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ABSTRACT: Nanoparticles formed through complexation of plasmid DNA and
copolymers are promising gene-delivery vectors, offering a wide range of advantages
over alternative delivery strategies. Notably, recent research has shown that the
shape of these particles can be tuned, which makes it possible to gain understanding
of their shape-dependent transfection properties. Whereas earlier methods achieved
shape tuning through the use of block copolymers and variation of solvent polarity,
here we demonstrate through a combined experimental and computational
approach that the same degree of shape control can be achieved through the use of
graft copolymers that are easier to synthesize and provide a wider range of
parameters for shape control. Moreover, the approach presented here does not
require the use of organic solvents. The simulation work provides insight into the
mechanism governing the shape variation as well as an effective model to guide
further design of nonviral gene-delivery vectors. Our experimental findings offer
important opportunities for the facile and large-scale synthesis of biocompatible gene-delivery vectors with well-controlled shape
and tunable transfection properties. The in vitro study shows that both micelle shape and transfection efficiency are strongly
correlated with the key structural parameters of the graft copolymer carriers.
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Plasmid DNA + PPA-g-PEG

B INTRODUCTION studies have reported the ability to generate DNA-containing
nanoparticles with nonspherical shapes and demonstrated that
nanoparticle shape can influence circulation stability, cell
uptake, and intracellular traﬂicking,ls’16 those studies lacked
the ability to generate a range of uniform, distinct shapes, as
required for the systematic study of the role of nanoparticle
shape in plasmid DNA delivery efliciency.

We recently reported a new method for controlling and
tuning the shape of plasmid DNA nanoparticles that relies on
variation of solvent polarity in the condensation of DNA with
polyphosphoramidate-b-polyethylene glycol (PPA-b-PEG)
block copolymer.'” Using a reversible cross-linking strategy to
preserve the shape of nanoparticles when transferring them to
aqueous media, we demonstrated that the transfection
efficiency of these particles varied by more than 3 orders of

Nanoparticle-mediated delivery of plasmid DNA remains a
popular nonviral gene delivery strategy that avoids the potential
immunogenic and mutagenic risks associated with viral gene
vectors. ° Condensation of plasmid DNA with cationic
polymers has been widely used to prepare nanoparticles with
sizes ranging from tens to hundreds of nanometers.'
Polyelectrolyte micelles formed through complexation of
DNA and polycation—polyethylene glycol (PEG) copolymers
have been a popular delivery strategy to improve nanoparticle
stability in biological media.*® In addition, advances in
nanoparticle engineering have shown that it is feasible to
prepare particles with distinct shapes, a property that
significantly affects the biological response to nanoparticles at
systemic, tissue, and cellular levels.”” For example, nanoparticle
shape can influence their circulation time, tissue distribution,

and cell binding and internalization.*"* None of these studies, Received: February 14, 2015
however, have pursued shape control of nanoparticles created Accepted:  April 7, 2015
via condensation of plasmid DNA. Moreover, whereas some Published: April 7, 2015
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magnitude as a function of morphology. However, although we
achieved a high level of shape control of PPA-b-PEG/DNA
micelles, this approach poses certain limitations. Notably, PPA-
b-PEG block copolymers are more difficult to synthesize and
can exhibit higher batch-to-batch variation, which limits their
further applications.

Here, we report the formation of DNA micelles with tunable
shape through complexation with grafted copolymers instead of
block copolymers. Graft copolymers have been widely used in
nanoparticle-mediated gene therapy, demonstrating effective
DNA delivery both in vitro and in vivo.”'*~' Nevertheless, the
key factors that control the shape of DNA nanoparticles
prepared with graft copolymers have not been examined.
Compared to block copolymers, grafted copolymers are
significantly easier to synthesize. Notably, for graft copolymers
one can take advantage of the large number of reaction sites
along the backbone, as opposed to block copolymers, where
reactions can only take place at the ends of the blocks.””
Synthesis of block copolymers requires either initiation of
polymerization from the end of one block™ or design of a
conjugation site for the coupling of two blocks.”* Grafted
copolymers also allow additional variation of the molecular
architecture via the grafting density, thus expanding the
parameter space for shape control of DNA-containing nano-
particles. Indeed, we demonstrate that by tuning grafting
density and molecular weight of the PEG chain, we can
systematically vary nanoparticle shape without the use of
organic solvents, eliminating the need for additional cross-
linking steps to preserve nanoparticle shape in aqueous
conditions. The omission of cross-linking can have important
advantages in facilitating the intracellular DNA release.

B EXPERIMENTAL SECTION

1. Materials. Carbon tetrachloride (CCl,), N,N-dimethylforma-
mide (DMF), dichloromethane (DCM), triethylamine (TEA),
dipropyltriamine (DPA), triisobutylaluminum (TIBA), and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless
otherwise specified. N',N’-bis(trifluoroacetyl)dipropyltriamine (TFA-
DPA) was synthesized according to the procedure reported by
O’Sullivan et al.** The cyclic monomer 4-methyl-2-oxo-2-hydro-1,3,2-
dioxaphospholane was prepared as reported previously.”® N-hydrox-
ysuccinimidyl ester of methoxy polyethylene glycol hexanoic acid
(PEG-NHS) was purchased from NOF America Corporation (White
Plains, NY).

2. Synthesis and Characterization of Polyphosphoramidate
(PPA) Polymers. The synthesis of PPAs with DPA side chains,
hereafter termed PPAs, was reported previously.”” Glassware was heat-
dried under vacuum and purged with nitrogen. Triisobutylaluminum
(1 mol/L in hexane, 0.2 mL) was added into 20 mL of anhydrous
dichloromethane in a 250 mL round-bottom flask. Monomer (4-alkyl-
2-0x0-2-hydro-1,3,2-dioxaphospholane, 5.4 g) was injected into
initiator solution under an ice—water bath. The reaction mixture was
stirred at 0 °C for 48 h. Solvent was removed under vacuum at room
temperature. The obtained polymers were dissolved in 40 mL of
anhydrous DMF under nitrogen. TFA-DPA (37.8 g), TEA (48 mL),
and anhydrous CCl, (33 mL) were added to polymer consequently.
The mixture was stirred at 0 °C for 30 min, then at room temperature
for 24 h. The reaction mixture was filtered and precipitated into ether.
The precipitation was dried under vacuum, suspended in 20 mL of
25% ammonia solution, and stirred at 60 °C overnight. The solution
was concentrated and dialyzed (MWCO 3500, Spectrapor, Spectrum
Laboratories, CA) against deionized (DI) water for 2 days with
frequent water change. PPA was obtained by lyophilization (yield 30—
40%). The MW of PPA was characterized by gel permeation
chromatography (GPC) with a multiangle light-scattering detector
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(MiniDawn, Wyatt Technology, Santa Barbara, CA). A dn/dc value of
1.4 was used.

3. Synthesis of PPA-g-PEG Copolymers. The typical synthesis
protocol of PPA-g-PEG copolymer was as follows. PPA polymer (8.2
mg, 0.1 mmol of amine) was dissolved in 1 mL of DI water. The
solution was then mixed with 20 mg of PEG-NHS (MW 5 kDa) and
incubated overnight. The reaction mixture was dialyzed against DI
water and lyophilized to produce a white foam-like solid with a 95%
yield. This protocol yielded PPA-g-PEG copolymer with a grafting
density of 4% (molar percentage of PEG chains compared to the total
amount of amine groups in PPA). All other PPA-g-PEG copolymers
were synthesized according to the same protocol. The molecular
weight of the graft copolymer was characterized by GPC with a
multiangle light-scattering detector.

4. Preparation of PPA/DNA Nanoparticles. For a typical
preparation of PPA-g-PEG/DNA micelles, VR1255 plasmid DNA
solution (100 L) in DI water at a concentration of 100 yg/mL was
added to an equal volume of PPA-g-PEG solution in DI water at a
concentration that corresponds to a charge ratio (ratio of the total net
positive charge on the PPA chains to the total negative charge on the
DNA) of 5. This charge ratio was chosen after preliminary screening
showed that the transfection efficiency in vitro reached a plateau at a
charge ratio of 5. The mixture was vortexed for 20 s and incubated for
30 min at room temperature.

5. Transmission Electron Microscopy. Ten microliters of PPA-
¢-PEG micelles were added to an ionized 400-mesh nickel Formvar/
Carbon film TEM grid (Electron Microscope Sciences, Hatfield, PA)
and incubated for 10 min at room temperature. The excess solution
was removed and the grid was further stained with 0.2 yL of uranyl
acetate (2% solution) and air-dried for 20 min before imaging. TEM
images were obtained with a Philips EM 420 transmission electron
microscope at 120 kV.

6. In Vitro Gene Transfection. Human cervical cancer line HeLa
cells (ATCC) were maintained in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal bovine serum at 37 °C and
5% CO,. Cells were seeded in 48-well plates at a density of 2 X 10*
cells/well and incubated overnight prior to further use. Micelles with
different shapes were added to each well at a dose of 1 ug of plasmid
DNA. After 4 h of incubation, the culture media were refreshed. The
culture media were removed after 48 h and cells were lysed with 100
UL of reporter lysis buffer for each well (Promega, Madison, WI), and
subjected to two freeze—thaw cycles. Twenty uL of cell lysate
supernatant was mixed with 100 uL of luciferase substrate (Promega),
and the light units were measured on a luminometer (20/20n Single
Tube luminometer, Turner BioSystems, Sunnyvale, CA). The
luciferase activity was converted to the amount of luciferase using
recombinant luciferase (Promega) as the standard, and normalized
against protein content using the BCA protein assay (Thermo
Scientific, Rockford, IL)

7. Simulation Methods. To investigate the mechanism underlying
the shape variation of PPA-g-PEG/DNA micellar nanoparticles, we
perform molecular dynamics (MD) simulations of a coarse-grained
bead—spring polymer model. In this model, both DNA and PPA-g-
PEG copolymers beads are bonded via a harmonic bond potential

(1)

where r is the center-to-center distance between two beads and r, =
265, with o the Lennard-Jones (LJ) unit of length and ¢ the LJ unit of
energy.

In view of computational efficiency, the plasmid DNA is
represented by a semiflexible ring polymer of 80 beads, each with an
electrostatic valency of —1. An additional harmonic bond-angle
potential is applied to the DNA to represent its intrinsic stiffness”

)

Upong = 200e(r — 1,)*

U

angle

= 4£(6 - 6,

where 6 is the angle between two adjacent bonds and 6, = 180°.
The PPA chain, with a total length of 6 beads, is represented as a

sequence of groups of 3 beads with charges of (+2, +2, —1) to mimic

the characteristic charge pattern of PPA. The PEG chains are neutral
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with variable chain lengths of 10, S, and 3 beads. The justification of
the length of the copolymer chains is described in the Supporting
Information. In contrast to the plasmid DNA, the copolymers are
considered fully flexible. Upon grafting the PEG chains to the PPA, the
corresponding charged beads in the PPA chain are not replaced, to
avoid unrealistically large changes in overall PPA charge. In addition,
monovalent counterions are present in the system to neutralize both
DNA and PPA, without additional salt. All components are placed in a
periodic cubic box of linear size 1000.

All simulations are performed in an implicit solvent using a
Langevin thermostat with damping time 1007, where 7 is the L] unit of
time

£ 3)

in which m is the L] unit of mass. The temperature is controlled by the
Langevin thermostat as well, and set to T = 1.2¢/kg, where kg is
Boltzmann’s constant. Following ref 29 we set the Bjerrum length of
the aqueous solvent to 30. The equations of motion are integrated
using the velocity—Verlet algorithm.

In this implicit-solvent representation, we use LJ potentials to
describe the pair interactions involved in the system. All the
components except DNA interact via a purely repulsive L] potential
with cutoff at 2%, shifted to eliminate the discontinuity at the cutoff.
For DNA, the pair potential is cut off at 2.5¢ (also shifted to eliminate
the discontinuity). This attraction (equal to kzT) is necessitated by the
intrinsic stiffness of the plasmid DNA, which interferes with the
condensation of the relatively short chains employed in the model.
Electrostatic interactions are accounted for through Ewald summa-
tion®* "> via the particle—particle particle—mesh algorithm with a
relative accuracy of 1 X 107 Details of the equilibration of the
simulations as well as the sampling are described in the Supporting
Information.

Each simulation covers a sampling period of 1.44 X 10°z with a time
step of 0.0127. For each parameter choice, 15 independent runs are
performed, corresponding to 225 000 independent samples.

The coarse-grained nature of the simulations precludes a
quantitative comparison to experimental parameters. In exchange,
this modeling strategy makes it possible to cover the large number of
polymers and long time scales that are involved in the complexation
process and that are inaccessible in all-atom simulations. Once the
model has been calibrated by choosing only a small number of
parameters to match experimental observations, the simulations can
yield explicit trends and provide mechanistic insight.

B RESULTS AND DISCUSSION

PPA-g-PEG graft copolymers (Figure 1a) were synthesized by
reacting PEG N-hydroxysuccinimide active esters with different
MWs to primary amines on the PPA segment with different
MWs. We define the grafting density as the number of PEG
chains divided by the average number of positive charges on the
PPA in each copolymer. PPA-g-PEG/DNA micelles prepared
with varying PEG grafting densities exhibited distinctively
different morphologies (Figure 1b—e). At a charge ratio of S,
DNA-containing nanoparticles prepared with PPA homopol-
ymer showed a condensed morphology with an average length
of 73.2 + 23.6 nm and an average width of 48.9 + 19.0 nm
(Figure 1b). When PEGSk (MW S kDa) was grafted onto the
PPA backbone, the morphology of polymer/DNA micelles
became more elongated (Figure lc—e). At a PEGSk grafting
density of 1% (Figure 1c), the nanoparticle length increased to
109.5 + 37.3 nm and the width decreased to 39.7 + 8.3 nm.
Accordingly, the aspect ratio increased from 1.57 to 2.83,
confirming the increase in anisotropy. At a PEGSk grafting
density of 2% (Figure 1d), the micelles elongated further. The
length and aspect ratio increased to 164.2 + 70.4 nm and 7.46
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Figure 1. (a) Structure of PPA25k-g-PEGSk and schematic illustration
of its coarse-grained bead—spring representation in simulation. (b)
TEM images of PPA/DNA nanoparticles and PPA25k-g-PEGSk/DNA
micelles at a PEG grafting density of (c) 1, (d) 2, and (e) 4%. Scale bar
200 nm. (f) Representative simulation configurations of PPA/DNA
nanoparticles and PPA-g-PEG/DNA micelles at a PEG grafting density
of (g) 1, (h) 2, and (i) 4%. DNA, PPA, and PEG beads are represented
in orange, blue, and purple, respectively. Monovalent ions are depicted
in white.

+ 3.86, respectively, while the width decreased to 24.2 + 10.7
nm. When the PEGSk grafting density was increased to 4%
(Figure le), the micelles became even longer and narrower,
with a fraction of micelles exhibiting lengths around 1 ym. At
this condition, we also observed a small population of ring-
shaped particles, a phenomenon found previously for PPA-b-
PEG block copolymers.'” In general, with increasing grafting
density of PEGSk the length and aspect ratio of micelles
increased, their width decreased, and their morphologies
became more elongated.

In simulation, plasmid DNA is represented by an anionic ring
polyelectrolyte and PPA-g-PEG by a graft copolymer composed
of a cationic PPA chain and neutral PEG chains of length 10
(Figure 1la). Specifically, we find that the morphologies
observed at 2% grafting density occur in simulation when one
PEG chain is grafted to the center of each PPA chain.
Correspondingly, grafting density 4% is then represented by
grafting one PEG chain to each half of the PPA chain, whereas
for grafting density 1% we adopt a statistical interpretation,
grafting a PEG chain to half of all PPA chains. We observe
copolymer/DNA condensation for all grafting densities,
including nongrafted PPA, as illustrated in Figure 1f—i. Micelles
formed with PPA homopolymers display a compact, spherical
shape, in accordance with the experimental observations. With
increasing grafting density, the shape of the micelles changes
from compact to slightly elongated, and subsequently to worm-
like. This systematic elongation fully confirms the variation
observed in experiment (Figure 1b—e). Moreover, the similarity
of these shapes to those found for DNA—block copolymer
nanoparticles'” in different solvent mixtures indicates that it is
possible to achieve shape control solely through variation of
PEG grafting density.

The MD simulations not only reproduce the trend in micelle
morphology as a function of PEG grafting density, but also
provide detailed information about shape fluctuations as well as
the relative probability of coexisting morphologies at different
grafting densities. To quantitatively characterize nanoparticle
shape, we employ the asphericity A****
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where A; 4,, and 4; are the eigenvalues of the DNA radius-of-
gyration tensor (defined in the Supporting Information).
Frequency distributions of the asphericity, which takes values
ranging from O (sphere) to 1 (straight rod), for different
grafting densities are shown in Figure 2. The asphericity peak

0.04 PPA homopolymer —s—
# grafting density = 1% =
f grafting density =2% ——
0.03 4 grafting density = 4%
g
8
3 0.02
g
e
0.01 A
0

0 010203040506 070809 1.0
Asphericity (A)

Figure 2. Frequency distribution of the asphericity of DNA contained
within PPA-g-PEG/DNA micelles at different grafting densities, for
our model with fixed PEG length (N = 10).

near A = 0.15 reflects the near-spherical micelles observed for
PPA without any grafted PEG. As the grafting density is
increased to 2%, the distribution takes a bimodal form,
signaling coexistence between compact (A 0.2) and
elongated (A ~ 0.7) shapes. Eventually, at the highest grafting
density, worm-like micelles dominate (A ~ 0.8). The broad
peak at grafting density 4% arises due to the flexibility of these
elongated morphologies, which in turn may contribute to their
transport kinetics and transfection properties.’” An interesting
side note concerns the small effect of the PEG side chains at
grafting density 1%. This is partly due to the fact that a small
number of PEG chains can be accommodated in a compact
micelle without significantly affecting its free energy, but also
partly due to our model choice, in which only 50% of all
copolymers is grafted to account for the fact that our PPA chain
is too short to generate a uniform copolymer with 1% grafting
density. Indeed, we found that the nongrafted copolymers were
greatly favored in the complexation process, making up 73.6 +
0.4% of the copolymers in the micelle, which in turn explains
the small effect of the PEG grafting on the micelle shape.
Since our model has been proven to provide qualitative
guidance, we employ additional MD simulations to probe the

~

role of PEG chain length in controlling micelle morphology.
We first perform simulations in which the PEG chain length is
successively decreased from 10 to 5 and 3 beads. Figure 3
shows how at grafting densities of 2 and 4% this length
reduction results in a systematic trend toward more compact
micelles, indicating that the shape distribution can be fine-tuned
through a combination of grafting density and PEG chain
length. The lack of shape variation at grafting density 1%
mirrors the observations in Figure 2.

Armed with this guidance, we performed experiments with
PPA-g-PEG copolymers in which the PEG chain length was
reduced from S kDa to 2 kDa and 0.8 kDa. As illustrated in
Figure 4a—i, for each PEG length, the micelles became more

PPA25k-g-PEG0.8k PPA25k-g-PEG2k
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Figure 4. (a—i) TEM images of PPA25k-g-PEG/DNA micelles for
PEG MW of 0.8, 2, and 5 kDa, at PEG grafting densities of 1%, 2%,
and 4%. Scale bars 200 nm. (j) Aspect ratio of the micelles determined
from TEM images. Plot shows mean and standard deviation (n > 100,
#**p < 0.01; Student’s t-test). *Aspect ratio of PPA-g-PEGSk-4%/DNA
was not comparable with other data due to severe chain entanglement.
(k) Aspect ratio of DNA in simulation. Here, each bar shows the mean
and standard deviation of 225 000 independent samples.

elongated as we increased the grafting density, consistent with
the findings for PEGSk (Figure 1) and the modeling

a grafting density = 1% b grafting density = 2% Cc grafting density = 4%
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Figure 3. Frequency distribution of the asphericity of DNA within PPA-g-PEG/DNA micelles for different PEG chain lengths at three grafting

densities, as obtained in molecular dynamics simulations.
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predictions (Figure 3). Conversely, we also observed systematic
trends as a function of PEG degree of polymerization, for each
grafting density. At a grafting density of 1%, the effect on
micelle shape was minimal, in accordance with the modeling
prediction, but at higher grafting densities the micelles
exhibited a strong trend toward elongation as the PEG chain
length was varied from 0.8 to 5 kDa. To quantify these
observations, we determined the micelle aspect ratio from the
TEM images (Figure 4j), confirming the elongation with
increasing PEG length at grafting densities of 2 and 4%.
Because of severe chain entanglement and difficulties in
obtaining clear staining patterns for long, thin micelles from
the TEM samples, the aspect ratio for PPA-g-PEGSk-4%/DNA
micelles was not determined. Nevertheless, Figure 4i confirms
that the aspect ratio of these long and thin worms was
significantly higher than in all other samples. For comparison,
Figure 4k shows the average aspect ratio of DNA in simulation.
These data confirm the agreement between simulation and
experiment for the effect of grafting density as well as PEG
length. For elongated shapes, the aspect ratio in simulation is
smaller than the corresponding experimental values because of
the shorter DNA length employed in simulation, which was
chosen for computational efficiency.

The shape variations observed as a function of grafting
density and PEG chain length can be interpreted and explained
within a mean-field theoretical framework'** that incorporates
the bending rigidity of the DNA, electrostatic binding between
DNA and PPA, and entropy of the PEG chains. If n denotes the
number of PEG chains of length Npg¢ in the micelle, worm-like
shapes are favored if n”/SNiig 2 AU,,../7, where AU, is the
internal-energy difference of the micelle core between
elongated and spherical micelles, and 7 is a positive constant.”®
Thus, this condition, which results from free-energy mini-
mization of neutral micelles, provides an explicit predictive tool.
Longer PEG chains (larger Nppg) or higher grafting density
(larger n) favor elongated shapes. Moreover, the weak
dependence of this criterion on Npp; (exponent 1/5) explains
why an increase of PEG chain length has such a limited effect at
low grafting density, precisely as observed in Figure 4a—c.
Ultimately, at sufficiently high grafting densities, an increase of
Npgg indeed leads to elongation of the micelle shapes, as found
in Figure 4d—f and 4g—i, as well as in the simulation results in
Figure 3b, c. In summary, the competition between the
minimization of the core energy of the nanoparticles (which
depends on a combination of DNA bending rigidity, electro-
static complexation between DNA and PPA, and interactions of
both DNA and PPA with the aqueous solvent) and
maximization of the entropy of the corona controls their
shape. As demonstrated, variation of the corona entropy by
changing either the grafting density or the length of the PEG
chains makes it possible to systematically vary the shape from
spherical to elongated.

In view of the transfection studies performed with DNA
micelles based upon block copolymers,'” it is meaningful to
compare their morphology to micelles formed through
complexation with grafted copolymers. Figure S illustrates the
asphericity distribution obtained in MD simulation of block and
graft copolymers with PPA chains of length 6 and one PEG
chain of length 10. Whereas the overall shape distribution for
both systems is very similar, with a bimodal character reflecting
the coexistence of compact and elongated micelles, the grafted
copolymers yield slightly more elongated micelles. This
difference is statistically significant, with an average DNA
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Figure S. Frequency distributions of the asphericity of DNA contained
within DNA/PPA-b-PEG micelles and PPA-g-PEG/DNA micelles.
Micelles based upon grafted copolymers display a small but statistically
significant bias toward more elongated shapes.

asphericity of 0.406 + 0.002 for block copolymers and 0.462 +
0.002 for graft copolymers. A possible explanation for this
difference lies in the manner in which the PEG chains are
positioned within the micelle. For the block copolymer, PEG is
linked to the bead with charge —1 at one end of the PPA chain.
Upon complexation with the anionic DNA, the repulsion
between this PPA bead and the DNA tends to displace the PEG
chain away from the micelle core. In contrast, for the grafted
case, the PEG is linked to the +2 bead of the PPA in the center
of the PPA chain. The electrostatic attraction between this PPA
bead and the DNA bead significantly restricts the motion of
PEG chain, which in turn leads to more elongated shapes of the
micelle core.

To investigate the effect of polymer structure and micelle
shape on transfection efficiency, we transfected HeLa cells with
a series of micelles prepared with graft copolymer carriers
containing different MW PEG grafts (0.8, 2, S, 10 kDa),
different MWs of PPA chains (12, 25, 65 kDa), or different
PEG grafting densities (1, 2, 3, and 4%). TEM images of the
micelles prepared with these graft copolymers are shown in
Figure S2. It is also important to point out that these micellar
nanoparticles exhibit high serum stability when incubated in
serum-containing medium (Figure S3). Figure 6a shows that at
fixed PPA MW (25 kDa) and PEG MW, transfection decreased
as grafting density increased. At fixed PPA MW and grafting
density, transfection efficiency decreased as PEG MW

a b
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Figure 6. Transfection efficiency and shapes of micelles prepared from
PPA-g-PEG copolymers. (a) PPA MW 25 kDa, different PEG MW,
and different PEG grafting densities. (b) PEG MW § kDa, different
PPA MWs, and different PEG grafting densities. * At 0% PEG grafting
density, the particles are all the same. S, spheres; R, rods; LR, long
rods, W, worms.
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increased. Figure 6b shows that at fixed PEG MW and grafting
density, transfection efficiency increased as the MW of PPA
increased. From the tables of micelle shape in Figure 6a, b, we
observed that the trend of micelle shape correlated very well
with that of transfection efficiency. Micelles with more
elongated shape tended to yield decreased transfection
efficiency. Generally, with more PEG grafted on the backbone,
on average more elongated shapes and lower transfection
efficiencies were found.

To compare the transfection efficiency and shape of micelles
prepared from copolymers with different MW PEG grafts, PPA
backbone MW, and PEG grafting densities, we propose the
DNA compaction factor as an effective combination of these
three factors

DNA compaction factor
_ PEG grafting density X PEG chain length % 10°

PPA charge number
(%)

where PEG chain length is the average number of PEG repeat
units per graft, PPA charge number is the average number of
positive charges in each copolymer, and the factor 10000 is
included to facilitate comparison of the numerical values. Note
that, since the grafting density is defined as the number of
grafted PEG chains divided by PPA charge number, the
compaction factor increases linearly with the number of PEG
units per copolymer, but decreases quadratically with the
copolymer charge. Since both a higher amount of positive
charge and a lower number of PEG units favor the compaction
of DNA, a lower Compaction Factor provides a heuristic
indicator for stronger DNA condensation and a more compact
shape. Indeed, Figure 7 combines the results of all micelles
prepared with different graft copolymers as described in Figure
6 and Figure S2 confirming the strong correlation between the
transfection efficiency and Compaction Factor of various
copolymer carriers. For all PEG and PPA MWs and PEG
grafting densities studied, for a Compaction Factor below 20,
all micelles exhibited a condensed spherical shape and showed
high transfection efficiency above 4 ng/mg luciferase
expression. When the Compaction Factor was in the range
between 20 and 50, most of the micelles showed a slightly
elongated short rod-like shape, and their transfection
efficiencies fell to the range of 4 to 0.1 ng/mg. With the
Compaction Factor in the range of S0 to 100, the micelles
become more elongated and occasionally wormlike, and all
those micelles showed transfection efficiency in the range of
100 to 4 pg/mg. When the Compaction Factor was larger than
100, most micelles exhibited long and thin worm-like shapes,
with all but one of the experiments resulting in transfection
efficiencies below 4 pg/mg. It is apparent that the average
transfection efliciencies of micelles with different shapes
decrease systematically according to the sequence of spheres,
short rods, long rods, and worms (Figure S4). Thus, all data
confirm that the transfection efficiency correlates well with
micelle shape, with more condensed shapes generally
corresponding to higher transfection efficiency. The effect of
shape on the transfection efficiency of these micellar nano-
particles may be related to cellular binding and uptake activities
and their colloidal stability. Our previous studies on nano-
particles prepared with PPA-b-PEG carriers confirmed that
wormlike particles showed significantly a lower cellular uptake
level and higher stability than rodlike and spherical nano-
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Figure 7. Transfection efficiency of micelles as a function of DNA
Compaction Factor (eq S) of PPA-g-PEG copolymers (n = 3). The
bottom panel shows representative TEM images of the different
nanoparticle shapes, ranging from spherical (small compaction factor)
to elongated (large compaction factor).

particles.'”** Besides cell uptake, nanoparticle shape may also

play an important role in DNA condensation kinetics,
intracellular trafficking, and DNA release kinetics of the
nanoparticles, which collectively influence the transfection
efficiency in vitro. The detailed mechanisms as well as the
shape effect of these nanoparticles on in vivo gene-delivery
efficiency remain to be elucidated.

B CONCLUSIONS

In summary, through an integrated experimental and computa-
tional approach, we have systematically examined shape control
of micellar nanoparticles self-assembled via complexation of
plasmid DNA and PPA-g-PEG grafted copolymers. Graft
copolymers not only are easier to synthesize than the block
copolymers employed in earlier studies but also allow access to
a wider parameter set for exploration of the structural origins of
shape control in DNA micelle assembly. Shape variation was
achieved in aqueous medium without the need of organic
solvents and preservation of micelle shape through cross-
linking. By experimental screening of several structural
parameters of the copolymer carriers and by computational
modeling, we demonstrated that shape control of these
complex-core micelles in aqueous media is primarily governed
by the condensation ability of the polycationic chain and the
PEG chain entropy. When these micelles are assembled in
water, we can semiquantitatively express the role of these
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factors in terms of a single “DNA compaction factor,” which
summarizes the trend of shape variation and closely correlates
with the transfection efficiency in vitro. In addition, in this work
we highlight the advantages of an integrated experimental and
computational approach, which not only aids in accelerating the
identification of the key structural and experimental parameters
for shape variation of the DNA/copolymer micelles but also
provides insights into the governing mechanism and offers a
testable model to guide future carrier design for nonviral gene
delivery in terms of morphology control.
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