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Patterned Thread-like Micelles and DNA-Tethered Nanoparticles:
A Structural Study of PEGylated Cationic Liposome—DNA
Assemblies
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Abstract

The self-assembly of oppositely charged biomacromolecules has been extensively studied due to
its pertinence in the design of functional nanomaterials. Using cryo electronic microscopy (cryo-
EM), optical light scattering and fluorescence microscopy, we investigated the structure and phase
behavior of PEGylated (PEG: poly(ethylene-glycol)) cationic liposome—DNA nanoparticles (CL—
DNA NPs) as a function of DNA length, topology (linear and circular) and pchg (the molar charge
ratio of cationic lipid to anionic DNA). Although all NPs studied showed a lamellar internal
nanostructure, NPs formed with short (~ 2 kbps), linear, polydisperse DNA were defect-rich and
contained smaller domains. Unexpectedly, we found distinctly different equilibrium structures
away from the isoelectric point. At pchg > 1, in the excess cationic lipid regime, thread-like
micelles rich in PEG-lipid were found to coexist with NPs, cationic liposomes and spherical
micelles. At high concentrations these PEGylated thread-like micelles formed a well-ordered,
patterned morphology with highly uniform inter-micellar spacing. At pchg < 1, in the excess DNA
regime and with no added salt, individual NPs were tethered together via long, linear DNA (48
kbps A-phage DNA) into a biopolymer-mediated floc. Our results provide insight on what
equilibrium nanostructures can form when oppositely charged macromolecules self-assemble in
aqueous media. Self-assembled, well-ordered thread-like micelles and tethered nanoparticles may
have a broad range of applications in bionanotechnology, including nanoscale lithograpy and the
development of lipid-based multi-functional nanoparticle networks.
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Introduction

Driven by the promise of designable nanomaterials, there is currently very large research
activity in the area of self assembly.1 Self-assembly of oppositely charged
macromolecules can be used to design nanomaterials with novel optoelectronic-8 or
environmentally-responsive properties.® These nanomaterials have potential applications in
biosensing,% molecular imprinting,1! chemical purification,2 catalysis!3 and drug
delivery*14 but the principles guiding their design and implementation remain to be fully
elucidated. At the molecular length scale, objects interact through a combination of forces,1®
suggesting that a comprehensive understanding of interparticle forces and equilibrium
structures is required for self-assembled nanomaterials to achieve their full potential in
applications. In systems consisting of oppositely charged macromolecules, a primary driving
force for nanomaterials to assemble into well-ordered, stable structures is the entropy gained
by the release of counter-ions upon complexation.16-20 In aqueous media, Poisson-Boltzman
theory predicts that highly charged macromolecules are surrounded by a cloud of condensed
counter-ions that partially neutralize their charge.2! When oppositely charged
macromolecules approach and neutralize each other, these counter-ions are released into
solution, increasing the entropy of the system and minimizing the free energy.22 While
closely related to the electrostatic interaction between oppositely charged entities, this
counter-ion release phenomenon enables formation of overcharged structures which are not
predicted under simple electrostatics.18:23 Indeed, nature frequently utilizes counter-ion
release for driving the assembly of various biological supra-molecular structures such as the
nucleosome.20:22

One class of nanomaterials which have applications in biomedicine and are assembled
through the counter-ion release mechanism are cationic liposome—-DNA (CL-DNA)
complexes. 16-18.24-27 c| _DNA complexes are also important systems for investigating
self-assembling behavior, and the structure of CL-DNA complexes has been extensively
studied using small angle x-ray scattering (SAXS),16:17 NMR,28-30 and cryo-EM.31:32
Complexation of cationic membranes with DNA through counter-ion release shows phase
behavior (e.g. lamellar, inverse hexagonal and gyroid cubic phases) that depends on the
elastic properties of the membrane (spontaneous curvature, bending modulus, Gaussian
modulus) and in some cases nucleic acid length.#33-35

PEGylated CL-DNA complexes have shown more promise as clinically relevant vectors
relative to those lacking PEG and have the advantage of increased circulation times in in
vivo applications.36:37 Furthermore, the use of a PEG-lipid improves colloidal stability,
promotes the spontaneous formation of small, stable nanoparticles (NPs) and provides a
platform for covalent attachment of a targeting peptide sequence such as RGD.38:39 The
addition of PEG2K-lipid (PEG MW: 2000 Da) results in unexpected structural features. In
the case of CL-DNA complexes, PEGylation alters the internal structure by causing a
depletion-attraction force where the intra-particle PEG-lipids phase separate from ordered
DNA.40 Moreover, a recent study has shown that in the case of PEGylated CL-DNA NPs,
the number of layers or lamellae per nanoparticle strongly depends on the salt concentration
of the assembly buffer because the electrostatic attraction between cationic membranes and
anionic DNA (which is weakened by salt screening) must overcome the repulsive steric
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force of the grafted polymer.#! Even outside the context of CL-DNA complexes, studies of
liposomal systems show unexpected behavior upon addition of PEG-lipid. For example, in
the absence of DNA, PEGylation of liposomes induces the formation of humerous structures
which coexist at equilibrium. Alongside liposomes and spherical micelles, long thread-like
micelles and bilayer discs have been observed.42-45

In this study we used cryo-EM, dynamic light scattering and fluorescence microscopy to
investigate the effect of charge ratio (pcng: the molar charge ratio of cationic lipids to anionic
DNA), DNA length and DNA topology (linear versus circular) on the size, structure and
morphology of PEGylated CL-DNA NPs. We found two new phases that appear at pchg
away from the isoelectric point. Regardless of DNA length or topology, NPs show the
lamellar texture (with defects) indicative of the .¢ phase with alternating membrane and
DNA layers. At peng > 1, overall positively charged CL-DNA NPs coexist with spherical
liposomes, spherical micelles and thread-like micelles. Interestingly, long thread-like
micelles can be induced to form a layered morphology with finger-print like patterns. We
show that overall negatively charged PEGylated NPs (at pchg < 1, in salt-free water with
long, linear DNA) form tethered flocs where distinct NPs are bound together with DNA
strands that are shared among multiple NPs. Nanoparticles formed via self assembly of
oppositely charged macromolecules have a wide range of potential applications and a more
detailed picture of their stability and equilibrium structures will aid future design.

Materials and Methods

Materials

The lipids used to prepare the investigated NPs are DOTAP, DOPC and DOPE-PEG2000
(referred to here as PEG2K-lipid), which were purchased as chloroform solutions from
Avanti Polar Lipids (Alabaster, AL). For fluorescence experiments liposomes were prepared
with 0.2 wt% Texas Red® - 1,2-dihexadecanoyl- sn-glycero-3-phosphoethanolamine,
triethylammonium salt (Texas Red® DHPE, excitation/emission 595/615 nm) from
Invitrogen (Carlsbad, CA). Four distinct types of DNA were used to form nanoparticles;
UltraPure Salmon Sperm DNA Solution (S-DNA) (Invitrogen (Carlsbad, CA)), Lambda
Phage DNA (A-DNA) (Thermo Scientific (Waltham, MA)), pGL3 Luciferase Reporter
plasmid DNA (pGL3) (Promega (Fitchburg, Wisconsin)), which was propagated via Qiagen
Plasmid Plus Mega Kit (Venlo, Limburg) and 11 bp DNA (purchased as single strands from
Sigma-Genosys (Sigma-Aldrich (St. Louis, MI) and delivered as a lyophilized film).
Complementary single strands were mixed at an equimolar ratio, diluted to a final
concentration of 10 mg/mL, heated in a water bath and held at 90 °C for 15 min and slowly
cooled to room temperature to allow complete hybridization. For fluorescence studies, DNA
was labeled using YOYO-1 (Invitrogen (Carlsbad, CA)) according to the manufacturer’s
protocol.

Liposome Preparation

Liposomes were prepared by mixing lipids in chloroform solutions at the desired molar ratio
in glass vials. The solvent was then evaporated using a stream of nitrogen followed by
vacuum dessication for 12 hours. The appropriate amount of high-resistivity (18.2 MQ-m™1)
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water was added to the dry lipid film and incubated at 37 °C overnight. Liposome solutions
were then sonicated with a tip sonicator to produce small, unilamellar vesicles.

Cryo Electron Microscopy

The samples were prepared by mixing lipid and DNA solutions at a final concentration of 3
mg/ml or 30 mg/ml, and incubating the CL-DNA solution for 20 minutes. All cryo-EM
samples were formed in high-resistivity water except for Fig. 2A and Fig. 3A which were
formed at 50 mM NaCl. Next, 3 pL of sample suspension was added to a freshly plasma-
cleaned (Solarus plasma cleaner (Gatan Inc. (Pleasanton, CA); 25% 02, 75% Ar mixture)
400-mesh grid Cflat grid, blotted with filter paper for 9 seconds and immediately vitrified in
liquid ethane using a Vitrobot (FEI Co. (Hillsboro, OR)). Grids were stored under liquid
nitrogen until transfer to the electron microscope for imaging. Vitreous ice grids were
transferred into the electron microscope using a cryo-stage that maintains the grids at a
temperature of =170 °C. Images were captured using a Tecnai F20 TEM (FEI Co.) operating
at 120 keV equipped with a Gatan 4k x 4k CCD camera (Gatan Inc. (Pleasanton, CA)) using
the Leginon software system.*6 High magnification images were acquired using a pixel size
of 0.22 nm; nominal imaging conditions were an underfocus of ~2.5 um, and an electron
dose of ~20 e™/A2. Fourier transforms and azimuthal integrations were generated using
Imagel.

Dynamic Light Scattering

The size and effective charge measurements of CL-DNA complexes and nanoparticles
(NPs) was performed using a Malvern Nanosizer ZS (Malvern Worcestershire, UK). A total
of 2 ug of DNA and the appropriate amount of liposome (to achieve the desired lipid/DNA
charge ratio) were mixed in 1 mL of the appropriate buffer (high-resistivity water or DMEM
as indicated on the figures) and incubated at room temperature for 20 minutes. The solution
was then transferred to cuvettes for subsequent measurement. Plots show the z-average
diameter D, which is defined as D, = (D%)/ (D°).47 All zeta potential measurements were
performed in high-resistivity water. All data points for dynamic light scattering and zeta
potential are the average of two measurements performed on the same sample. Error bars
show the standard deviation.

Fluorescence Microscopy

Samples for fluorescence microscopy were prepared using the dyes described in Materials.
A total of 50 pL of sample was prepared at the same concentration as for DLS (0.1 ug of
DNA and the appropriate amount of lipid based on desired charge ratio), and 2 pl of this
solution was placed in between a glass coverslip and slide and sealed with vacuum grease.
The solution was imaged with a Nikon Diaphot 300 (Nikon (Tokyo, Japan)) equipped with a
Nikon 1.4 NA 60x Plan Apo DIC Objective and Sensicam QE CCD (PCO (Kelheim,
German)).
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Results and Discussion

DNA Length and Topology Control Internal Nanostructure

The internal structure of PEGylated CL-DNA NPs depends on parameters which include the
preferred shape of the constituent lipids (i.e.: related to the spontaneous curvature of the
membrane), the membrane bending rigidity and Gaussian modulus.# Other parameters
which influence phase behavior include PEG-lipid grafting density and ionic strength of the
formation buffer.50 In this work, we investigated the effect of DNA length and topology.
Figure 1 shows cropped cryo-EM micrographs (see Figure S1 for whole micrographs) of
DOTAP/DOPC/PEG2K-lipid CL-DNA nanoparticles (NPs) formed with linear S-DNA
(Salmon Sperm DNA) and Lambda Phage DNA (A-DNA) and circular pGL3 plasmid
(Figure 1 A, B and C respectively). Regardless of DNA length or topology, CL-DNA NPs
show a striation pattern indicative of the lamellar phase, which is also seen for CL-DNA
complexes without PEG-lipid (Figure S2).

In the case of PEGylated CL-DNA NPs, the number of layers per particle (or domain size)
strongly depends on the length and topology of the DNA. S-DNA-based NPs (at 5 mol%)
showed fewer layers and more defects (which distorts the layers) than NPs formed from -
DNA and pGL3. This is despite the fact that the S-DNA-based NPs were formed at a lower
grafting density of PEG (5 mol% versus 10 mol%). Previous work*! found that increasing
the PEG-lipid density should result in fewer layers but we found that the length and size
distribution of DNA also plays a significant role in determining the number of layers.
Moreover, NPs with 5 mol% PEG-lipid should have fewer defects (lamellar defects can be
induced by PEG-lipid#9). Instead we see a more defect rich structure in Fig. 1A due to the
use of S-DNA (a highly polydisperse mixture of linear DNA with an average length of 2
kbps). S-DNA-based NPs typically show focal conic defects characteristic of lyotropic
lamellar phases.#8 CL-DNA NPs formed with A.-DNA (linear, monodisperse, 48 kbps) show
a more coherent layered structure with occasional terminated bilayer edges (Figure 1B,
white arrows).

We used a Fourier transform to compare the NP’s number of layers as a function of DNA
length and polydispersity. Fig. S3 shows images of NPs (approximately ten NPs per image)
and a 1D power spectrum measured through azimuthally integrating the Fourier Transform
of the images shown in Fig. S3. In the case of A-DNA and pGL3, the Fourier transform
shows a peak due to the lamellar spacing (at q =1.07 nm~1) where the sharpness of the peak
(FWHM) provides a comparative estimate of the number of layers. The S-DNA sample did
not show a clear peak due to the low number and distortion of layers.

In the case of pGL3 (Figure 1C), two NPs with distinct morphologies are shown. The first
NP (red arrow) has an onion-like structure of alternating layers from the core to the surface.
The second NP (dotted white arrow) shows a water filled core surround by a few layers.
Similar to NPs containing A-DNA, NPs formed with pGL3 may also exhibit terminated
bilayer edges. Terminated bilayer edges, which are energetically unfavorable due to the
exposure of the hydrophobic tails to water, are less frequent in CL-DNA NPs formed with
S-DNA. The broad distribution of DNA length in the case of S-DNA could allow
rearrangement of the lipid to the most energetically favorable configuration without paying
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the energy cost of bending a long piece of DNA. In the case of NPs formed with pGL3 or A-
DNA, the bilayer edges are most likely capped with PEG-lipids which prefer surfaces of
high curvature due to their large effective headgroup area.

Cylindrical Micelles at pchg > 1

Previous work on CL-DNA complexes lacking PEG-lipid has found that increasing pchg
results in coexistence of CL-DNA complexes and liposomes at equillibirum,8 but the effect
of pehg 0N PEGylated CL-DNA NPs has not received the same attention. Cryo-EM is an
ideal technique for investigating lipid- or surfactant-based systems that show populations of
distinct structures at equillibirum. 59-54 In Figure 2 we show cryo-EM micrographs of CL—
DNA NPs formed at pchg = 3 (Figure 2A, B) and peng = 10 (Figure 2C, G), as well as
PEGylated liposomes (Figure 2F, H). The NPs were formed by complexing S-DNA with
cationic liposomes at a molar ratio of 80/15/5 DOTAP/DOPC/PEG2K-lipid, while the
control samples in Figure 2F contained the same lipid composition but without DNA.

Figure 2A shows that at pepg = 3, CL-DNA NPs with the lamellar texture (solid arrows)
coexist with excess cationic liposomes lacking DNA (dashed arrow) and, unexpectedly,
branched thread-like micelles (dotted arrows). In Fig. S4 we present images and
corresponding statistical results for counting the number of CL-DNA NPs and cationic
liposomes. At pcpg =3 and 80/15/5 DOTAP/DOPC/ PEG2K-lipid with S-DNA, the NP to
cationic lipid ratio is approximately 1:1.3. We expect this ratio to strongly depend on pepg.

The sample in Figure 2A was extensively centrifuged (15 min at 4,000 g) to form a pellet of
CL-DNA NPs and resuspended before addition to the cryo-EM grid for vitrification and
subsequent imaging. Previous work6:17:40 has shown that centrifugation, which is
frequently used to prepare samples for small angle x-ray scattering, drives CL-DNA
complexes towards equilibrium more quickly. Interestingly, although the sample was
subjected to centrifugation, the NPs remain as distinct individual objects due to the presence
of the PEG brush layer which sterically stabilizes the NPs. This is in contrast to CL-DNA
complexes lacking PEG-lipid, which form large, aggregates with sizes above one
micrometer (Supplementary Figure S2).

Another interesting feature in Figure 2A is the deformation of the larger liposomes (yellow
dashed arrow). When a cryo-EM sample is dehydrated through blotting, an effective osmotic
pressure is applied to the sample. The sample could respond to this pressure through reduced
inter-particle spacings but instead, due to the steric repulsion of PEG-lipids, larger
liposomes deform suggesting the sample is under osmotic pressure due to packing of NPs
via blotting.

Figure 2B,C show micrographs of CL-DNA NPs formed at charge ratios of pchg = 3 and
Pchg = 10 respectively, but now at very low concentrations. In Figure 2C,G similar to what
was observed in Figure 1A, NPs (solid arrows), liposomes (dashed arrows) and both
spherical and elongated micelles (dotted arrows) coexist. In contrast to Figure 2A, due to the
low concentration, NPs are found near the edges of the carbon hole, where a thicker water
layer allows liposomes to remain spherical. This suggests that at low concentrations of
materials, no blotting-induced osmotic pressure deforms the liposomes.
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Control samples consisting of cationic liposome preparations with no added DNA (Figure
2D, H) show spherical liposomes (solid arrow) and spherical micelles (dotted arrow), but
surprisingly none of the cylindrical micelles found in preparations of CL-DNA NPs (dotted
arrows (Figure 2A)). We will return to a detailed discussion of cylindrical micelles when
discussing Figure 3.

Figure 2E shows the zeta potential as a function of pepg for NPs of varying mol% PEG2K-
lipid. The zeta potential is measured by detecting the velocity of charged NPs under the
influence of an electric field in solution. Using force balance, the electrostatic potential at a
hypothetical slipping plane can be measured by assuming that the charges within the plane
move in concert with the NP.5® As a function of Pchg: the zeta potential increases from with
Pchg from approximately =30 mV for pchg = 1/3, crossing 0 mV just above pehg = 1 and
saturating at around +50 mV at pchg =5 and 10. AS reported for CL-DNA complexes
lacking PEG-lipid (both in experiments 8 and theoretical work?®), when increasing pchg
above the isoelectric point the complexes or NPs incorporate excess lipid and the zeta
potential increases until it becomes energetically more favorable for the NPs to expel excess
cationic liposomes and the zeta potential saturates. For pchg < 1, below the isoelectric point,
the NPs are negatively overcharged (i.e., they containing more DNA within the NP than
required to neutralize the cationic lipids) and coexist with excess DNA in solution (further
discussed with Figure 5). As the extent of PEGylation (molar fraction of PEG-lipid)
increases, the surface-grafted PEG pushes the slipping plane away from the NP, reducing the
zeta potential .38

Figure 2F shows the zeta potential as a function of mol% cationic lipid for NPs at pehg = 1/3
and pehg = 10. The maximum level of overcharging (both positive and negative) achievable
by NPs increases with mol% cationic lipid. For overcharged cationic CL-DNA NPs, solving
the linearized Poisson-Boltzman equation shows that the electrostatic potential, ¢(x), scales

linearly with membrane charge density: @(x)zgﬂoﬂe*m, where o is the membrane charge
density, ; and gg are the dielectric constant of water and permittivity of free space
respectively, and x is the inverse Debye length.23 This membrane charge density is directly
proportional to mol% cationic lipid, and the zeta potential increase with mol% cationic lipid
at high pcpg is thus expected. The maximal anionic zeta potential increasing with mol%
cationic lipid is not intuitive within the context of Possion-Boltzman theory. In fact,
previous literature reports that investigated the overcharging phenomena in CL-DNA
complexes lacking PEG2K-lipid found that complexes with higher DOPC (neutral lipid)
content (lower membrane charge density) could incorporate more anionic DNA due to
reduced DNA-DNA repulsion in complexes with more neutral lipids and thus larger DNA
spacings. 1618 One possible explanation for the increase in maximum anionic zeta potential
with mol fraction cationic lipid is that the size of NPs increases with addition of neutral lipid
(see Fig. S5) which increases the radius of the slipping plane, R, at a given charge Q (C
Q/R, where the charge Q depends on pcpg).

Figure 2A showed small thread-like micelles coexisting with liposomes and CL-DNA NPs.
Figure 3A shows another carbon hole from the same EM grid, where sample preparation has
spatially organized the NPs, liposomes and micelles according to their size. In the center of
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the hole are long thread-like micelles, which have formed a finger print-like pattern with
regular inter-micelle spacing; closer to the edge, liposomes and NPs are visible. Thread-like
micelles containing PEG2K-lipid in the absence of DNA have been previously reported in
the literature*2-44 but to our knowledge have never been observed in CL-DNA samples.
The thread-like (or cylindrical) micelles are preferentially found in the center of the carbon
hole where the suspended solution film is at its thinnest. This suggests that the well-ordered
packing of the micelles is caused by sample preparation, where an effective osmotic
pressure is applied to the concentrated PEGylated CL-DNA NPs through the removal of
water during blotting. We expect that the ordering of thread-like micelles may also be
obtained by the addition of osmotic stress-inducing agents (e.g., a high concentration of free
PEG with size larger than the inter-micellar spacing), which would remove water in a
controlled manner.

Figure 3B shows the Fourier transform of the boxed region in Figure 3A. In the Fourier
transform, we note two clearly visible rings resulting from the first and second harmonic of
the structure factor of uniformly spaced micelles. A 1D radial scan of the Fourier transform
(integrated over all angles in the 2D plane) is shown in Figure 3C. The two structure factor
peaks at qp; = 0.4394 nm~1 and qgp = 0.8850 nm~1 correspond to the inter-micelle spacing
of d = (2n/qg1) = 14.25 +£0.05 nm. The structure factor of the well-ordered micelles is
multiplied by the form factor of the cylindrical micelles. The g value for a form factor
minimum (gm) corresponds to an effective object size (micelle diameter) in real space of 6,
= 27/qy, = 3.727 nm. This thickness is in excellent agreement with previous measurements!®
of lipid bilayers formed with similar compositions. Subtracting the thickness of the micelle
from the micelle spacing we get an inter-micelle water layer thickness of &, = 10.52 nm.
Assuming that the water layer contains two grafted PEG2K molecules, we can estimate the
thickness of each PEG molecule as L = §,,/2 = 5.26 nm. This thickness is low compared to
what has been measured for grafted PEG2K using small angle x-ray scattering®® and surface
force apparatus®’ (SFA) (L = 6.6 nm and 6.5 nm < L < 7.5 nm for SAXS and SFA,
respectively). This discrepancy could be due to the blotting-induced pressure applied to the
sample. Similar thread-like micelles have been reported in lipid-only (no DNA) systems
containing DOPC or Egg-PC with DSPE-PEG200042-45 (in contrast to our DOPE-
PEG2000), but to our knowledge this is the first time PEGylated thread-like micelles have
been shown to order over large length scales (the diameter of the carbon hole is 2 um). It has
been previously reported®3 that the thickness of a water film suspended in a carbon hole can
range between 10 — 500 nm. The fact that the center of the carbon hole only shows one stack
of two dimensionally packed thread-like micelles implies that the ice thickness in this region
is less than 30 nm (the approximate thickness of two micelles). However, certain regions in
Fig. 3A do contain multiple stacks of thread-like micelles (orange arrows).

Similar to our results, Sandstrom et al. found coexistence of multiple micelle phases for a
given sample composition.*® Previous work in liposome/micelle phase behavior focused on
two-component systems (typically a neutral lipid and a PEG-lipid) and did not find thread-
like micelles until the mol% of PEG-lipid went beyond 20 mol%. This suggests that thread-
like micelle formation occurs when the grafting density of PEG chains is large enough that
the average spacing between PEG-lipids becomes less than twice the radius of gyration (i.e.
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near the mushroom-brush transition). Thus, unfavorable packing of grafted PEG polymers
leads to phase separation where fully covered liposomes coexist with micelles.

What is interesting about our study compared to previous work,%243 is that thread-like
micelles appear at much lower grafting densities (5 mol% DOPE-PEG2K vs. 25 mol%
DSPE-PEG2K). This strongly suggests that complexation of DNA with PEGylated cationic
liposomes results in partial expulsion of the excess PEG2K-lipid into spherical and
cylindrical micelles. The existence of cylindrical micelles, which previous reports only
observe in the case of neutral lipid/PEG-lipid dispersions, implies that non-PEGylated lipid
is also being expelled from the CL-DNA NPs. PEG-lipids have large effective headgroup
areas due to the steric repulsion of PEG and will favor surfaces with positive spontaneous
curvature (e.g., spherical micelles). A cylindrical micelle has positive curvature in one
direction and zero curvature along the micelle, suggesting that the cylindrical micelles not
only contain PEG-lipid but also cationic and/or neutral lipids, which prefer surfaces of zero
curvature.

A simple argument based on geometry can explain why complexation with DNA will expel
PEG2K-lipid. At the mol fraction of cationic lipid used in the sample shown in Figure 2 and
Figure 3 (80/15/5 DOTAP/DOPC/PEG2K-lipid), SAXS measurements have shown that the
DNA-DNA spacing is on the order of the diameter of hydrated DNA.18 This means that the
PEG2K-lipid and DNA will compete for the limited available space between cationic
membranes> The added crowding due to the presence of DNA (which is electrostatically
bound to the membranes) favors phase separation and PEGylated micelle formation, which
thus occurs at lower mol% compared to neutral lipid/PEG-lipid dispersions. Figure 4
contains a schematic which summarizes our model for the formation of thread-like micelles
based on previous work done on PEGylated CL-DNA NPs. The observation that micelles
form suggests that the free energy gain through counter-ion release (i.e., the driving force for
the intercalation of DNA between cationic membranes) is larger than the loss of entropy
incurred from multi-phase coexistence.

Interestingly, previous SAXS reports#041 on CL-DNA NPs did not see indications of
micelle formation in the scattering data. We believe that due to the electron dense-nature of
CL-DNA NPs, their qg1 and gpna peaks dominate the scattering signal. Furthermore,
previous x-ray work was performed without inducing osmotic pressure suggesting that the
carbon hole imaged in Figure 2A (which contains a thicker water film as evident from the
larger NPs found near the center of the hole) is a more accurate representation of the x-ray
pellets. In this case (Figure 2A), the thread-like micelles were dispersed among liposomes
and CL-DNA NPs as opposed to spatially segregated into a well-ordered pattern. When
thread-like micelles are prepared without DNA (using high concentrations of PEG-lipid),
previous work#* has shown that they can be detected with either SAXS and SANS. These
well-ordered, thread-like micelles could have applications as masks in nanoscale lithography

DNA-induced Tethering of NPs

We used dynamic light scattering (DLS) to measure the hydrodynamic diameter of our NPs
in the dilute regime. Previous work has shown that statistically meaningful size
measurements can be extracted from cryo-EM micrographs®® but the high-throughput nature
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of DLS allowed us to investigate size as a function of DNA length, PEG2K grafting density,
buffer ionic strength and pcng. In particular, the z-average hydrodynamic diameter measured
through DLS provides statistically meaningful trends in size.4”

Figure 5A-D shows the hydrodynamic diameter of NPs as a function of the charge ratio
(pchg) for circular (pGL3), polydisperse (S-DNA), short (11 bp) and long (A\-DNA) DNA in
high-resistivity water and DMEM. In the case of pGL3, S-DNA and 11 bp DNA, a
maximum in size is evident near the calculated isolectric point pchg = 1) of the NPs. This is
expected because the size of NPs is a result of competing electrostatic self-energy (which
favors smaller particles) and surface tension (which favors large particles that minimize the
surface area to volume). At the isoelectric point, NPs are near charge-neutral, reducing the
electrostatic self-energy and causing individual NPs to form at larger sizes. In comparison to
isoelectric CL-DNA complexes without PEG-lipid, isoelectric PEGylated CL-DNA NPs are
smaller by an order of magnitude (= 200 nm versus > 1 um). We attribute this to the steric
repulsion of the PEG brushes, which coat the NPs and prevent aggregation due to van der
Waals attraction. Interestingly, NPs formed with A-DNA (Fig. 5D) do not show a maximum
in size near the isoelectric point but instead continue to grow as the charge ratio decreases
beyond the isoelectric point (pchg < 1). This observation will be further investigated using
cyro-EM and fluorescence microscopy in a later section.

When formed in DMEM, the NP’s size shows DNA-dependence, where NPs composed of
A-DNA are the on average larger than NPs formed with S-DNA, pGL3 or 11 bp DNA. This
can be understood by considering that the length of A-DNA sets a minimum NP size which
alters the size distribution of NPs. To calculate the minimum NP size due to the volume of
DNA, we can compare the surface area of A- DNA to total available bilayer area. In the case
of A-DNA, the surface area (Apna) 1S Apna =W X Lpp X Npp Where w is the diameter of
hydrated DNA (25 A), Ly, is the distance between base pairs (3.3 A) and Ngp is the number
of base pairs or nucleotides (48,502 in the case of A-DNA). For an onion-like particle of
diameter D and layer spacing d, the total lipid surface area (A,) in the particle can be
approximated by dividing the volume of the sphere by the layer spacing (d): A_ =
((4/3)(D/;2)3)/d. Setting Apna equal to A, and solving for the diameter, in the case of A-
DNA the minimum nanoparticle diameter is Dy = 78 nm. This suggests that the sizes of
NPs formed with S-DNA, pGL3 or 11 bp DNA are the result of the competing electrostatic
and surface tension forces described earlier while NPs formed with A-DNA contain size
truncated size distributions due to the DNA’s size.

Figure 5E,F shows the dependence of the NP’s size on salt concentration. Regardless of
DNA type or the NP’s molar charge ratio, the average particle size decreases as salt
concentration increases. This is evident from Figure 5A-D: NPs formed in water are
typically larger than NPs formed in the biological buffer DMEM (= 150 mM 1:1 salt and ~
3 mM 2:1 salt). This is an interesting result because PEGylated CL-DNA NPs show
completely different salt concentration dependent behavior from non-PEGylated CL-DNA
complexes. Addition of salt decreases the Debye screening length and thereby reduces the
electrostatic repulsion between two like-charged CL-DNA complexes, thus causing them to
aggregate and increasing their effective size. In the case of PEGylated CL-DNA NPs,
complexation of PEGylated liposomes and DNA in the presence of increasingly higher
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concentrations of salt, up to the physiological regime (=~ 200 mM 1:1 salt) has been shown
to form NPs with correspondingly fewer layers.#! This is because increasing salt
concentration reduces the attractive electrostatic force between cationic membrane and
DNA, impeding the DNA’s ability to overcome the PEG-induced steric force and undergo
complexation with the cationic membrane. Thus, the size of the NPs decreases with
increasing ionic strength.

Figure 5G shows the average size of PEGylated liposomes as a function of mol% PEG2K-
lipid. Initially, the addition of PEG2K-lipid reduces the average size of liposomes, most
likely by preventing fusion of liposomes, but as PEG2K-lipid mol% increases beyond 5 mol
% the size of the liposomes slightly increases. CL-DNA NPs (Fig. 5A, B, D) were found to
be larger than cationic liposomes without DNA (Fig. 4G) except in the case of CL-DNA
NPs formed with 11 bp DNA (Fig. 5C).

The most interesting feature in the DLS data is the observation that NPs based on A-DNA
(Figure 5D) do not show a maximum in size near the isolectric point but instead continue to
grow as the charge ratio approaches zero (pchg < 1). To gain greater insight into this
observation we imaged our NPs using fluorescence and differential interference contrast
(DIC) microscopy. Fig. 6A displays DIC and fluorescent images of NPs which have been
dual-labeled using Texas Red-DHPE (lipid channel) and Yoyo-1 (DNA channel). The
images show NPs formed with either A-DNA or pGL3 at pehg = 1/3 (excess DNA regime) or
Pchg = 3 (excess cationic lipid regime) in high-resistivity water or 150 mM NaCl. NPs with
Pchg = 3 show excess liposomes that lack DNA (fluorescent spots in lipid channel with no
corresponding spot in DNA channel), as was observed in the cryo-EM micrographs (Fig.
2A). A comparison between DNA fluorescent channels is quite revealing. All cases show
fluorescent spots with some variations in size. However, for A-DNA at pchg = 1 /3 formed in
water, a fuzzy DNA cloud surrounds the DNA spots (i.e., regions of condensed DNA),
which colocalize with lipid solid arrow in lipid channel and corresponding condensed DNA
in DNA channel). Long A-DNA in salt-free buffer acts as a tether or bridge between
negatively overcharged NPs, giving rise to the observed fuzzy cloud in the excess DNA
regime at pchg < 1. The tethering of NPs may be expected to result in a higher likelihood of
collisions between NPs and fusion leading to the increased size of A--DNA NPs at pchg < 1
observed in DLS (Figure 5D).

Figure 6B,C shows cyro-EM images of NPs formed with 80/15/5 DOTAP/DOPC/ PEG2K-
lipid and S-DNA at pchg = 1/3 (Figure 6B) and pcng = 3 (Figure 6C). Figure 6B shows that
NPs formed at pchg < 1 coexist with excess DNA (asterisk) at equilibrium. In contrast,
Figure 6C (CL-DNA NP at pepg = 3) shows no excess DNA in the background. The NP in
Figure 6B illustrates the morphology of tethered NPs. An onion-like NP (solid white arrow)
is tethered to two smaller NPs (dashed white arrows) where one of them is in very close
contact with a third NP (black dashed arrow) which has partially fused.

Figure 6D,E displays two micrographs from a sample composed of NPs with 80/10/10
DOTAP/DOPC/PEG2K-lipid and 11 bp DNA at pepg = 1/3. Figure 6D shows NPs with two
distinct morphologies. The red arrow highlights an onion-like NP containing nearly perfect
concentric layers. The yellow arrow highlights a featureless electron-dense globular NP.

Langmuir. Author manuscript; available in PMC 2016 June 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Majzoub et al.

Page 12

Similar electron-dense structures have been previously reported when NPs containing
SiRNA are formed with microfluidic mixing.5° Although this previous report determined the
structure of their electron-dense nanoparticles, the featureless morphology we observe in our
cryo-EM micrographs suggests an unstructured core. Surprisingly, it seems that mixtures of
short 11 bp DNA with PEGylated cationic liposomes can spontaneously self-assemble into
this structure at pchg < 1. There is no evidence of tethering in the case of NPs formed with 11
bp DNA.

Figure 6E shows a micrograph of the excess 11 bp DNA that coexists with NPs at pepg =
1/3. As expected, short 11 bp DNA molecules appear as small black spots instead of long,
ordered polymers (asterisk in Figure 5B). In agreement with previous work,%0 the
concentration of 11 bp DNA imaged in Figure 6E is too low to see liquid crystal phases, but
there is in fact evidence of 11 bp DNA stacking (white arrow).

Conclusion

In this paper (combining cryo-EM, fluorescence microscopy, and DLS) we have presented a
comprehensive study of structures formed with PEGylated CL-DNA NPs, covering the
regimes of excess cationic lipid (pchg > 1) and excess DNA (pchg < 1). The internal lamellar
nanostructure of the NPs depends on the DNA: short, linear polydisperse DNA resulted in
smaller domains and defect-rich NPs. Varying pchg, we found unexpected new structures
including thread-like micelles coexisting with NPs in the excess cationic membrane regime
(Pchg > 1) and DNA-tethered NPs in the excess DNA regime (pchg < 1). Our cryo-EM results
highlight the importance of imaging samples that contain a heterogeneous mixture of
structures at equilibrium. Because of the CL-DNA NPs’ comparatively high difference in
electron density and index of refraction from the medium, the signal from CL-DNA NPs
will dominate in SAXS and DLS. This makes coexisting liposomes or micelles hard to
detect.

These new structures should aid in the design of functional bionanotechnological materials
that form through self-assembly of oppositely charged macromolecules in aqueous media.
The 1D ordered thread-like (or cylindrical) micelles with controllable nanometer-scale inter-
micellar spacing may have applications in nanolithography. The new phase of tethered CL-
DNA NPs could have applications in nucleic acid delivery and beyond. For gene delivery,
the tethered phase could be a means for delivering large genes without the need for forming
large particles. The individual NPs within the tether could reorganize, allowing the flocs to
penetrate small capillaries or endothelial clefts. The tethered phase could also be useful in
applications that require multiple nanoparticles with distinct functions to remain spatially
localized relative to one another.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CL-DNA NPs formed with DNA of different length and topology. (A) NPs formed with S-

DNA (linear, polydiserse, Lmean ~ 2 kbps) at a lipid molar ratio of 80/15/5 DOTAP/DOPC/
PEG2K-Lipid at pchg= 3 show a lamellar texture. (B) NPs formed with A-DNA (linear,
monodisperse, Lmean 48 kbps) at lipid ratio of 80/15/5 DOTAP/DOPC/PEG5K-Ilipid at
Pchg = 3 show the lamellar texture as well as terminated bilayer edges (solid arrows). (C)
NPs formed with pGL3 (circular, monodisperse, Lmean~ 4.5 kbps) at a lipid molar ratio of
80/10/10 DOTAP/DOPC/PEG2K-lipid at pehg= 2 show terminated bilayer edges (solid
arrows) similar to (B). In contrast to polydisperse S-DNA, NPs formed with A-DNA or
pGL3 can exhibit hollow cores (dotted arrow) or the lamellar morphology from core to
surface (red arrow). All scale bars are 50 nm.
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Figure 2.
Overcharged CL-DNA NPs coexist with liposomes and threadlike micelles tor pchg > 1

(charge molar ratio of cationic lipid to anionic DNA) (A, B) Cryo-EM micrograph of CL-
DNA NPs formed at a molar ratio of 80/15/5 DOTAP/DOPC/PEG2K-lipid at pchg = 3 with
S-DNA. In (A) the sample was prepared at 30 mg/mL which is the concentration commonly
used in small angle x-ray experiments. The sample in (A) was extensively centrifuged to
form a pellet, resuspended and imaged, but shows well-defined sub-200 nm NPs. At pchg= 3,
CL-DNA NPs (solid arrows), cationic liposomes (dashed arrows) and small, branched,
thread-like micelles (dotted arrows) coexist at equilibrium. Some of the threadlike micelles
appear to be protrusions from CL-DNA NPs (red arrows). In (B) the sample was prepared at
3 mg/mL. (C) A sample prepared at pcpg = 10 and 3 mg/mL (lipid molar ratio of 80/15/5
DOTAP/DOPC/PEG2K-lipid). The ratio of liposomes (dashed arrows) to CL-DNA NPs
(solid arrows) increases with pchg as expected. Small spherical micelles are also observed
(dotted arrows). (D) The zeta potential of CL-DNA NPs at various mol% PEG2K-lipid
saturates near pehg= 5. The horizontal and vertical dashed gray lines indicate { = 0 mV and
Pchg = 1, respectively. (E) Plot of the maximum and minimum zeta potential for CL-DNA
NPs. This potential strongly depends on the mol% of cationic lipid. (F) A control sample
containing only liposomes (no DNA). Even at as little as 5 mol% PEG2K-lipid, the
unilamellar liposomes (solid arrow) coexist with spherical micelles (dotted arrows). (G, H)
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Cropped regions (dashed boxes) from C, F). Small sub 5 nm micelles are seen (dotted
arrows)Salmon DNA was used in all results shown.
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Figure 3.
CL-DNA NPs coexist with threadlike micelles at high concentrations. (A) NPs formed at

Pchg = 3 with DOTAP/DOPC/PEG2K-lipid at a molar ratio 80/15/5. with Salmon DNA.
Near the edge of the carbon hole, CL-DNA NPs (solid arrow), liposomes (dashed arrow),
and micelles (dotted arrows) coexist. The deformed liposomes (red arrows) suggest that the
thickness of the suspended water film is comparable to the diameter of the liposomes. This
is further substantiated by the spatial organization of all the objects based on size. The center
of the water film shows highly ordered thread-like micelles with uniform spacing. The ends
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of the thread-like micelles are clearly visible (yellow arrows). Some regions feature what
appears to be stacks of 2D ordered micelles (orange arrows). (B) A 2D Fourier transform of
the boxed region in (A), showing two rings. (C) A radial integral of the Fourier Transform
in (B) shows two structure factor peaks superimposed on a weak form factor. The peak
positions correspond to gon= n(27/d) where d = 14.3 nm (the average spacing between the
center of two micelles). The change in slope at gy, = 1.672 nm™~1 represents a form factor
minimum corresponding to the thickness of the micelles (§y,= 3.727 nm).
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PEG-lipids and DNA Compete for Available Bilayer Area. Previous work using small angle
x-ray scattering (SAXS) shows that DNA spacing in CL-DNA complexes is modulated by
neutral lipid content.1® SAXS has also shown that at low membrane charge density, the
addition of PEG-lipid induces a depletion-attraction force which reduces the DNA
spacing.4? We have found that forming high membrane charge density complexes with
PEG-lipids results in phase separation of the components into CL-DNA complexes and
thread-like micelles because PEG and DNA compete for finite bilayer area.
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Measuring CL-DNA NP Size with Dynamic Light Scattering (A, B, C, D) Dynamic light
scattering results for CL-DNA NPs formed at a lipid molar ratio of 80/20-x/x DOTAP/
DOPC/PEG2K-lipid (x = PEG2K-lipid mol fraction) with pGL3(A), S-DNA (B), 11 bp
duplex DNA (C), or A-DNA (D) in either water (blue curves) or DMEM (red curves) as a
function of pepg. The data in (A), (B) and (C) exhibit a maximum in size near the isoelectric
point (pchg = 1), while that in (D) shows the diameter continuously increasing as pchg
decreases below the isoelectric point. The size of NPs not formed with A-DNA (A, B and C)
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tends to be smaller when formed in DMEM. (E, F) Hydrodynamic diameter of NPs as a
function of ionic buffer strength for A-DNA (E), pGL3 (E), S-DNA (F) and 11 bp DNA (F).
As ionic buffer strength increases, NPs form at smaller sizes. This effect is most pronounced
for A-DNA at pchg = 1/3 (hollow blue squares in (E)). (G) Hydrodynamic diameter of
cationic liposomes without DNA in water and DMEM.
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Figure6.
Fluorescence Microscopy and cryo-EM show that NPs formed at pchg< 1 with linear DNA

can form tethered floes. (A) Differential interference contrast (DIC) and fluorescent images
(Lipid and DNA) of NPs composed of DOTAP/DOPC/ PEG2K-lipid at a molar ratio of
80/15/5. In nearly all cases, small diffraction-limited spots show colocalization of the lipid
and DNA signal. The exception is A-DNA NPs at pcpg= 1/3 formed in water, where discrete
NPs are visible in the lipid channel while the DNA channel shows condensed fluorescent
spots surrounded by a fuzzy cloud. The cloud of DNA is due to the presence of loose DNA
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tethering the NPs. All scale bars are 5 uM. (B, C) NPs formed with 80/15/5 molar ratio of
DOTAP/DOPC/ PEG2K-lipid with S-DNA at pehg = 1/3 (B) and pehg = 3(C). In (B) an NP
with onion-like morphology is tethered to two smaller NPs (dashed arrows). At peng< 1, NPs
coexist with excess DNA in solution (asterisk). (C) An onionlike NP at pepg > 1 with no
excess DNA in the background. (D, E) Cryo-EM micrographs of a solution containing
80/10/10 DOTAP/DOPC/PEG2K-lipid NPs formed with 11 bp DNA at pchg = 1/3. In (D)
two NP morphologies are observed; onions with condensed bilayers (red arrow) and
featureless, electron-dense globules (yellow arrow). (E) shows the excess 11 bp DNA in
solution. All cryo-EM scale bars are 50 nm.
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