 2, 10&300. The number of adjacent chains

is defined as the number of polyanions that have at least one bead within 4 o of a given
polyanion. The data are shown as moving averages over a = 7.5 x 103  window.
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Figure 10.

r [o]

Bead-to-bead radial distribution functions (RDFs) of separate polyanions from the last

450 x 103t of multiple polyanion simulations for polycation lengths Lo = 10, 20& 50 and
polyanion stiffnesses kg = 2, 10&300
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Images of complexes formed from longer flexible polycations (shown in blue) and short,
rigid polyanions (red). The images show either the entire system [panels (a) and (b)] or focus
on a selected complex [panels (c) and (d)]. L4, the length of the polyanion chains, is 5

[panels (a) and (c)] or 10 [panels (b) and (d)]. The images are from the final snapshot of a 3
x 108 t long simulation.
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Figure 12.

Moving average number of polyanion chains adjacent to each polyanion [panels (a) and
(b)] and bead-to-bead RDFs of polyanion chains [panels (c) and (d)] for systems containing
short, stiff polyanions in the presence of longer, flexible polycations. The polyanion chain
length, L4, was either 5 [panels (a) and (c)] or 10 [panels (b) and (d)].
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