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Abstract

Hierarchical assembly of building blocks via competing, orthogonal interactions is a hallmark of many of
nature’s composite materials that do not require highly specific ligand-receptor interactions. To mimic
this assembly mechanism requires the development of building blocks capable of tunable interactions. In
the present work, we explored the interplay between repulsive (steric and electrostatic) and attractive
hydrophobic forces. The designed building blocks allow hydrophobic forces to effectively act at
controlled, large distances, to create and tune the assembly of membrane-based building blocks under
dilute conditions and affect their interactions with cellular membranes via physical cross-bridges.
Specifically, we employed double-end-anchored poly(ethylene glycol)s (DEA-PEGs)—hydrophilic PEG
tethers with hydrophobic tails on both ends. Using differential-interference-contrast optical microscopy,
synchrotron small angle X-ray scattering (SAXS), and cryogenic electron microscopy, we investigated the
ability of DEA-PEGs to mediate assembly in the dilute regime on multiple length scales and on practical
time scales. The PEG length, anchor hydrophobicity, and molar fraction of DEA-PEG molecules within a
membrane strongly affect the assembly properties. Additional tuning of the intermembrane interactions
can be achieved by adding repulsive interactions via PEG-lipids (steric) or cationic lipids to the DEA-
PEG-mediated attractions. While the optical and electron microscope imaging methods provided
qualitative evidence of the ability of DEA-PEGs to assemble liposomes, the SAXS measurements and
quantitative line-shape analysis in dilute preparations demonstrated that the ensemble average of loosely
organized liposomal assemblies maintains DEA-PEG concentration-dependent tethering on defined
nanometer length scales. For cationic liposome—DNA nanoparticles (CL-DNA NPs), aggregation induced
by DEA-PEGs decreased internalization of NPs by cells, but tuning the DEA-PEG-induced attractions by
adding repulsive steric interactions via PEG-lipids limited aggregation and increased NP uptake.
Furthermore, confocal microscopy imaging together with colocalization studies with Rabll and
LysoTracker as markers of intracellular pathways showed that modifying CL-DNA NPs with DEA-PEGs

alters their interactions with the plasma and endosomal membranes.
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Abbreviations

CL: Cationic liposome

Cryo-EM: cryogenic transmission electron microscopy
DEA-PEG: double-end-anchored poly (ethylene glycol)
9 DIC: differential-interference-contrast

10 DMEM: Dulbecco’s modified Eagle’s medium

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOTAP: N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride
14 NA: nucleic acid

15 NP: nanoparticle

16 PEG: poly (ethylene glycol)

SAXS: small-angle X-ray scattering

19 SEA-PEG: single-end-anchored poly (ethylene glycol)
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Introduction

Many of nature’s complex and sophisticated materials arise from the hierarchical assembly of simpler
building blocks. In particular, a combination of competing, orthogonal interactions can give rise to
remarkable and programmable complexity, without requiring the highly specific ligand-receptor
interactions commonly associated with biological systems. To successfully mimic such hierarchical
materials, it is necessary to develop building blocks that can produce the required, tunable interactions.
While electrostatic interactions are tunable and long-range, they are also readily screened and have
limited utility in many settings. In the present work, we explored introducing and tuning other nonspecific
interactions in dilute solutions. In particular, we employed repulsive steric forces (mediated by
poly(ethylene glycol)-lipid (PEG-lipid)) and attractive hydrophobic forces (acting at defined distances
that are large for hydrophobic interactions; mediated by lipid-PEG-lipid macromolecules) to create and
direct assembly of membrane-based building blocks. Further, we studied the interactions of the new
assemblies with biological membranes inside and outside of the cell.

The specific systems that we investigated in regard to modifying intermembrane interactions were lipid
carriers such as neutral and cationic liposomes and liposome—nucleic acid (NA) nanoparticles (NPs),
which are relevant for delivery applications. Cationic liposomes (CLs; consisting of mixtures of cationic
and neutral lipids) are a common synthetic carrier of hydrophobic small molecules as well as of nucleic
acids (NAs) in therapeutic applications.!"!? Gene therapeutics represent a paradigm shift in the treatment
of many ailments, and recent discoveries, including RNAi gene silencing, mRNA vaccines, and
CRISPR/Cas9 gene editing, have only increased the scope of this approach. However, delivery of the
large, charged NAs that are readily susceptible to biochemical degradation poses a major challenge.
Despite the fact that the capacity and safety profile of CL-based NA carriers are superior to those of viral
vectors,!:13-16 the first gene therapy (patisiran/ONPATTRO™) based on lipid vectors was approved for
clinical use only as recently as 2018, after decades of worldwide effort.!’-!° Notably, patisiran addresses a
therapeutic need that presents comparatively low challenges for delivery. To be applied more broadly,
lipid vectors for therapeutic NAs require further research into their fundamental science aspects. This
includes understanding their interactions with cellular membranes and the ability to modulate these
interactions, which affect vector binding, uptake, trafficking, and endosomal escape.

The use of liposomes as drug or NA carriers in vivo, where the efficacy of viral vectors is typically
superior, requires their stabilization against aggregation and opsonization. PEGylation (by incorporating
PEG-lipids; Figure 1 (ii)) achieves this by sterically stabilizing liposomes?*-2¢ and NPs?’-3! and increases
their circulation time in vivo. However, because the repulsive PEG corona counteracts any attractive
interactions (such as van der Waals or electrostatic attraction), it also detrimentally affects desirable cell-

nanoparticle interactions.3>34
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Figure 1. (i) A unilamellar liposome consisting of a self-assembly of amphiphilic lipid molecules. The
liposome can carry hydrophobic molecules (red spheres) within its hydrophobic bilayer and hydrophilic
molecules in its aqueous interior. (ii) A “stealth” liposome, where the lipid bilayer contains a small
percentage of polymer-lipids to enable the surface-modified liposome to avoid immune cells. Such
liposomes may also incorporate cell-targeting ligands (e.g., peptides or antibody fragments) attached to the
distal end of the polymer-lipid. (iii) The lamellar L,¢ phase of CL-DNA complexes, consisting of an
onion-like structure with DNA (purple rods) sandwiched between cationic membranes. In addition to cell-
targeting ligands, surface functionalization may also include polymer-lipids with acid-labile, hydrolysable
groups for shedding of the polymer in late endosomes after uptake of complexes by cells. Figure adapted
from reference* by permission from The Royal Society of Chemistry (RSC) on behalf of the Centre
National de la Recherche Scientifique (CNRS) and the RSC. Copyright 2014 RSC.

Important efficacy-limiting steps that rely on attractive cell-NP interactions are cell targeting/attachment
(leading to uptake) as well as endosomal escape.>>3¢ Prior work has shown that charge or surface
functionalization by adding PEG-lipids with distally attached high-affinity peptides that specifically bind
suitable cell surface receptors (Figure 1)393437-42 can provide the attractive interactions that enhance
attachment to and uptake through endocytosis by cells. Similarly, charge or low-pH-cleavable PEG-
lipids*? (which unmask charge/reduce steric repulsion) can promote fusion with endosomal membranes.

However, while (positive) charge is efficient in mediating interactions between NPs and cell membranes
(which are anionic), the same nonspecific electrostatic attraction can compete with the specific binding of
NPs to cells via high-affinity peptide-cell receptor interactions®® and can result in rapid clearance of NPs
from circulation. Thus, in vivo applications require low-charge NPs, i.e. NPs prepared close to but slightly
above a CL/NA charge ratio of one. We reasoned that incorporating membrane-tethering elements into
CL-NA nanoparticles could create attractions between the NP and endosomal membranes but do so

without the detrimental effects of charge. A large body of work exists on associative polymers,
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hydrophobically modified water-soluble polymers that can flocculate colloids and associate with
liposomes.®# These include PEG-based polymers, typically with a graft-copolymer structure with
several hydrophobic groups per chain.*#’ For our purposes, we envisioned that double-end-anchored
PEGs (DEA-PEGs) — hydrophilic PEG with hydrophobic tails on both ends (Figure 2A), at least one of
which being a double-tail unit that provides strong and stable membrane anchoring — could modulate
intermembrane interactions via charge-independent, nonspecific interactions (physical cross-bridges).

Conventional PEG-lipids have only one hydrophobic anchor (i.e., they may be considered single-end
anchored PEGs (SEA-PEGs)) and therefore are purely repulsive. In contrast, the addition of a second
hydrophobic anchor at the distal end of the PEG chain in DEA-PEGs introduces the potential for
attractive interactions between apposing lipid membranes.**-** DEA-PEGs exhibit both looping and
bridging conformations (Figure 2B) when incorporated into the membranes of bulk lamellar phases.®4°
Small-angle X-ray scattering (SAXS) showed that the bridging (tethering) conformations limit the
expansion (i.e., lock the interlamellar distance, dy) of a multilamellar phase of positively charged
membranes at high lipid concentrations, effectively inducing an attractive interaction between apposing
membranes.’® The resulting interlamellar distance is of order of the radius of gyration (Rg) of the PEG
tether: dy=1.6 Rg=1.6 a n*>, with a=3.6 A the monomer length and » the degree of polymerization of the
PEG tether.®® Thus, it is possible to adjust the wall-to-wall spacing (controlling the range of interaction)
between apposing membranes by varying the length of the PEG tether. Furthermore, the strength of the
tethering increased with increasing concentration of DEA-PEG in the lipid membrane. Finally, varying
the structure of the second anchor allowed us to modify the kinetics of phase formation (by modulating
the stability of the intermediate state in Figure 2B) independent of the overall anchoring strength (which

is modulated by the mol fraction of DEA-PEG in the membrane as well as the structure of the anchor).>°
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Figure 2. (A) symmetric (L-PEG-L) and asymmetric (L’-PEG-L) double-end-anchored (DEA)-PEGs and
control PEG-lipid (PEG-L). (B) Schematic depiction of the conformations of DEA-PEG incorporated into

apposing lipid membranes. DEA-PEGs may form looping (left; both hydrophobic tails in the same
membrane) or bridging (right; hydrophobic tails in apposing membranes) conformations. These con-

formations can interchange through intermediate states with one anchor in the aqueous layer (center),
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related to the barrier between conformations. The bridging conformation locks apposing membranes in

close proximity in the presence of excess water.43-30

These studies provided proof-of-concept that incorporation of DEA-PEGs can provide attractive,
nonspecific interactions of tunable strength and range. However, the experiments used bulk lamellar
phases with high lipid concentrations (> 10 wt% in water) and required equilibration times on the scale of
weeks.

In the present work, we sought to determine whether the attractive interaction mediated by DEA-PEGs is
applicable in the context of liposomes and lipid-based NPs (i.e., the dilute regime of lower lipid
concentrations) and their applications (i.e., shorter time scales), such as drug and gene delivery. Thus, we
characterized the ability of DEA-PEGs to mediate assembly of liposome-based building blocks in dilute
systems by tuning hydrophobic, steric, and electrostatic interactions. To do so, we varied the PEG length,
anchor hydrophobicity, and molar fraction of DEA-PEGs within a membrane. In addition, we tuned the
steric and electrostatic interactions between the membranes by the incorporation of charged lipids and
PEG-lipids. We used differential-interference-contrast-microscopy (DIC), synchrotron SAXS, and
cryogenic transmission electron microscopy (cryoEM) to characterize the lipid assemblies, demonstrating
tunable DEA-PEG-mediated hierarchical assembly in both loosely organized dilute liposomal systems
and highly organized, liquid crystalline lipid—-NA systems. In addition, confocal microscopy with fluores-
cence colocalization using Rab GTPases and LysoTracker as markers of endosomal organelles®! revealed
the DEA-PEGs mediate attractive interactions between CL-DNA NPs and showed that the colocalization

(i.e., endosomal trafficking) pattern of NPs is modified by the presence of DEA-PEGs.

Materials and Methods

Materials

The lipids DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOTAP  (N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride) were purchased from Avanti Polar Lipids as a
solution in chloroform. Paclitaxel was purchased from Acros. Pentavalent MVL5,2 SEA-PEGs,*° and
DEA-PEGs*® were synthesized as previously described. The structures of all the lipids used in this work
are shown in Figure S1 in the Supporting Information. High-resistivity (18.2 MQcm) water was obtained
from a Milli-Q Plus unit (Millipore).

The pGFP plasmid used to form the CL-DNA complexes was purchased from Promega, and the Rab11—
GFP plasmid was purchased from Addgene. LysoTracker Red was purchased from Life Technologies.

Poly-L-lysine (Sigma-Aldrich) was used to coat glass slides prior to seeding cells for microscopy studies.
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Liposome and DNA Preparation

Stock solutions of MVL5 and PEG-lipids were prepared by dissolving the lipid in a chloroform:methanol
mixture (3:1, v/v). Paclitaxel was dissolved in chloroform to prepare a stock solution at 10.0 mM. To
prepare liposomes of the desired compositions, stock solutions were combined at the desired molar ratio,
and the organic solvent was evaporated by a stream of nitrogen followed by overnight (12-16 h)
incubation in a vacuum. The appropriate amount of high resistivity water to achieve the desired lipid
concentration was added to the dried lipid film, and the hydrated films were incubated overnight at 37 °C
to form liposomes. The liposome suspension was then sonicated, either using a tip sonicator for 5-20 min
or a bath sonicator for 30-60 min. Sonication times varied and were determined by the length of
sonication necessary for opaque suspensions to become transparent (or translucent for highly concentrated
suspensions). This sonication method is the same as in previous investigations of drug and NA delivery
with liposomes; sonication can be performed on small (=100 pL) sample volumes with minimal loss of
material and does not use filters that may be blocked by aggregates. Liposome suspensions for incubation
with cells were prepared at 0.95 to 1.0 mM, while suspensions for nanostructure characterization (i.e.,
differential interference contrast microscopy, small angle X-ray scattering, cryogenic electron
microscopy) were prepared at 19 to 20 mM.

All plasmids were propagated in Escherichia coli and purified using Qiagen Giga or Mega Prep kits. For
microscopy studies, the pGFP plasmid was labeled with Cy5 following plasmid purification using the
Mirus Bio Label IT nucleic acid labeling kit according to the manufacturer’s protocol with one

modification: the incubation time at 37 °C was increased from 1 to 2 h to improve labeling efficiency.

Differential Interference Contrast Microscopy

A total of 400 pL of liposome solution (=19 mM) was prepared for both differential interference
microscopy and small angle x-ray scattering. The solution was mixed with a pipette, and a total of 3 pL
was placed between a glass microscopy slide and a coverslip which was sealed with vacuum grease. At
the time of imaging, the solutions had been tip-sonicated twice. The solution was imaged with a Nikon

Diaphot 300 equipped with 10x DIC Objective and Sensicam QE CCD camera (PCO).

Small Angle X-ray Scattering

Liposomes were prepared at a concentration of <19 mM and tip-sonicated once. Samples were mixed
with a pipette, loaded into 1.5 mm quartz capillaries (Hilgenberg). The capillaries were centrifuged at 10
000 g for 30 min to increase liposome density and then sealed with epoxy resin. Sample scattering was
measured at several heights of the capillary to investigate the macroscopic separation and concentration of

different phases resulting from centrifugation.
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SAXS measurements were carried out at the Stanford Synchrotron Radiation Lightsource, beamline 4-2
at 9 keV (A=1.3776 A) with a Si(111) monochromator. Scattering data were taken with a 2D detector
(Pilatus 3 X 1M, Dectris) with a sample to detector distance of 3.5 m (calibrated with silver behenate).
The X-ray beam size at the sample was 150 um in the vertical and 200 pum in the horizontal direction.
Data reduction and analysis were performed using the NIKA and IRENA software packages developed at
Argonne National Laboratory.’3>* Line-shape analysis of the SAXS data was performed using custom-
written code implemented in the Python programming environment. The scattering background was
determined by a linear line drawn between the minima of the form factor at ~0.04 A! and =~0.2 A-1. The

model was fit to the background-subtracted data.

Cryogenic Electron Microscopy

Liposome solutions for electron microscopy were prepared at a concentration of 20 mM. The cationic
liposome sample was bath-sonicated. The CL-DNA sample was composed of tip-sonicated liposomes
mixed with DNA. Samples were vitrified using a manual plunger on carbon lacey substrates (300 mesh
copper grids) prepared in house.> Grids were plasma cleaned using O, and H, for 30 s using a Solarus
plasma cleaner (Gatan) immediately prior to sample preparation. A total of 3 uL of sample was applied to
the grid and manually blotted from the back with filter paper for 5 s, followed immediately by plunging
into liquid ethane. Images were acquired using Leginon®® on a Tecnai T12 electron microscope operated
at 120 KeV and equipped with a 4K TVIPS CMOS camera. Images were collected at nominal

magnification of 68 k %, corresponding to a pixel size of 2.46 A/pixel.

Cell culture and confocal imaging of fixed cells

PC-3 cells (ATCC number: CRL-1435; human prostate cancer) were cultured in DMEM (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin/streptomycin
(Invitrogen). Cells were passaged every 72 h to maintain subconfluency and kept in an incubator at 37 °C
in a humidified atmosphere containing 5% CO,.

Preparation of cells for confocal imaging with labeled Rabl1 and late endosome/lysosome pathways has
previously been described.3® Prior to seeding cells, 22x22 mm No. 1.5 glass coverslips were coated with
poly-L-lysine. PC-3 cells were seeded on the coated coverslips in 6-well plates (~140,000 cells/well) such
that the confluency was 60-80% at 24 h after seeding. At 24 h after seeding, complexes were formed by
mixing 10 pL of Lipofectamine 2000 (Life Technologies) with 4 ug Rab11-GFP plasmid. Lipofectamine
2000/pRab11-GFP complexes were added to cells in serum-free medium and removed 6 h later,
according to the manufacturer’s protocol. After removal of the Lipofectamine complexes, cells were

washed with PBS and incubated in serum-containing medium overnight. The next day, cells were washed
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and serum-containing medium was added again. At 48 h after transfection, fluorescently labeled NPs
were prepared by mixing 2.4 ng of unlabeled pGFP with 0.6 pg of Cy5-labeled pGFP to produce a
solution of 3 pg DNA in 250 pL of serum-free medium. The appropriate amount of liposome solution
(0.95 to 1 mM; volume based on charge ratio and stock lipid concentration) was diluted to 250 uL in
serum-free DMEM. Liposome and DNA solutions were mixed together and incubated at room
temperature for 20-30 min to form NPs. The six-well plates containing seeded coverslips were removed
from the incubator and washed once with PBS. A total of 2 mL of serum-free medium and 500 uL of NP
suspension were added to each well, and cells were placed in the incubator. After 4.5 h of incubation,
cells were removed and rinsed once with PBS. Following PBS washing, 2 mL of serum-free medium
containing 50 ng/mL of LysoTracker Red (Life Technologies) was added to each well. Cells were
incubated at 37 °C for 30 min in the presence of Lysotracker Red to allow for labeling of acidic
organelles. After acidic organelle labeling, cells were washed twice with PBS and fixed using a PBS
solution containing 3.7% (v/v) formaldehyde. Cells were incubated in the presence of formaldehyde for
10 min at room temperature with occasional agitation. After fixation, cells were washed with PBS three
times and mounted onto slides using Antifade mounting medium (Life Technologies). The antifade
medium was cured overnight and coverslips were sealed to the glass slides using a fast-curing epoxy
resin.

Cells were imaged within 5 days of fixation using an Olympus DSU microscope equipped with a 100x
UPlanSApo objective, a Hamamatsu ImagEM CCD camera, and Metamorph software. Representative
cells were chosen and imaged at z-steps of 1 pum. Prior to colocalization analysis, images were processed
as follows. First, the z-stacks were deconvolved using the Imagel] plug-in Iterative Deconvolve 3D.
Processing after deconvolution consisted of a background subtraction with a 10-pixel rolling ball radius as
well as a smooth filter for improved image clarity. Colocalization analysis was performed using custom-

written Matlab routines and is described below.

Colocalization Analysis

Object-based colocalization analysis®*343835157 was performed on 20-30 cells per NP composition. A
rough outline of each cell was generated from an image produced by subtracting the NP channel from a
saturated image of the Rab channel. This subtraction step allows automatic location of the cell boundary
while excluding extracellular NPs, which form a thick fluorescent coat on the outside of the plasma
membrane.>® The Matlab routine prompts the user to mask neighboring cells in close proximity to the cell
of interest and to set the bottom and top slice of each cell. For our analysis, we selected z-stack regions
that were 2—3 um thick. For each slice, NPs were located using a Matlab version of the algorithm first

reported by Crocker and Grier.® Next, particles were given z-coordinates based on their brightness in
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each stack (some NPs are visible at more than one height). Following the generation of a list of acidic
organelle, recycling endosome, and NP coordinates, NPs were counted as colocalized with a marker (e.g.,
Lysotracker) if they were within three pixels of that marker and at least five pixels away from the other
marker (e.g., Rab11-GFP). In all samples, a small fraction of NPs (<12%) colocalize with both markers
due to the inability to resolve NPs in organelles that are too closely spaced in the x-y-plane of the
microscope. NPs were not designated any colocalization (“Neither”) if they were at least five pixels away
from both markers. The colocalization statistics were calculated by dividing the total number of
colocalized NPs by the total number of intracellular NPs. This method for averaging, as opposed to
single-cell statistical averaging, is analogous to how transfection efficiency is measured with luciferase.
(Luciferase expression measurements lack single-cell statistic due to cell lysis during harvesting.) The
error for colocalization fractions is estimated at £2%, as found for one sample that was imaged and

analyzed twice.

Results and Discussion

DEA-PEGs

We have previously prepared symmetric and asymmetric DEA-PEGs (Figure 2) from PEG of molecular
weight 2000 and 4600 g/mol (n=45 and 104), together with the corresponding SEA-PEGs.>® As shown in
Figure S1 in the Supporting Information, the symmetric DEA-PEGs (L-P2000-L and L-P4600-L)
incorporate two dioleyloxybenzoic acid (DOB; double chain C18:1) tails, while the asymmetric DEA-
PEGs (L’-P2000-L and L’-P4600-L) incorporate a DOB tail (L) and an oleic acid tail (L’; single chain
C18:1). Single- and double-chain tails vary greatly in their water solubility (consider, e.g., the critical
micelle concentration of lipids and surfactants, which differs by several orders of magnitude), which
affects the stability of the intermediate conformation (Figure 2B). Also of note, none of the SEA- and
DEA-PEGs bear a charge (unlike the commercially available DOPE-PEGs, which are anionic).

Optical Microscopy

For an initial assessment of whether the DEA-PEGs could exert attractive forces on liposomal building
blocks, leading to aggregates by directed assembly, we turned to optical microscopy. Figure 3 displays
DIC micrographs of samples prepared from lipid mixtures containing an increasing amount of the DEA-
PEG L-P4600-L in the membrane. All liposomes were cationic, containing 10 mol% of the multivalent
cationic lipid MVL5* in their membranes (molar composition: MVLS5/DOPC/L-P4600-L=10/90-x/x).
(Note that addition of PEG-lipid reduces the zeta-potential of cationic liposomes (but not to zero at low-

salt conditions) but also adds steric repulsion.®®) Control liposomes (x=0, without PEG-lipid or DEA-
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PEG) form mostly small and very small unilamellar liposomes upon sonication that remain readily
dispersed because of their charge. While these liposomes are readily observed in cryo-EM (see Figure S2
in the Supporting Information), they are not detected in our optical imaging experiments because of their
submicrometer size. However, at 1 mol% of DEA-PEG in the lipid mixture, (comparatively small)
aggregates are observed (Figure 3, x=1), together with a number of spherical objects that may be large
liposomes. As the amount of DEA-PEG in the membrane increases, these spherical objects disappear and
the size of the aggregates increases. A similar trend was observed for the other DEA-PEGs (see also

Figure 4 (left, 10% MVLY5)), with L’-P2000-L showing the least concentration dependence.

MVL5/DOPC/L-P4600-L (10/90-x/x)
x=1 x=2.5 x=5 x=10

Figure 3. Differential-interference-contrast micrographs of suspensions of cationic liposomes containing
varied amounts of the DEA-PEGs L-PEG4600-L (liposome composition: MVL5/DOPC/L-P4600-L (10/90-
x/x)). As the amount of DEA-PEG in the membrane increases (left to right), aggregates of increasing size
are observed. Plain control liposomes and those with PEG lipids form small liposomes (< 1 um; see also
Figure S2 in the Supporting Information) and are not detected with this imaging technique. Scale bar:

200 pm.

Having established that the DEA-PEGs introduce an attractive intermembrane interaction in a
concentration-dependent manner, we sought to identify competing repulsive interactions that can be used
to tune the interactions between DEA-PEG-containing liposomes. First, we investigated the effect of
membrane charge density by increasing the amount of cationic lipid in the membrane. The membrane
charge density of 50% DOTAP/50% DOPC membranes is higher than that of 10% MVL5/90% DOPC
membranes.®! (The membrane charge density of 50% MVL5/50% DOPC membranes is slightly higher

than that of membranes containing 100% DOTAP.) As evident in Figure 4, increasing the membrane
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charge density strongly reduced the formation of aggregates. While some smaller aggregates are still
visible at 50% DOTAP, none are observed at 50% MVLS5. This means that at this high membrane charge

density, the electrostatic repulsion (in plain water; this repulsive force is readily and strongly modulated
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by the ionic strength in solution) was able to completely overcome the attractive forces exerted by the

DEA-PEG.
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aggregation is still observed with 1 mol% SEA-SEA, the aggregates are smaller at 2.5 mol% and even

smaller at 5 mol%.

MVL5/DOPC/L’-P2000-L/L-P2000 (10/85-x/5/x)

Figure 5. Differential-interference-contrast micrographs of suspensions of cationic liposomes containing
varied amounts (1, 2.5 and 5 mol%) of PEG-lipid (SEA-PEG; L-P2000) in addition to 5 mol% of DEA-
PEG (L’-P2000-L) in the membrane. The liposome compositions were: MVLS5/DOPC/L’-P2000-L/L-
P2000=10/85-x/x (x=1, 2.5, and 5). As the amount of (repulsive) SEA-PEG in the membranes of the DEA-

PEG-containing liposomes increases (left to right), the aggregates become smaller. Scale bar: 200 pum.

Small Angle X-ray Scattering

To investigate DEA-PEG-induced aggregation at length-scales from =2 to 3 nanometers to as large as
250 nm, we turned to small-angle X-ray scattering (SAXS) of neutral and cationic liposomes (no and 10
mol% DOTAP, respectively) with varying DEA-PEG content. The synchrotron SAXS data was collected
between ¢g=0.0025 A~! and g=0.2 A-!, which probes length scales (of the order of ~27/q) between ~2,500
A and =30 A. DIC imaging covers the length-scale range from about 0.25 pm (i.e., limited by
wavelength/2) to >100 of um. Thus, the combined SAXS/DIC techniques cover both the large-scale
structure of liposome aggregates (sub- to many 10s of um) and the length scale of liposome—liposome
tethering due to DEA-PEG. The key length-scale of interest is that of the membrane wall-to-wall
separation distance, which corresponds to ¢>0.04 A-! in the SAXS data.

The liposome suspensions were loaded into quartz capillaries and centrifuged gently (10,000 g)
immediately prior to measurement to concentrate the liposomes and aggregates near the bottom of the
capillary. Sonicated liposomes are typically <300 nm in diameter, resulting in transparent solutions. In
contrast, Mie scattering by objects with sizes around or larger than the wavelength of visible light (>380
nm) gives the suspension a gray or white (opaque) appearance. Thus, solution opacity may (with

limitations) serve as a semiquantitative indicator of liposome aggregation (by tethering or membrane
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fusion) after sonication. The observed turbidity of our samples containing DEA-PEGs (see Figure S3 in
the Supporting Information) is suggestive of liposome—liposome tethering by DEA-PEGs. However, the
observed turbidity may also be due to other fluctuation effects, e.g., large vesicle shape fluctuations which
will also appear as a bluish color of the suspension. The SAXS data described below, for increasing
contents of DEA-PEG, show clear evidence of bridging between neighboring membranes. In particular,
the SAXS analysis of liposomes containing 5 and 10 mol% DEA-PEG shows that the membrane wall-to-
wall spacing is of order the radius of gyration of the PEG tether for both PEG2000 and PEG4600.

Figure 6 shows the SAXS profiles for control liposomes with 10 mol% PEG-lipid (SEA-PEG with no
tethering functionality; dashed line profiles in panels A,B,C), and liposomes with increasing DEA-PEG
content (solid colored lines at 2, 5, and 10 mol%), for neutral liposomes without DOTAP (panels A and
B) and cationic liposomes with 10 mol% DOTAP (panel C). All SAXS profiles show the form factor
associated with lipid membranes, with minima around ¢g=0.03 to 0.04 A-! and slightly larger than 0.2 A-!.

Broad peaks are visible in most profiles, indicating short-range intermembrane correlations of the lipid

membranes.
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Figure 6. Small-angle X-ray scattering profiles of suspensions of neutral (0% DOTAP) and cationic (10%
DOTAP) DOPC/DEA-PEG liposomes and controls. Profiles were selected from a region near the bottom of

the capillaries, where denser samples (formed by centrifugation) produced stronger scattering signals. (A)
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SAXS profiles from samples containing liposomes with increasing concentrations (2, 5, and 10 mol%,
respectively) of symmetric (L-P2000-L) and asymmetric (L’-P2000-L) DEA-PEG2000 and no DOTAP.
The SAXS profile from a control sample containing 10 mol% of the corresponding SEA-PEG (P2000-L) is
also shown (grey dashed line). (B) SAXS profiles from samples containing liposomes with increasing
concentrations (2, 5, and 10 mol%, respectively) of symmetric (L-P4600-L) and asymmetric (L’-P4600-L)
DEA-PEG4600 and no DOTAP. The SAXS profile from a control sample containing 10 mol% of the
corresponding SEA-PEG (P5000-L) is also shown (grey dashed line). (C) SAXS profiles from samples
containing cationic liposomes with 10 mol% DOTAP and increasing concentrations (2, 5, and 10 mol%,
respectively) of symmetric (L-P4600-L) and asymmetric (L’-P4600-L) DEA-PEG4600. All samples
containing DEA-PEGs other than L-P2000-L show multiple broad peaks in the scattering profiles, which

indicates correlations between membranes. See the text for detailed discussion.

The control samples prepared with PEG-lipids (SEA-PEG; dashed gray lines in Figure 6) show two
very weak, broad correlation peaks, indicating weakly correlated membranes with small coherent
domains. The existence of the broad peaks signifies some weak intermembrane correlations, possibly
because a fraction of the PEG-lipid phase-separates into micelles, which would exert depletion-attraction
forces on the liposomes. The peak positions are different for the two PEG lengths, with longer PEG
resulting in a peak at smaller g (larger d; compare dashed profiles in panels B and C with the dashed
profile in panel A). Interestingly, the values of d calculated from the SAXS profiles are close to those for
the DEA-PEGs (see discussion below), further suggesting that the size of the PEG chains is an important
parameter in determining organization of the liposomes.

Turning to Figure 6A for neutral liposomes containing DEA-PEG with shorter (2000 g/mol) PEG
chains, the SAXS profiles of the samples containing the symmetric DEA-PEG (L-P2000-L) appear to
show only the liposome form factor at the length scales investigated (2r/g =30 to 2500 A), with little to
no evidence of any correlation peaks (panel A, 2" through 4 profiles from bottom for 2, 5, and 10 mol%
DEA-PEG). In a previous study of bulk multilamellar lyotropic lipid phases, L-P2000-L exhibited slower
kinetics than all the other DEA-PEGs, requiring between one and two months to reach equilibrium with
clear onset of the bridging conformations at 5 mol% DEA-PEG. In the present work, SAXS of the
samples of dilute suspensions of neutral liposomes in excess water was measured within a week of lipid
hydration and sonication. While this means that the samples containing [L-P2000-L would likely
eventually show ordered membranes and aggregation (as also observed in DIC for cationic liposomes at
low membrane charge density), it is irrelevant for practical applications that would require tethering to
take place on a shorter time scale.

Significantly larger correlation peaks were observed in samples containing increasing concentrations

of the asymmetric DEA-PEG (L’-P2000-L) at 2, 5, and 10 mol%. (Figure 6A, top three profiles). The
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presence of one less hydrophobic anchor lowers the energetic barrier for switching between the looping
and bridging conformations (Figure 2B), which is the likely cause of the faster kinetics previously
observed for this DEA-PEG compared to its symmetric counterpart.’® The SAXS profile at 10 mol% L’-
P2000-L (Figure 6A, top profile) shows evidence of two coexisting lamellar phases, with visible first and
second harmonics for each phase, at lamellar membrane spacings of 97.6 and 87.4 A. This is consistent
with membrane—membrane bridging as described in more detail below.

Focusing on the long DEA-PEGs with PEG molecular weight 4600 g/mol, the samples containing
symmetric L-P4600-L (Figure 6B, 2" to 4" profiles from bottom) show increasingly stronger correlation
peaks as the concentration of DEA-PEG increased from 2 mol% to 10 mol%. In particular, the sample
with 10 mol% DEA-PEG showed four strong correlation peaks. The SAXS profiles for the asymmetric
DEA-PEG (L’-P4600-L) are qualitatively similar, with those at 5 and 10 mol% DEA-PEG displaying
three weak correlation peaks (Figure 6B, top two profiles). Importantly, the correlation peaks are
significantly stronger and narrower than the peaks for the sample containing the control PEG-lipid (SEA-
PEG; P5000-L) which confers repulsive intermembrane interactions (gray profile in Figure 6B). These
stronger peaks indicate increased correlations resulting from intermembrane bridging due to the presence
of the DEA-PEG (see Figure 7 for lineshape analysis).

Figure 6C shows SAXS profiles for cationic liposomes with 10 mol% DOTAP as a function of
increasing content of symmetric (L-P4600-L, 24,3 4% profile from bottom) and asymmetric (L’-P4600-
L, top three profiles) DEA-PEG (2, 5, and 10 mol%). As evident from small changes in the scattering
profiles, the correlations that set in as the DEA-PEG content increases from 2 to 5 and 10 mol% are
modest. This is due to the added intermembrane electrostatic repulsion conferred by the addition of 10
mol% of cationic DOTAP, which competes with and weakens the attractive interactions resulting from
the DEA-PEG. Nevertheless, it is important to note that the position of the broad correlation peak that sets
in at around ¢=0.057 A-! is very close to that (g=0.05 A of the first sharper correlation peak which sets
in for the neutral liposomes (compare, for example, the lowest-g peaks for the sample at 10 mol% L-
4600-L in panel B and the sample at 10 mol% L-4600-L in panel C; see also Figure 7). Thus,
intermembrane bridging is still present in cationic liposomes but much weaker than in neutral liposomes.

To further clarify the nature of the broad correlation peaks observed in SAXS, we carried out least-
square fits of the data to Lorentzian-shaped structure factor peaks. The broad peaks in the SAXS profiles
indicate short-range intermembrane positional correlations with density—density correlations that decrease
exponentially as (1/r)xexp(—/Lc), with Lc the intermembrane correlation length or, equivalently, the
coherent domain size. Thus, we would expect the X-ray structure factor, which is proportional to the
Fourier transform of the density—density correlation function, to be described by a Lorentzian function.®?

For each peak the Lorentzian function was written as S(q) = 4/[(¢—qo)**+k?]. The fitting parameters were
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g0, 1, and A with g, the peak position (in A™'), « the half-width-at-half-maximum (HWHM; in A') and
A/x? the peak intensity. The interlayer spacing d then is d=2m/q,, and the coherent domain size (L¢) is

given by the inverse of the HWHM, Lc = 1/k.
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Figure 7. Fits of selected SAXS profiles with model Lorentzian-shaped structure factor peaks arising from
short-range intermembrane correlation. The data was fit after background subtraction. The profiles are a
subset of the data shown in the corresponding panels (A,B,C) in Figure 6. The g-range of the data shown
and fitted corresponds to the length-scale at which intermembrane correlations were expected. The
parameters shown for each fitted peak are the peak position (top) and half-width at half-maximum
(HWHM, bottom), respectively. (A) Fitting of the intermembrane correlation peaks for samples of neutral

DOPC liposomes (no DOTAP) incorporating asymmetric L’-P2000-L DEA-PEG at increasing
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concentrations (from bottom to top: 2, 5, and 10 mol%). With increasing DEA-PEG concentration the
peaks become stronger and sharper, indicating enhancement of intermembrane order by DEA-PEG-induced
bridging. (B) Peak fitting for neutral DOPC liposomes incorporating symmetric L-P4600-L DEA-PEG at 2,
5, and 10 mol% (from bottom to top). Again, the results demonstrate that the intermembrane ordering
increases with increasing amount of DEA-PEG. (C) SAXS peak fitting for cationic liposomes (DOPC and
10 mol% DOTAP) incorporating asymmetric L’-P4600-L DEA-PEG at 2, 5, and 10 mol% (from bottom to
top). The peaks for these samples are weaker and broader than those observed for neutral liposomes due to
electrostatic repulsion. However, the trend that the intermembrane ordering increases with increasing

amount of DEA-PEG holds.

Figure 7 shows examples of fits of the model (solid red lines, representing the sum of the individual
Lorentzian functions that are shown as filled-in curves) to the background-subtracted SAXS data (open
circles) of Figure 6. It is apparent that Lorentzian line-shapes, representing short-range intermembrane
correlations, fit the data well. Each panel also lists the peak position (¢) and the HWHM (k) of the
individual Lorentzian functions. Figure 7A depicts fits of Lorentzian functions to the SAXS data for
neutral liposomes containing asymmetric (L’-P2000-L) DEA-PEG at 2, 5, and 10 mol%. At 5 mol%
(middle plot), the SAXS data fits to a sum of two Lorentzian functions, which index as the first and
second harmonics (with peaks at goo; and ggp,) of a lamellar phase with interlayer spacing d=2m/qg,=88.5
A and with weak near-neighbor correlation lengths (1/k) between 55 A and 71 A as determined from the
widths of the Lorentzian functions. Considering that the membrane bilayer thickness is d,=40 A, the
wall-to-wall spacing between two membranes with d=88.5 A is d-d,=48.5 A, comparable to the
intermembrane correlation length. In contrast, Figure 7A (top plot) depicts fits of Lorentzian functions to
the sharp peaks observed for the sample at 10 mol% L’-P2000-L which reveal two coexisting lamellar
domains. Each of these exhibit strong first and second harmonics, with membrane spacings d of 97.6 A
and 87.4 A (g¢0;=0.0641 and 0.0719 A1), respectively. In this sample the correlation length (or lamellar
coherent domain size) varies between ~167 A (1/0.0066 A1) and 357 A (1/0.0028 A1), i.e., between 2 to
4 layers. The two Lorentzian functions that fit the data of the sample with only 2 mol% L’-P2000-L
(Figure 7A, bottom plot) are much broader than those for the samples containing 5 and 10 mol% DEA-
PEG, with very weak intermembrane correlations (1/k=1/0.02 A-'=50 A). Furthermore, the broad peaks
indicate a distribution of interlayer spacings d between 49.7 A and 68.3 A. Thus, the SAXS data shows
progressively enhanced intermembrane correlations and a much narrower distribution of interlayer
spacings (with d between 87.4 A and 97.6 A) as the DEA-PEG concentration increases from 2 to 5 and 10
mol%, strongly suggesting that these correlations result from DEA-PEG-mediated bridging. As expected
for membranes tethered by PEG, the interlayer spacings correspond to membrane wall-to-wall spacings

(d—d,~47.4 A and 57.6 A) that are comparable to, but larger than, the radius of gyration of the PEG tether
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with molecular weight 2000 g/mol (Rg = 35.3 A). Remarkably, the spacings in the samples containing 5
and 10 mol% L’-P2000-L are in very good agreement with the range of spacings found for bulk (very
high lipid concentration) repulsive (cationic) lamellar phases containing symmetric and asymmetric DEA-
PEGs of PEG molecular weight 2000 g/mol in the presence of excess water (d=85-100 A).%

Figure 7B shows examples of fits to the SAXS profiles of neutral liposomes containing increasing
amounts of symmetric long DEA-PEG (L-P4600-L). The broad profile of the sample containing 2 mol%
DEA-PEG may be fit to three broad Lorentzian functions, indicating a distribution of interlayer spacings
d between =58 A and =89 A. The broad peaks due to weak intermembrane correlations are similar to
those from the sample with 2 mol% L’-P2000-L (Figure 7A, lower plot), but the distribution of interlayer
spacings is shifted to larger values, as would be expected upon increasing the PEG molecular weight from
2000 to 4600 g/mol. At increased DEA-PEG concentrations of 5 mol% (Figure 7B, middle plot) and 10
mol% (Figure 7B, top plot), the SAXS data show more well-defined peaks indicative of DEA-PEG-
mediated bridging. The data at both DEA-PEG concentrations is fit well by the sum of four Lorentzian
functions, which can be indexed to a single lamellar phase with four harmonics (00L, L=1,2,3,4) at peak
positions goo. = Lggo1. While the second through forth peak positions agree precisely with integer
indexing of a phase with lamellar symmetry (with ggp, = 0.092 A-! and 0.082 A-! for 5 and 10 mol%,
respectively), the first harmonic (gg;) is slightly shifted to higher ¢ compared to the second, third, and
fourth harmonics. This is most likely due to a shift of this peak resulting from the nearby form factor
minimum at ¢=0.04 A~! (see profiles in Figure 6). For these samples at 5 and 10 mol%, the interlayer
spacing is d=136 A and d=153 A, respectively, as measured from the second harmonic (d = 2(21/qoo)).
Thus, the membrane wall-to-wall spacings of d—d,,=96 A and 113 A for 5 and 10 mol%, respectively, are
again comparable to (but larger than) the radius of gyration of the PEG4600 tether (Rz=62 A). The
correlation lengths (or lamellar coherent domain sizes) varied between ~100 A and 149 A (1/0.01 A-! and
1/0.0067 A1) for 5 mol% DEA-PEG and = 135 and = 172 A (1/0.0074 A-! and 1/0.0058 A1) for 10
mol% DEA-PEG. This implies near-neighbor intermembrane correlations when taking into account the
membrane thickness d,=40 A. As in the case of the shorter PEG, the found intermembrane spacings are
consistent with those found for bulk repulsive (cationic) lamellar phases that exhibited DEA-PEG
bridging in the presence of excess water (<130 A).5

Figure 7C depicts fits to SAXS data of cationic liposomes containing 10 mol% DOTAP and 2, 5, and
10 mol% asymmetric (L’-P4600-L) DEA-PEG. The SAXS data for the sample at 2 mol% DEA-PEG
(Figure 7C, bottom plot) is qualitatively similar to that for neutral liposomes at the same concentration of
the symmetric (L-P4600-L) DEA-PEG (Figure 7B, bottom plot), displaying a very broad feature in the
SAXS profile for which fits to three Lorentzian functions the give a distribution of interlayer spacings

between d=58 A and d=83 A. Interestingly, the first Lorentzian peak is noticeably enhanced as the DEA-
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PEG content increases, with d=271/0.0627 A1)=100 A and d=2r/0.0572 A-'~110 A at 5 and 10 mol%,
respectively, and narrower peak widths indicating near-neighbor intermembrane correlations. The peaks
are overall very broad compared to those observed in the SAXS profiles from neutral liposomes at 5 and
10 mol% symmetric (L-P4600-L) DEA-PEG (Figure 7B, middle and top plots). This shows that the
electrostatic repulsion between neighboring membranes, introduced by inclusion of charged DOTAP,
competes with attractions mediated by DEA-PEG bridging and leads to much weaker intermembrane
correlations.

The combined SAXS data, including the quantitative line-shape analysis of X-ray profiles as a
function of increasing concentrations of DEA-PEG, demonstrates bridging between neighboring
membranes with membrane wall-to-wall spacing comparable to the radius of gyration of the PEG tether

for both PEG2000 and PEG4600.

Cryogenic Transmission Electron Microscopy (Cryo-EM)

While SAXS provides ensemble-averaged information about a sample’s nanostructure, real-space
imaging can be useful to reveal examples of representative structures. Thus, we performed cryogenic
transmission electron microscopy (cryo-EM) with selected lipid-based systems with and without DEA-
PEGs (see Figure 8).
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Figure 8. Representative cryogenic electron micrographs of suspensions of neutral lipid with (B) and
without (A) DEA-PEG and of cationic liposome—DNA (CL-DNA) complexes formed from CLs containing
DEA-PEG (C). (A) The neutral lipid mixture without PEG-lipid (97/3 DOPC/paclitaxel, mol/mol) forms
small, unilamellar liposomes after sonication. (B) No small liposomes are observed in a sample containing
10 mol% of the DEA-PEG L’-P2000-L in addition to DOPC. Instead, the micrographs show larger, circular
and near-circular structures with thick shells. The contrast and thickness of the shells vary, even within a
single structure. (C) CL-DNA complexes were formed by mixing (anionic) DNA with liposomes
containing DOTAP/DOPC/L-P4600-L at a 30/65/5 molar ratio. Cryo-EM reveals liposomes (objects with
darker outline; solid arrows) as well as CL-NA NPs (dashed arrows). Notably, the images also show
membrane structures with a constant interlamellar distance of =7 nm (white arrowheads) and =13 nm
(black arrowheads). These distances are identical to the interlamellar distance of lamellar DOTAP/DOPC-
DNA complexes determined by SAXS® (7 nm) and the tethering distance (13 nm) observed in the SAXS
measurements reported in this work as well as in bulk (very high lipid concentration) samples of cationic

membranes containing L-P4600-L or L’-P4600-L.%° Scale bars: 200 nm.

The neutral liposomes (Figure 8A; composed of 97/3 DOPC/paclitaxel) were prepared by sonication and
frozen within two days, preventing significant aggregation through van der Waals interactions. Cryo-EM
imaging reveals small, unilamellar liposomes with diameters between 10 and 100 nm.

Cryo-EM imaging detected no small unilamellar liposomes in the sample of neutral (DOPC) liposomes
containing 10 mol% L’-P2000-L (Figure 8B). The only objects revealed by cryo-EM are larger, circular
and near-circular shell-like objects with diameters ranging from 30 nm to nearly 400 nm. The walls of
these objects vary in thickness and contrast in the micrographs and are distinct from the single membranes
of the control neutral liposomes. Some but not all of the walls resemble concentric lipid membranes.

It is important to remember that cryo-EM is unable to image all the structures present in the sample
because of the technique’s limitations for large aggregates. However, the large effect on the structure and
assembly of neutral liposomes that incorporating a DEA-PEG has is evident from the data in the large
differences with the control sample, which are consistent with aggregate formation. Also notable is that
the observed structures formed in less than three days (the time elapsed between sonication and
vitrification). This is in contrast to samples of bulk lamellar phases (at very high lipid concentration)
containing DEA-PEGs, which require equilibration times on the order of weeks to months.*°

To gain further insight into the structures formed by incorporation of DEA-PEGs into lipid membranes
with cryo-EM, we prepared cationic liposome—DNA nanoparticles (CL-DNA NPs) by mixing sonicated,
cationic liposomes containing 5 mol% L-P4600-L (as well as 30 mol% cationic DOTAP and the
remainder DOPC) with a solution of (anionic) DNA at a slightly positive CL/DNA charge ratio of
p=1.25. The structure of CL-DNA NPs after the addition of SEA-PEG (PEG-lipid) has previously been
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studied.?'3? In preparations with excess cationic lipid (i.e., p>1), CL-DNA NPs coexist with excess
cationic liposomes and threadlike micelles containing PEG-lipid.?!

Cryo-EM imaging of the DEA-PEG-containing CL-DNA NP sample (Figure 8C) shows several main
features. One of these are small unilamellar liposomes (solid arrows). The electrostatic repulsion
introduced by the presence of cationic lipid in the membrane likely is one factor that leads to some
liposomes remaining (other than in the sample of DEA-PEG-containing neutral liposomes (Figure 8B)).
In contrast to samples containing SEA-PEGs,?! no threadlike micelles were observed.

Another prominent feature in Figure 8C are larger objects with little to no contrast between the outer shell
and inside (dashed arrows; diameter ~ 50-150 nm). This means that these objects are not hollow
liposomes but likely CL-DNA NPs with little or no discernable internal structure. They may lack internal
structure because the structure has not yet reached equilibrium, because these are lamellar structures
viewed top-down, or because the presence of the DEA-PEG promotes a less ordered internal structure. At
the same time, the images also show structures with a constant interlamellar distance of ~7 nm (white
arrowheads), identical to the interlamellar distance of lamellar DOTAP/DOPC-DNA complexes
determined by SAXS.%

Remarkably, the micrographs also show several membrane structures with a constant distance of ~10 — 13
nm (black arrowheads). This is identical to the tethering distance observed in the SAXS measurements in
the current work and in bulk samples of cationic membranes (at very high lipid concentrations) doped
with L-P4600-L and L’-P4600-L.>° Thus, these uniformly-spaced structures likely represent membranes
tethered by the DEA-PEG. There is additional evidence for aggregation in the lower- and intermediate-
resolution electron micrographs (see Figure S4 in the Supporting Information). These show material
(which consists of the features mentioned above) that appears to be connected and is spread across and on

top of several of the holes in the lacey carbon grid.

Confocal Microscopy of CL-DNA NPs and Rab Proteins in Cells

To assess whether DEA-PEGs are also able to affect assembly of lipid-based building blocks inside of
cells, we turned again to CL-DNA NPs. The controls without PEG-lipid and with SEA-PEG have been
characterized extensively: while CL-DNA complexes without PEG-lipid tend to form large aggregates in
cell culture medium, addition of PEG-lipid (SEA-PEG) generates small, stable NPs that, however, show
weaker attractive interactions with cellular membranes due to the steric repulsion of the PEG corona.3?-3
This repulsion can be modulated and overcome by increasing NP charge, 3383 triggering the release of
the PEG chain inside endosomes that undergo acidification,** or adding a receptor-binding moiety on the

distal end of the PEG.3** Here, we sought to determine whether the addition of a hydrophobic moiety to
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a PEG-lipid (i.e., the second “anchor” of the DEA-PEG) can also promote binding to the plasma
membrane, affect endocytosis by cells, or modulate interactions with internal cellular membranes.
PEGylated CL-DNA NPs enter cells via endocytosis, leading to initial NP entrapment inside early
endosomes.’” The early endosomes containing NP cargo then undergo intracellular trafficking through
distinct pathways.% This vesicle trafficking between organelles is highly regulated, in particular by the
Rab proteins, a family of small GTPases in eukaryotes.®>-¢” Figure 9 schematically shows the roles of
various Rab GTPases in early endosome (Rab5), late endosome (Rab7, Rab9)/lysosome (Rab7), and
recycling endosome (Rab4; Rab11) trafficking.

Legend
Rab5
~ .:/Fl P ? Nucleus - :::;
Exosome \@ 4 - ::lt:i.l
(@) 9) Acidic
LE/M A },— % organelle
; - sosome\
@ i% Golgi

Hybrid Lyso-endosome TGN apparatus

Figure 9. Rab-family proteins as modulators and markers of the late endosome/lysosome and fast (Rab4)
and slow (Rabl1) endosomal recycling pathways. Adapted with permission from reference®. Copyright
2016 American Chemical Society. (CCV: clathrin-coated vesicles; CP: clathrin pits; EE: early endosome;
LE: late endosome; MP: macropinosomes; MPR: macropinocytic ruffles; MVB: multivesicular body; PM:

plasma membrane; PRC: perinuclear recycling center; TGN: trans-Golgi Network.)

To visualize CL-DNA NPs on distinct intracellular pathways, we employed confocal microscopy of PC-3
cells incubated with NPs containing DEA-PEGs and DNA that was covalently labeled with a fluorescent
dye (Cy5). To label endosomal pathways, the cells were transfected to express GFP-conjugated Rabl1
and treated with LysoTracker. Rab11 is associated with the (slow) recycling endosomal pathway, and
LysoTracker is a commercial dye that labels acidic organelles and has been shown to colocalize with

Rab7 and Rab9 (i.e., late endosome and lysosomes (Figure 9)).38
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10% P2000-L (control) W 5% L-P4600-L 5% L’-P4600-L 5% L-P2000-L 5% L'-P2000-L

Figure 10. Confocal micrographs (representative z-slices) of PC-3 cells incubated with CL-NA NPs
containing SEA-PEG or DEA-PEG. NPs were prepared from cationic liposomes of a molar composition of
10/80/10 MVL5/DOPC/P2000-L (control) or 11/84/5 MVLS5/DOPC/DEA-PEG at a CL/DNA charge ratio
of p=5 (closely mimicking the composition of previously studied*® CL-DNA NPs with peptide-PEG-
lipids). (Top) Colored images showing DNA (blue; Cy5 label) and the Rabl1/recycling (green; GFP) and
late endosome/lysosomes (red; Lysotracker) endosomal pathways. (Bottom) Images showing only the Cy5
(DNA) channel (without coloring) of the same micrographs to facilitate assessing the distribution of the
labeled CL-DNA NPs. NPs containing DEA-PEGs appear to form aggregates, with many of the larger
aggregates remaining attached to the cell surface and little internalization by the PC-3 cells. Scale bars: 10

pm,

The top part of Figure 10 displays representative color images of three-channel, fluorescent confocal
micrographs (representative z-slices) of cells, with endosomal pathways in green (Rabll/recycling
pathway) and red (Lysotracker/late endosome—lysosome pathway) and CL-DNA NPs in blue. Typically,
CL-DNA NPs are visible both within the cell and without (outlining the plasma membrane). The cells
were incubated with CL-DNA NPs containing either SEA-PEG (control; 10 mol% P2000-L) or one of
the DEA-PEGs (5 mol% DEA-PEG). Below the color images are images showing only Cy5 fluorescence
(i.e., DNA), to more clearly reveal the location of CL-DNA NPs within the cell.

The point-like particles of the control (SEA-PEG) sample outline most of the cell and are dispersed
evenly throughout most of the interior of the cell (excluding the nucleus, which can be distinguished in
the color images by the absence of red or green (endosomal) labels). In contrast, the particles containing
DEA-PEGs mostly appear to form large aggregates. Of these samples, the one containing L-P2000-L
showed the least prevalence of large aggregates, which is consistent with our findings in the SAXS and
imaging experiments with liposome suspensions. All the DEA-PEG-containing samples show a

significantly decreased number of CL-DNA particles within the cell boundary compared to the control,
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with most particle aggregates stuck to the surface of the cell. The few particles that are internalized by the
cells are smaller than the typical aggregates.

These results again demonstrated the ability of DEA-PEGs to aggregate lipid-based building blocks.
However, the aggregation appeared to limit uptake by cells and thereby our ability to assess the effect of
DEA-PEGs on intracellular membranes and pathways. We thus prepared CL-DNA NPs containing a
slightly reduced amount of DEA-PEG and additional SEA-PEG, applying the earlier finding that
repulsive steric interactions from the SEA-PEG would temper the attractive interactions mediated by the

DEA-PEGs and reduce aggregation.

5% P2000-L + 3% L-P4600-L @ 5% P2000-L + 3% L'-P4600-L

5% P2000-L + 3% L'-P2000-L_

Figure 11. Confocal micrographs (representative z-slices) of PC-3 cells incubated with CL-NA NPs
containing SEA-PEG only (control) or a mixture of DEA-PEG and SEA-PEG. To facilitate assessing the
distribution of the labeled NPs, only the Cy5 (DNA) channel (without coloring) is shown. CL-NPs were
prepared from cationic liposomes of a molar composition of 10/80/10 MVL5/DOPC/P2000-L (control) or
10/82/5/3 MVL5/DOPC/P2000-L/DEA-PEG, at a CL/DNA charge ratio of p=5. The steric-stabilization
conferred by the additional SEA-PEG reduced aggregation and increased internalization by the PC-3 cells
compared to similar NPs prepared with only DEA-PEG (Figure 10). Scale bars: 10 pm.

Figure 11 displays representative micrographs (representative z-slices; CyS/DNA channel only) of CL-
DNA NPs containing 5 mol% SEA P2000-L and 3 mol% DEA-PEG. The images show a smaller average
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size of the CL-DNA NPs and reduced formation of large aggregates. In addition, the NPs are distributed
more evenly instead of mostly outlining the exterior boundary of the cells; a larger fraction of them is
internalized by the cells (albeit still at a lower number than the control SEA NPs). This shows that tuning
of the attractive interactions mediated by the DEA-PEGs by added steric repulsion (SEA-PEG) can also
be achieved in the context of CL-NA NPs.

Colocalization analysis of CL-DNA NPs with endosomal pathways

To quantify the information from the confocal microscopy experiments, we used object-based
colocalization analysis.’®3157 The software first identifies the positions of CL-DNA NPs and labeled
endosomal vesicles within the cell and then determines whether these positions are close enough for the
NPs to be considered associated with the labeled endosomal pathways. This process is illustrated in
Figure 12A; the micrograph shows labeled late endosome/lysosome (Lysotracker, red) and recycling
endosome (Rab11, green) vesicles as well as labeled CL-DNA NPs (blue). A profile of the intensities of
the three fluorescent channels along the dotted white line in the micrograph is plotted in Figure 12B. The
three distinct peaks in the Cy5/DNA channel (blue line) indicate the location of three distinct NPs. The
first peak (i) coincides with a peak in the Lysotracker channel (red line), and the third peak (iii) closely
overlaps with a peak in the Rab 11 channel (green line). Thus, the corresponding CL-DNA NPs would be
categorized as being colocalized with the late endosome/lysosome (i) and the Rab11 recycling pathway
(iii), respectively. The second peak (ii) does not significantly overlap with peaks in either the red or green
channel and the corresponding NP would be categorized as colocalized with neither pathway. NPs
associated with neither pathway may be located in the cytoplasm of the cell (having either escaped an
endosome via membrane fusion or fused directly with the plasma membrane) or could be associated with
another endosomal pathway or organelle that has not been fluorescently labeled.

The results of the quantitative colocalization analysis with recycling endosomes (Rabl1) and acidic
organelles (Lysotracker) are summarized in Figure 12, parts C—F. Data for the control CL-DNA NPs
containing only SEA-PEG (P2000-L) are shown in gray. Results for the CL-DNA NPs containing 5
mol% DEA-PEGs (and no SEA-PEG) are shown in Figure 12, parts C and D. Because too few CL-DNA
NPs containing short-chain DEA-PEGs (L/L’-P2000-L) were identified within the cells to obtain
statistically significant results, no data is shown for these DEA-PEGs. For the longer-chain DEA-PEGs,
the number of particles counted per cell is still low (at ~20-40% of the counts) relative to the SEA-PEG
control (Figure 12D), indicating the effect of particle aggregation. For both samples, colocalization of
NPs (Figure 12C) with the late endosome/lysosome pathway dropped relative to the SEA control by 7 to
9% of internalized NPs (=half the level of the control), while colocalization with the Rabl11 recycling

pathway remained constant (=23 to 25% of internalized NPs). Meanwhile, the fraction of particles that
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were colocalized with neither pathway was significantly higher (by 13 to 16% of internalized NPs) over
the SEA-PEG control (to a level =1.3-fold of the control).

We repeated the quantitative colocalization measurements with NPs that were partially stabilized by 5
mol% SEA-PEG P2000-L in addition to containing 3 mol% DEA-PEGs (see also Figure 11). All these
NPs were internalized by the cells at numbers sufficient to obtain adequate colocalization data. However,
the number of DNA-containing NPs within the cell boundary (Figure 12F) for these formulations was still
significantly lower than that for the SEA-PEG NPs (roughly 30-60% of the control). In contrast to NPs
containing DEA-PEG but not SEA-PEG, only the NPs with asymmetric DEA-PEGs (L’-P4600-L and L’-
P2000-L) exhibited significantly changed colocalization patterns. CL-DNA NPs containing L.’-P4600-L
showed the most dramatic shift, with Lysotracker colocalization dropping to 33% and colocalization with
neither pathway increasing to 140% of the control. Similarly, for NPs containing L’-P2000-L,
Lysotracker colocalization dropped to ~60% and colocalization with neither pathway increased to 120%
of the control. There was no significant change in colocalization with Rabl1 for any of the DEA-PEG-

containing NPs.
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Figure 12. Colocalization of DEA-PEG-containing CL-DNA NPs with the late endosome/lysosome
(LysoTracker) and recycling (Rab11) endosomal pathways in PC-3 cells from multi-organelle fluorescence
imaging. (A) Example confocal micrograph of a cell with fluorescently-labeled Rabl1 recycling (green;

GFP) and late endosome/lysosome pathways (red; Lysotracker) after treatment with CL-DNA NPs
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containing labeled DNA (blue; Cy5). (B) Profiles of the three fluorescence channels along the dotted line in
part A. Three objects (labeled i, ii, and iii) correspond to CL-NA NPs colocalized with the late
endosome/lysosome pathway, neither pathway, or the Rabl1l pathway, respectively. (C,E) Plots of the
percentage of internalized CL-DNA NPs that are colocalized with one of the labeled endosomal pathways
or neither pathway. Black arrows highlight statistically significant increases and decreases in
colocalization. (D,F) Plots of the total number of Cy5-labeled objects detected within the cell boundary.
The control sample (gray) shown in all plots contained 10 mol% P2000-L (SEA-PEG). Compared to the
control, a smaller number of NPs within the cells was observed for all NPs containing DEA-PEG. The first
set of colocalization data (C,D) was obtained for CL-DNA NPs prepared from cationic liposomes of a
molar composition of 10/80/10 MVL5/DOPC/P2000-L (control) or 11/84/5 MVL5/DOPC/DEA-PEG at a
CL/DNA charge ratio of p=5 (same as in Figure 10). For these samples, only NPs prepared with L-P4600-L
and L’-P4600-L were internalized in numbers sufficient to obtain statistically significant colocalization
data. These CL-NA NPs containing 5 mol% DEA-PEG showed decreased Lysotracker colocalization as
well as an increase in the fraction of particles not colocalized with either labeled pathway (“Neither””). The
second set of colocalization data (E,F) was obtained for CL-DNA NPs prepared from cationic liposomes of
a molar composition of 10/82/5/3 MVL5/DOPC/P2000-L/DEA-PEG at a CL/DNA charge ratio of p=5
(same as in Figure 10; same control as for C,D). The added SEA-PEG provides steric repulsion to temper
the attractive interactions conferred by the DEA-PEGs, and these NPs were internalized to an extent
sufficient for obtaining colocalization data for all four DEA-PEGs (but still less than the control). Again,
incorporation of DEA-PEG significantly decreased colocalization with the late endosome/lysosome
pathway and also resulted in an increased number of particles not colocalized with either labeled pathway,
but only for the asymmetric DEA-PEGs, i.e., L’-P2000-L and L’-P4600-L. Rab11 colocalization did not
change significantly between control and any of the DEA-PEG-containing NPs.

In previous studies, it was found that increasing membrane charge density (oy; tuned by NP composition)
of CL-DNA NPs from low to high increased colocalization with the late endosome/lysosome pathway
and transfection efficiency (the ability to transfer DNA into cells followed by expression), while
increased colocalization with the Rabl1 recycling pathway at low oy was correlated with lower
transfection efficiency.?® (The association of successful gene delivery and transfection with the late
endosome/lysosome pathway has also been shown in other studies using orthogonal measurements and
experimental designs.’®%%) The underlying mechanism was hypothesized to be an increase in attractive
electrostatic interactions between the CL-DNA NPs and the anionic endosomal membranes,*’ resulting in
membrane fusion and endosomal escape.

Here, we sought to determine whether a similar effect could be achieved with DEA-PEGs, which increase
attractive interactions due to their ability to tether two membranes in close proximity and potentially

increase rates of membrane fusion. Unexpectedly, NPs containing DEA-PEGs colocalize less with the
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late endosome/lysosome (Lysotracker) pathway and correspondingly more with neither labeled pathway.
One interpretation of this result is that CL-DNA NPs containing DEA-PEGs formed physical cross-
bridges with the endosomal membranes, tethering the two membranes in close proximity and thereby
promoting membrane fusion and endosomal escape. If this happened on a sufficiently short time scale, it
would decrease colocalization with Lysotracker by increasing the number of NPs in the cytoplasm, i.e.,
NPs not colocalized with either of the labeled endosomal pathways. Similarly, NPs fusing with the
plasma membrane would directly enter the cytoplasm. Further study is required to determine whether
CL-DNA NPs associated with neither endosomal pathway are indeed in the cytoplasm or are located in
other organelles. Nonetheless, our study represents necessary first steps in understanding the possibilities
that DEA-PEGs open for assembly of lipid-based building blocks and carriers of drugs and NAs.

In more general terms, the results of the colocalization studies prove that the addition of DEA-PEGs has a
significant effect on the interactions of CL-DNA NPs with cells and the membranes within cells. NPs
containing only DEA-PEG (at 5 mol%) have drastically altered interactions with the plasma and
(demonstrated for L/L’-P4600-L by quantitative colocalization) endosomal membranes. Further, the
experiments show that the interactions induced by the DEA-PEGs can be modulated by the structure of
the DEA-PEG and the composition of the particle’s corona: adding SEA-PEG addressed the problem that
cell uptake was strongly reduced by too much NP aggregation. The fact that in this case only the
asymmetric (L’-PEG-L) DEA-PEGs resulted in significantly different interactions with endosomal
membranes again demonstrates the value of using different anchoring moieties to vary the energy barrier
to entering the intermediate conformation (and thereby increase the rates of interchange between the

bridging and looping conformations).

Conclusion

In this work we demonstrated that, even in dilute liposomal preparations, the addition of DEA-PEGs
induces tunable attractive interactions and assembly, forming tethered structures in a variety of systems
such as neutral and cationic liposomes and CL-DNA NPs). Furthermore, when incorporated into CL—
DNA NPs (a lipid-based gene delivery vehicle), DEA-PEGs could modulate the NPs’ interactions with
cellular membranes and endosomal trafficking, as shown by colocalization analysis of CL-DNA NPs
with recycling (Rab11-GFP) and late endosome/lysosomal (LysoTracker) pathways. This attraction again
could be tuned by addition of repulsive steric interactions (via SEA-PEGs). The strong NP aggregation
induced by DEA-PEG-directed assembly reduced cellular uptake of the NPs while also altering the
intracellular fate of a fraction of the NPs. The addition of repulsive steric interactions with SEA-PEGs

limited aggregation and increased uptake while maintaining the altered intracellular fate for asymmetric
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DEA-PEG. Future studies will aim to identify the location of NP carriers that colocalized with neither
labeled pathways probed in this work to provide a more comprehensive understanding of the influence of
NP composition on pathway selection and transfection efficiency.

In our SAXS studies we investigated DEA-PEG-induced tethering in two extremes of electrostatic
screening conditions. In deionized water, the CLs with DEA-PEGs are in the weak screening limit due to
the presence of counterions from the cationic lipid. In this limit of weak screening (with a Debye
screening length of the order of ~1000 nm), electrostatic forces are long-range and strong. In the
experiments with neutral lipids, the electrostatic forces are effectively zero (equivalent to an extremely
small Debye length of the order of =1 A). The SAXS data shows that tethering due to DEA-PEGs occurs
in both limits even though it is much weaker for the cationic liposomes with DEA-PEG due to the
presence of strong electrostatic repulsions. Based on this finding, we would expect tethering to also occur
at physiological ionic strengths (of the order of 100 to 150 mM of a 1:1 salt; Debye length of the order of
~1 nm). Indeed, the cell-based experiments confirm this, as we see evidence of tethering by DEA-PEGs
in the presence of DMEM cell culture medium, which has an ionic strength of =150 mM.

The concept of using synthetic tethering macromolecules has the potential to open new avenues in
hierarchical self-assembly in complex functional materials and separately toward enhancing the efficacy
of lipid-based carriers of NAs and drugs. Importantly, DEA-PEGs are compatible with other lipid-based
strategies, such as peptide-PEG-lipids with tissue-, tumor-, or cell-penetrating peptides. In fact, the
incorporation of tethering DEA-PEGs into lipid-based CL-NA vectors mimics, albeit in a much
simplified manner, the first stage of the retroviral approach to membrane fusion and endosomal escape.
The transmembrane protein within the envelope membrane of retroviruses contains a protruding external
domain consisting of a hydrophilic protein segment followed by a shorter hydrophobic segment at the N-
terminus. This hydrophobic segment is designed to insert into the host plasma membrane, effectively
tethering the virus to the host. The tethering is followed by the initiation of fusion of the envelope and cell
plasma membranes, which involves fusogenic membrane-associated proteins.®-7

Our experiments have shown that the structure—property relationships of the DEA-PEGs are complex and
can differ depending on the system. Further studies, likely combining empirical testing of formulations
with analytical theory or computer modeling are necessary to arrive at guidelines for predicting

compositions for applications in hierarchical assembly or delivery.
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Supporting Information Available

Chemical structures all lipids used in this work; cryo-EM of a sonicated suspension of an MVL5/DOPC
(10/90, mol/mol) lipid mixture; photographs of quartz capillaries containing suspensions of neutral liposomes for

SAXS measurements; low and intermediate magnification cryo-EM micrographs of CL-DNA complexes.
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