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ABSTRACT: Understanding the molecular mechanism of DNA aggregation
and condensation is of importance to DNA packaging in cells, and applications
of gene delivery therapy. Modifying polycations such as polyethylenimine with
lipid substitution was found to improve the performance of polycationic gene
carriers. However, the role of the lipid substitution in DNA binding and
aggregation is not clear and remains to be probed at the molecular level. In this
work, we elucidated the role of lipid substitution through a series of all-atom
molecular dynamics simulations on DNA aggregation mediated by lipid
modified polyethylenimine (ImPEI). We found that the lipids associate
significantly with one another, which links the ImPEIs and serves as a
mechanism of aggregating the DNAs and stabilizing the formed polyplex. In
addition, some lipid tails on the ImPEIs stay at the periphery of the ImPEI/
DNA polyplex and may provide a mechanism for hydrophobic interactions.
The enhanced stability and hydrophobicity might contribute to better cellular
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uptake of the polyplexes.

1. INTRODUCTION

Gene delivery has been extensively studied in the past two
decades as a means to treat diseases associated with defective
gene expression."”” Although there have been as many as 1786
clinical trials to date,” the lack of safe and efficient gene delivery
carriers is still a major impediment for the successful application
of such treatment. Polycations, such as polyethylenimine
(PEI),* are an important category of nonviral carriers since
they are effective and do not arouse the safety concerns
associated with viral carriers.%” Moreover, compared with viral
carriers, polycationic carriers have the advantage of being
readily engineered with other functional groups, making it
possible to tailor their properties for different applications.
Experimentally, it has been found that modifying polycations
with lipophilic and hydrophobic moieties can enhance the
performance of polycation-based gene delivery carriers.® Khalil
et al.” and Pham et al."’ investigated the cellular interaction and
transfection efficiency of lipid modified peptides, and found
that the lipid modification yielded more stable polyplexes and
led to higher cellular uptake. Hydrophobic modification of
chitosan was also found to facilitate DNA condensation by
forming stable polyplexes with DNA and to enhance gene
delivery with improved cell entry."" ™" Lipid modification of
poly-L-lysine was found to greatly enhance the DNA delivery
efficiency due to increased cellular uptake and better protection
from DNA degradation.'*™"” Neamnark et al. studied the
delivery and transfection efficiency of 2 kDa PEIs modified with
caprylic, myristic, palmitic, stearic, oleic and linoleic acids.'®
They found that as little as one lipid substitution per PEI (with
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linoleic acid substituent) could transform the ineffective 2 kDa
native PEI into effective carriers comparable with highly
effective 25 kDa PEL Bahadur et al. investigated the efficiency
of 0.6, 1.2, and 2 kDa PEIs modified by palmitic acid, and found
that the lipid substitution led to a higher zeta potential of the
formed polyplexes, increased cell uptake of the DNA, and
enhanced transgene expression.”” Despite the experimental
evidence, the molecular mechanism contributing to the
beneficial effects of such modification in gene delivery is not
clear, and remains to be investigated.

Two recent works have attempted to address the effect of
lipids on the aggregation of DNA. Patel and Anchordoquy
experimentally investigated the spermine and lipospermine
induced DNA condensation.”® They found that while lip-
ospermines gave higher DNA binding affinity due to their
higher hydrophobicity, they lacked the capacity to condense the
DNA into compact toroidal structures. The steric hindrance
introduced by the acyl chain in lipospermine was postulated to
preclude packaging of DNA into compact dimensions. Posocco
et al., using mesoscopic coarse-grained simulations, studied the
binding of cholesterol-modified dendrimers to DNAs.*" It was
shown that the cholesterol modified dendrimers could form
self-assembly through the interaction among the hydrophobic
units (cholesterol), which was a reason they could condense
DNA more effectively compared with native dendrimers. The
influence of lipids on peptide aggregation was investigated in
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the recent work by Hung et al.** and Todorova et al* via

computer simulations. They found that in the absence of lipids,
peptides manifested higher flexibility and aggregated through
interactions among the aromatic cores. In the presence of lipids,
the head lipid groups more favorably interacted with the
hydrophilic regions on the peptides while the lipid tails mainly
interacted with the hydrophobic regions. Such interactions
interfered with the interactions among the aromatic cores and
prohibited the aggregation of peptides. Clearly, lipids can have
different roles that may contribute positively or negatively to
the aggregation; this demands a careful examination on DNA
aggregation mediated by lipid modified polycations.

Computer simulations, especially all-atom molecular dynam-
ics (MD) simulations, have proven to a powerful tool in
studying interaction of poljcations with nucleic acids, viruses
and other drug molecules.**** For example, besides the works
mentioned above, all-atom MD simulations has been used to
evaluate the ability of different copolymers to incorporate
lipophilic drugs into micelles, which yielded results in good
comparison with experimental data.®® In this work, in order to
elucidate the role of lipid substitution in polycation mediated
DNA aggregation and condensation, we performed a series of
large scale all-atom MD simulations. PEI was considered as the
representative polycation and oleic acid (C18, 1) as the
representative lipid substituent in this study. Our study
determined the location of the lipid moieties in the formed
polyplexes, and shed light on the effects of lipid substitution on
DNA binding and aggregation.

2. METHODS

2.1. Simulated Systems and Procedure. The DNA simulated in
this work was a Drew-Dickerson dodecamer d(CGCGAATTCGCG),
carrying a total charge of —22. The initial structure of the DNA was
built to be a canonical B form using AMBER NAB tool.*® The ImPEI
simulated is a 831 Da branched PEI consisting of 13 amine groups
with a single oleic acid (OA) lipid tail grafted on a primary amine. The
chemical structure and protonation sites of the ImPEI are shown in
Figure 1. A total of six primary or secondary amines were chosen to be
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Figure 1. Molecular structures and protonation sites of the lipid
modified PEI studied in this work.

protonated corresponding to a protonation ratio of 46%. We chose the
46% protonation ratio to be consistent with the protonation ratio of
47% for 600 Da PEI at pH = 6 from our recent study.’” The
protonation sites were distributed as uniformly as possible to minimize
thermodynamic interactions between the protonated amines.>> The
initial structure of the ImPEI was built in VMD* and then
energetically minimized in NAMD.* Five separate systems were

simulated in this study, and their information is summarized in Table
1. To get an equilibrated configuration of the ImPEI, system ImPEI
consisting of a single ImPEI molecule with explicit water and
counterions was first simulated for 6 ns. The configuration of the
ImPEI at the end of the simulation was adopted as the initial
configuration of the ImPElIs in the following simulations. To study the
interaction of one DNA with one ImPEI, and to determine the
location of the cationic and lipophilic moieties of the ImPEI relative to
the DNA, system 1D-1P containing one DNA and one ImPEI was
simulated for S0 ns. The initial configuration of system 1D-1P is
shown in Figure 2a, where the principal axes of the InPEI were aligned

a) 1D-1P at 0 ns

b) 1D-4P at 0 ns

Figure 2. Snapshots of the initial configurations: (a) 1D-1P at O ns,
(b) 1D-4P at 0 ns, (c) 4D-16P at 0 ns, (d) 4D-28P at 0 ns. Different
ImPEIs are represented by different colors (except in panel d where
the extra 12 ImPEIs are in red); the OA moieties on the ImPEIs are
represented by spheres; water and counterions are removed for clarity.

parallel to the DNA axis and its center of mass (COM) was positioned
at 25 A from the DNA COM. To investigate the binding of multiple
ImPEIs to a DNA, we adopted the final configuration of 1D-1P and
added three more ImPEIs to form the new system 1D-4P. The added 3
ImPEIs in 1D-4P were again aligned parallel to the DNA axis with their
COM at 25 A away from the DNA COM (Figure 2b). The 1D-4P
system was simulated for 100 ns. Four identical equilibrated 1D-4P
complexes were then used to construct the system 4D-16P to study
ImPEI mediated DNA aggregation. The four 1D-4P complexes were
arranged on the four corners of a square, as shown in Figure 2c. The
axes of the four DNAs were aligned to be parallel and the COM of
each 1D-4P complex was separated from the COM of its neighboring
complex by 35 A. The 4D-16P system was simulated for 100 ns. To
investigate the effect of excess InPEIs on the DNA aggregation, 12
ImPEIs were added to the 4D-16P system at the end of the 100 ns
simulation, and the new system is referred to as 4D-28P. The added 12
ImPEIs surrounded the 4D-16P polyplex in a circular fashion located
at 42 A from the COM of 4D-16P system as shown in Figure 2d. The

Table 1. Information of the Five Systems Simulated in This Study

system name  number of DNA/ImPEI  charge ratio DNA/ImPEIL

ImPEI 0/1 0/6
1D-1P 1/1 22/6
1D-4P 1/4 22/24
4D-16P 4/16 88/96
4D-28P 4/28 88/168

no. of atoms

12856
34210
65285
96278

163034
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size of simulation box (A®)  no. of Na*/Cl~  simulation time (ns)

64 X 48 X 41 0/6 6
74 X 69 X 66 22/6 S0
81 X 92 X 86 0/2 100
104 X 10S x 87 0/8 100
117 X 117 X 117 0/80 200
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4D-28P system was simulated for 200 ns. It should be pointed out that
there are many ways of specifying the initial configurations for systems
4D-16P and 4D-28P. One particular reason the present initial
configurations are chosen is that the same initial configurations were
used in a previous work on native PEI mediated DNA aggregation.®
Having the same initial setting allows us to best address the influence
of lipid in the DNA aggregation. To facilitate the data presentation, in
systems 4D-16P and 4D-28P, each DNA is labeled with a capital letter
(A, B, C, or D), and each ImPEI is labeled with a number (1—16 in
4D-16P; 17—-28 for the additional 12 ImPEIs in 4D-28P).

2.2. Simulation Details. A CHARMM format force field was
developed and validated®” for PEI based on the CHARMM General
Force Field,* and CHARMM 27 force field*"** was used for all other
molecules. All simulations were gerformed using NAMD.*® A time
step of 2 fs, TIP3P water model, 3 periodic boundary condition, full
electrostatics with particle-mesh Ewald method,** cutoff of 12 A for
van der Waals interactions and electrostatics pairwise calculations, and
the SHAKE algorithm*® were used for all the simulations. During each
simulation, the system was first minimized for 5000 steps. The system
was then heated from 0 to 300 K in 20 ps with 10 kcal/(mol A?)
harmonic restraint on the non-hydrogen atoms of the DNAs and
ImPEIs. The simulation was continued for 4 ns at 300 K and 1 bar with
the restraint to have the ions relax around the solutes. We then
removed the restraint and NPT ensemble simulation was performed
for the period of time indicated in Table 1 for each system. The length
of the simulations was shown to be sufficient to generate dynamic
equilibrium, an evidence of which is given in Supporting Information.
VMD?*® was used for visualization and trajectories analysis.

3. RESULTS AND DISCUSSION

3.1. Location of Lipophilic Moieties and Lipid
Association. Although the size and charge of the carrier/
DNA polyplexes are routinely assessed in an experimental
setting, the structural details especially the location of the
lipophilic moieties in the lipid-modified polycation/DNA
polyplexes have not been inves.tiga.ted.8 Figure 3 shows the
final configurations for systems 1D-1P, 1D-4P, 4D-16P, and

a) 1D-1P at 50 ns b) 1D-4P at 100 ns
)

‘2

Figure 3. Snapshots of the final configurations: (a) 1D-1P at 50 ns, (b)
1D-4P at 100 ns, (c) 4D-16P at 100 ns, and (d) 4D-28P at 200 ns.
Different ImPEIs are represented by different colors (except in panel d
where the extra 12 ImPEIs are in red); the OA moieties on the ImPEIs
are represented by spheres; water and counterions are removed for

clarity.
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4D-28P, where the lipid moieties on the ImPEIs are
represented by spheres. In system 1D-1P (Figure 3a), the
cationic moiety of the ImPEI conforms to the DNA while the
lipid tail remains on the outside with no obvious interactions
with the DNA molecule. In system 1D-4P (Figure 3b), the four
lipid tails still stay outside of the complex with three of them
being associated with one another. In system 4D-16P (Figure
3c), a DNA aggregate is formed and a large lipid association
involving multiple ImPEIs is formed in the middle of the four
DNA molecules. The remaining lipids also stay associated with
one another on the periphery of the DNA aggregate. In system
4D-28P (Figure 3d), the DNA aggregate and the large lipid
association continue to exist. In addition, some of the added
ImPEIs are attached to the outer surface of the formed DNA
aggregate.

To quantify the location of cationic and lipophilic moieties of
the ImPEIs relative to the DNA, in Figure 4 we plotted the

100f T
S
o 80
[
I
c
3 60
@
Q
2 40
©
>
g 20 —— ImPEI nitrogens
O N Lipid carbons

0 ‘ ' '

0 5 10 15 20 25

r (angstrom)

Figure 4. Cumulative percentage of the ImPEI nitrogens and lipid
carbons as functions of the distance from any DNA C1’ atom in
system 1D-4P.

cumulative percentage of the ImPEI nitrogens and lipid carbons
for system 1D-4P as a function of distance from any DNA C1’
atom, averaged over the last 40 ns of the simulation. The C1’
atoms are on the sugar rings of the DNAs, located inside the
DNA helix at a distance of ~5 A from the surface of DNA
defined by the phosphorus atoms. In Figure 4, taking the ImPEI
nitrogens for example, the cumulative percentage at a given
distance r is the percentage of all the ImPEI nitrogens within a
distance r from any DNA C1’ atoms. The curve for the ImPEI
nitrogens rises quickly from 0% at 4 A to ~90% at 9 A,
demonstrating that most InPEI nitrogens stay between 4 and 9
A from the DNA C1’ atoms. The curve for the lipid carbons
only reaches ~30% at 10 A, indicating that only ~30% of the
lipid carbons are within 10 A of the DNA C1’ atoms. These
curves clearly show that, as observed visually in Figure 3b, the
cationic moieties bind closely to the DNA while the lipid
substituents tend to stay away from the DNA instead of being
located inside the DNA grooves.

As seen in Figure 3c, the lipid moieties that stay on the
periphery of the InPEI/DNA complex become associated with
one another when multiple InPEI/DNA complexes are placed
together. This can play a significant role in aggregating the
DNAs. To quantify the association among the lipid tails in the
aggregate, in Figure 5 we tabulated, between each pair of lipid
tails, the number of pairs of lipid carbons that are closer than 5
A apart, averaged over the last 40 ns of the simulations. The
calculations were performed for both systems 4D-16P and 4D-
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Figure 5. Number of pairs of lipid carbons that are closer than S A apart between each pair of lipid tails in (a) 4D-16P, and (b) 4D-28P. The
numbers on the top and right of each subfigure are ImPEI indices. Only the nonzero numbers are shown and marked with colored squares. The
ImPEIs involved in the same association are marked by the same color.

28P. The numbers on the top and right of each subfigure are
the ImPEI indices. Each pair of ImPEIs in a system can form a
pair of lipid tails. This results in 120 pairs of lipid tails in
systems 4D-16P and 378 pairs in 4D-28P, corresponding to
120 cells in Figure 5a and 378 cells in Figure Sb, respectively.
Each lipid tail has 18 carbons; thus, between a pair of lipid tails
there are 324 pairs of carbons. Among these 324 pairs of
carbons, the number of pairs within S A is counted and given in
the cell corresponding to this pair of lipid tails. The cell is left
empty where no carbon pairs are found to be within 5 A. For
example, number 11 on the top left cell of Figure Sa means that
out of the 324 pairs of carbons between ImPEI 1 and ImPEI 2
in system 4D-16P, 11 pairs are separated by S A or less. We
choose S A as the criterion because this is the closet carbon—
carbon distance within which the free energy for the association
of two alkane molecules is negative indicating that their
associaltion is energetically favorable.* If one or more pairs of
lipid carbons between two lipid tails is closer than 5 A apart, the
two lipid tails are said to be associated. In Figure Sa, consider
the rows 1, 2, 6—10 and columns 2, 6, 7, 8, 9, 10, 13; all the
cells formed by these rows and columns have nonzero numbers,
which are marked with red squares. This indicates that InPEIs
1,2, 6—10, and 13 are mutually associated and they form a large
association involving 8 ImPEIs in system 4D-16P. It can be seen
in Figure 3c that this association stays in the middle of the
polyplex. Since the 8 ImPEIs bind to different DNAs, the lipid
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association contributes to holding the DNAs in an aggregated
form. Four other lipid associations each involving only two
ImPEIs also exist in the polyplex (illustrated by the squares of
green, blue, orange and olive colors in Figure Sa). Overall, each
ImPEI in system 4D-16P is associated with at least one other
ImPEIs through lipids, demonstrating the significance of lipid
association in the polyplex.

In system 4D-28P, the 12 extra ImPEIs are indexed by
numbers 17—-28, as shown in Figure Sb. Comparing the
columns 2—16 of Figure Sb with Figure Sa, it can be seen that
all the colored squares stay in the same location. This means
that, after adding 12 more ImPEISs, the lipid associations formed
in system 4D-16P preserve in system 4D-28P. In addition,
ImPEI 27 joins the lipid association between ImPEIs 3 and 4 (3
cells marked by green squares in Figure 5b); ImPEI 20 joins the
lipid association between ImPEIs 11 and 12 (3 cells marked by
orange squares in Figure Sb); ImPEIs 19, 21, 23, and 24 form a
new association involving four ImPEIs (6 cells marked by violet
squares in Figure Sb); ImPEIs 17 and 18 are associated (cyan
square in Figure Sb); as well ImPEIs 22 and 26 are associated
(yellow square in Figure Sb). Only two ImPEIs—PEIs 25 and
28—are not associated with any other ImPEIs. It should be
noted that not all the extra ImPEIs are bound to the DNA
aggregate. In particular, by examining the binding state of each
ImPEI with the DNAs (Figure S3 in Supporting Information),
we found that, during the last 40 ns of the simulation, ImPEIs
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17,20, 22, and 27 directly bind to the DNAs for more than 50%
of the time. ImPEIs 18 and 26 bind directly to the DNAs for
short periods of time; also they attach to the polyplex through
lipid association with ImPEIs 17 and 22. ImPEIs 19, 21, 23, and
24 do not bind to any DNAs and exist in an associated form in
the solution. ImPEIs 25 and 28 neither bind to the DNAs nor
are associated with any other ImPEIs.

3.2. Polyion Bridging and DNA Charge Neutralization.
Two main mechanisms have been identified in native PEI
mediated DNA aggregation:>> polyion bridging (i.e., a polycat-
ion binding with multiple DNA segments simultaneously; see
detailed definition in Supporting Information) and DNA charge
neutralization. Not surprisingly, we found that polyion bridging
also plays an important role in ImPEI mediated DNA
aggregation. Specially, five ImPEIs participated in bridging
two or three DNAs for longer than 50% of the simulation time
in both systems 4D-16P and 4D-28P (see Figures S2 and S3 in
Supporting Information). However, the intensity of polyion
bridging appears to be slightly weaker than that in native PEI
mediated DNA aggregation, as in both the system containing 4
DNAs with 16 native PEIs and the system containing 4 DNAs
with 28 native PEIs, eight PEIs participated in bridging DNAs
for longer than 50% of the simulation time.>® We attribute this
to the steric disturbance on the polyion bridging arising from
the lipid tails on the ImPEIs.

To investigate how ImPEIs neutralize the DNA charges and
whether the lipid modification introduces any effect on the
charge neutralization, we plotted the cumulative distributions,
with respect to the DNA Cl1’ atoms, of protonated PEI
nitrogens, Cl- ions, and the net charge of PEI and ions,
averaged over the last 40 ns of the simulations (Figure 6). The
results for ImPEIs (left column) are compared with those for
native PEIs*® (right column). In each subfigure of Figure 6, the
straight dashed black line indicates the total charge all the
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Figure 6. Cumulative numbers of PEI charges, Cl~, and net charge of
PEI/CI” as a function of the distance from any Cl1’ DNA atom
(averaged over the last 40 ns of each simulation). The total charge of
all the DNAs in each system is plotted by a straight dashed black lines
as reference. (a) D-4P (ImPEI), (b) D-4P (native PEI), (c) 4D-16P
(ImPETI), (d) 4D-16P (native PEI), (e) 4D-28P (ImPEI), (f) 4D-28P
(native PEI).
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DNAEs in the system carry, and the blue solid curve is the total
charge of PEI and ions within a given distance to their nearest
DNA C1’ atoms. At the distance where black line and blue
curve intersect, the DNA charges are 100% neutralized by the
PEI and ions. At larger distances, the PEI and ions charges
exceed the DNA charges, and the DNA(s) are ‘overneutralized’.
It can be seen that the PEIs in all the 6 systems demonstrate
similar characteristics in neutralizing the DNA(s). Quantita-
tively, the distance at which the ImPEIs 100% neutralize the
DNAC(s) is shorter than the distance at which the native PEIs
100% neutralize the DNA(s). Specifically, for system 1D-4P,
such distance is ~10 A for ImPEIs and ~12 A for native PEIs.
For system 4D-28P, such distance is ~8 A for InPEIs and ~10
A for native PEIs. The distance at which the ‘overneutralization’
maximizes is approximately the same for all the 6 systems,
being ~15 A. However, in excess of PEIs, the degree of
overneutralization is higher for ImPEIs, which can be seen by
comparing the peak values of the blue solid curves in Figure
6ef. The overneutralization of the DNAs can also be quantified
using the number of PEI molecules bound to the DNAs during
the simulation. Here we say a ImPEI is bound to DNA if it has
one or more nitrogens within 4 A of any DNA N/O atoms (see
Supporting Information for details). Figure 7 shows this

22

20

Number of ImPEls bound to DNA

0 50 100 150
Simulation time (ns)

200

Figure 7. Number of ImPEI molecules bound to DNA during the
simulation of system 4D-28P.

number as a function of simulation time for the system of 4D-
28P with ImPEIs. On average, 19.7 ImPElIs are directly bound
with the DNAs during the last 40 ns of the simulation for
system 4D-28P. These 19.7 ImPEIs carry a positive charge of
118 and the DNAs carry a negative charge of —88. Besides the
ImPEIs directly bound to the DNAs, there are some ImPEIs
attached to the polyplex through lipid association with the
ImPEIs directly bound to the DNAs. Thus, the resulting
polyplex carries a positive charge higher than +30. To compare,
in the system of 4 DNAs with 28 native PEIs,>® on average 18.2
PEIs were bound to the DNAs during the last 40 ns of the
simulation. Overall, our results show that the PEI’s capability in
neutralizing DNA is slightly enhanced by the lipid substitution.

3.3. Water Release during the Aggregation Process.
Macromolecular association in aqueous environment is
normally accompanied by the release of water molecules
previously adhering to the surfaces of the macromolecules.
Since the water molecules on the macromolecular surfaces are
less mobile, such release is an entropically favorable process
with a free energy reduction of up to 2 kcal/mol at 300 K.*/
Therefore, counting the number of water molecules released
during the macromolecule association allows us to assess the
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entropic gain from water release upon macromolecular binding.
Table 2 summarizes the number of water molecules released

Table 2. Number of Water Molecules Released from the
Solutes during the Aggregation Process

4D- 4D-16P(native 4D- 4D-28P(native
system 16P(ImPEI) PEI) 28P(ImPEI) PEI)
no. of 1003 794 1345 844
waters

from the hydration shell of the solutes (within 3 A from the
molecules) during the aggregation process for systems 4D-16P
and 4D-28P and their counterparts involving native PEIs.*®
Detailed information on the calculation is given in Supporting
Information. It can be seen that the numbers of released water
molecules are much higher for the ImPEI systems than for the
native PEI systems. System 4D-16P has ~20% more water
molecules released, and system 4D-28P has as high as ~60%
more water molecules released compared to its native PEI
counterpart. There are two reasons for the much larger amount
of water release in the presence of ImPEIs. First, there are a
greater number of ImPEI molecules (>19.7) in the ImPEI/
DNA polyplex than the number of native PEIs (~18.2) in the
native PEI/DNA polyplex. Second, the ImPEIs in the ImPEI/
DNA polyplex are significantly associated, resulting in more
water release.

3.4. Discussion. From our simulation results, several effects
of the lipid substitution on DNA aggregation can be identified.
First, compared with the polyplex formed by DNA and native
PEIs,” the existence of hydrophobic moieties on the periphery
of the ImPEI/DNA polyplex can present the hydrophobic
groups more effectively for interaction with cell membranes and
other hydrophobic biological entities on the delivery path. The
external location of lipids is expected to facilitate the
internalization of the DNAs through cell membranes,
supporting the experimentally observed higher cellular uptake
of ImPEI/DNA polyplexes compared with native PEI/DNA
polyplexes."” The peripheral lipids can also enhance the
interfacial interaction among ImPEI/DNA polyplexes and
drive their growth into larger polyplexes, which is confirmed
in our experimental observation that the size of InPEI/DNA
polyplex became larger after 30 min (unpublished results).
Moreover, the lipids on the periphery of the polyplex can
presumably reduce the accessibility of degrading nucleases to
the DNA molecules and hence protect the DNAs from
degradation. Second, the InPEI/DNA polyplex formed in our
simulation has demonstrated enhanced stability compared with
native PEI/DNA polyplex.>® A strong evidence of this is that
when we added 12 extra PEIs to the polyplex formed by 4
DNAs and 16 native PEIs, we found that some of the original
16 PEIs were “replaced” by the added PEIs in that they
unbound from the DNAs while allowing the newly added PEIs
to bind to the DNAs.”* Interestingly, this did not happen to our
current 4D-28P system after adding 12 ImPEIs (see Figure S3
in Supporting Information). All the original 16 ImPEIs bound
firmly to the DNAs during the entire 200 ns simulation. We
attribute the increased stability to the intensive linkage formed
among the ImPEIs through lipid association which we observed
in systems 4D-16P and 4D-28P. In fact, despite the steric
hindrance associated with the presence of the lipid tails, the
radius of gyration of the four DNAs aggregated by ImPEIs is
found to be nearly identical to that of the four DNAs
aggregated by native PEIs (see Figure S4 in Supporting
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Information). The lipid association has compensated for the
steric hindrance as well as the electrostatic repulsion between
the likely charged ImPEIs and allowed the formation of a
network in which the ImPEIs collectively aggregate the DNAs
and all the DNAs are mutually connected. In contrast, native
PEIs work individually in aggregating the DNAs and only a
fraction of the DNAs in the aggregate are mutually connected
by the native PEIs,> resulting in polyplexes with an overall
lower stability. Another support for the enhanced stability of
the ImPEI/DNA polyplex is the significantly larger amount of
water molecules released from the ImPEI/DNA polyplex
compared with the native PEI/DNA polyplex. Because water
release is associated with entropy gain and free energy
reduction, more water release contributes favorably to increase
the stability of the formed polyplex. The low stability of
polyplexes formed by low molecular weight (LMW) native
PEIs might be a major reason for the low cellular uptake of
these polyplexes. Modifying LMW PEIs with lipid substitution
could overcome this drawback of native LMW PEls while
taking the advantage of the low toxicity associated with LMW
PEIs. Finally, in excess of PEIs, the polyplex formed by ImPEIs
and DNAs is more positively charged compared with that
formed by native PEIs and DNAs. This is consistent with the
experimental finding that ImPEI aggregated polyplexes have a
higher ¢ potential than native PEI aggregated polyplexes.'”**

In an experimental investigation of the dissociation of
different polylexes formed by 2 kDa native PEI and 23 ImPEIs
with different types and amount of lipid substitutions, it was
found that 7 of the ImPEIs formed polyplexes that were more
difficult to dissociate compared with native PEI formed
polyplexes, while the other 16 ImPEIs formed polyplexes that
were easier to dissociate.'® This suggests that the lipid
modification might weaken the stability of the polyplex in
some cases. Our simulation results have shown that the degree
of polyion bridging is slightly weaker for InPEI mediated DNA
aggregation. The weakened polyion bridging by lipid
substitution could make the polyplex easier to dissociate
while the network formed among the ImPEIs from lipid
association could provide more resistance to the polyplex
dissociation. For the systems studied in this work, the
weakened stability from less intensive polyion bridging is
more than compensated by the enhanced stability due to lipid
association, and the ImPEI/DNA polyplexes manifest higher
stability. However, for ImPEIs modified with different types and
amount of lipid substitutions, the significance of these two
effects might be reversed. The delicate balance between these
two effects provides an explanation for the experimentally
observed different dissociation results for InPEIs with different
lipid substitution.'®

4. CONCLUSIONS

When ImPEIs bind with a DNA, the cationic moieties of the
ImPEIs form close contact with the DNA whereas the lipid
moieties stay at the periphery. Compared with native PEIs,
which aggregate DNAs through polyion bridging and charge
neutralization, ImPEIs mediate DNA aggregation through an
additional mechanism: association among lipid tails of different
ImPEIs. The lipid association is significant and it further
stabilizes the ImPEI/DNA polyplex. However, the lipid
substitution weakens the polyion bridging and this might
have an opposite effect on the stability enhanced by lipid
association. The peripheral location of the lipid moieties
attached to the ImPEI/DNA polyplex increases the hydro-
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phobicity of the formed polyplex and contributes favorably to
the interaction of the polyplex with cell membrane.
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