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Abstract

Recently developed macromolecular drugs display strong potential to cure diseases involving
genetic components, e.g. Rheumatoid arthritis, diabetes, Alzheimer’s disease, Huntington’s
disease, Duchenne muscular dystrophy, Retinitis pigmentosa, and several types of cancers.
Bioavailability and enhanced drug specificity necessitate the preparation of efficient carrier
systems for the macromolecular therapeutics. We employ synchrotron small-angle X-ray
scattering (SAXS) and cryogenic transmission electron microscopy (Cryo-TEM) to study the
nanostructure formation, macromolecular drug upload, and the topological transformations
occurring upon complexation of supercoiled plasmid DNA (encoding for the therapeutic
protein brain-derived neurotrophic factor, BDNF) with cationic lipid nanocarrier assemblies.
Understanding of the liquid crystalline nanostructure formation (hexosomes, cubosomes,
inverted hexagonal and intermediate mesophases, or onion-type complexes) enabling efficient
delivery of new generation sequencing systems is expected to contribute to the progress in
precision nanomedicine and the treatment of various severe diseases.
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1. Introduction

Macromolecular therapeutics (recombinant proteins, antibodies, synthetic peptides,
oligonucleotides, and cell penetrating peptide-drug conjugates) have gained considerable
recent interest owing to their success rate in clinical development as compared to
conventional small organic molecule drugs [1]. There has been evidence that tumor-selective
delivery of macromolecular therapeutics may be highly efficient in curing the pathological
states [2-4]. Therefore, nanocarrier systems enhancing the bioavailability of the
macromolecular drugs through encapsulation and slow release or PEGylation (i.e. conjugation
with polyethylene glycol chains) are under current development [5-18].

Modern directions in precision nanomedicine account for the fact that severe diseases
such as cancers often involve DNA mutations, gene duplications, and changes in messenger
RNAs [19,20]. Importantly, next-generation sequencing technologies have a potential to
correct the mutations causing the pathologies with genetic components, for instance in
diabetes, Rheumatoid arthritis, cancers (breast, lung, and thyroid cancer), Alzheimer’s
disease, Huntington’s disease, Duchenne muscular dystrophy, and Retinitis pigmentosa [19-
25]. New perspectives further to recombinant proteins, SiRNA (small interfering RNAs, a
class of double-stranded RNA molecules, 20-25 base pairs in length) and monoclonal
antibodies, have emerged based on the CRISPR/Cas9 technology for genome editing [20,22].
The CRISPR/Cas9 therapeutics [Clustered Regularly Interspaced Short Palindromic
Sequences (CRISPRs) associated with a programmable genome-editing enzyme Cas9
endonuclease] have shown promise for correction of single or multiple gene mutations based
on advanced genome editing technology [20]. Multiple target gene sequences can be
simultaneously edited by adding more than one guide RNA (gRNAS) in a single transfection
reaction.

It should be stressed that multiplex genome editing in CRISPR/Cas9-mediated therapies
using all-in-one vector to knock-out, repress or activate target genes will need to resolve key
issues of macromolecular drug transport and delivery [25-32]. Plasmids of the CRISPR/Cas9
category of macromolecular drugs are very large constructs and do not cross the biological
barriers. Therefore, the safety and the performance of the delivery systems of CRISPR/Cas9
therapeutics should be improved in order to achieve their uniform and sustained
administration into the cells. The large biomacromolecules need to be compacted for entry
into the cells via carriers [33-39]. The negative charge of the nucleic acids imposes obstacles
for their interaction and passage across the cell membranes [40-44].

Cationic lipid-mediated delivery of proteins and therapeutic genetic material into cells
may be ensured by liquid crystalline type nanocarriers as nonviral vectors [45-56]. The role of
the lipid type for the complexation of macromolecular plasmid DNA (pDNA) or siRNA
therapeutics with positively charged nanocarriers has gain considerable attention towards the



aim of improving their transfection efficiency [18,45,47,53,54]. It has been reported that
mesophase transformations of the nanocarriers may be influenced by the geometry of the
lipid/water interfaces, and their charge and hydration [12,13,38,53,54]. In this research,
structural methods including small-angle neutron and X-ray scattering have been
indispensable for determination of the mesophase transitions and the organization of the
nanostructured liquids that provide efficient particle internalization into cells [56-60]. It has
been shown that compaction of the charged macromolecular drugs may be achieved within
inverted hexagonal, multilamellar, onion or cubic membrane type lipid carriers [52,53]. An
important advantage of self-assembled lipid carriers is that inverted hexagonal and inverted
cubic membrane architectures provide multicompartment nanochannel organization for
protection and control release of the macromolecular therapeutics [6,7,51-56].

The purpose of the present study is to investigate the self-assembled structures formed
by mixtures of two kinds of cationic lipids and a nonlamellar helper lipid in nanocarriers for
complexation and compaction of macromolecular therapeutic agents. The compaction and
uptake of a model plasmid encoding for the therapeutic protein brain-derived neurotrophic
factor (BDNF) is investigated by synchrotron small-angle X-ray scattering (SAXS) and
cryogenic transmission electron microscopy (Cryo-TEM) in aqueous dispersions of cationic
lipid nanoparticles. The attachment of polyethylene glycol (PEG) chains to the nanoparticle
surfaces, through inclusion of PEGylated lipids at the lipid/water interfaces, provided steric
stabilization of the studied formulations.

2. Materials and methods
2.1. Materials and sample preparation

The cationic lipid 1,2-dimyristoly-sn-glycero-3-ethylphosphocholine  (EPC14)
(M,=742.45 g/mol) and the PEGylated lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(methoxy (polyethyleneglycol)-2000) ammonium salt (DOPE-PEG2p0) (Mw 2801.51
g/mol) were products of Avanti Polar Lipids and purchased by Coger (Paris). The neutral
monoglyceride lipid monoolein (MO) was used as a helper lipid (1-oleoyl-rac-glycerol, My
356.55 g/mol, purity 99.5%, Sigma). The cationic amphiphile hexadecyltrimethylammonium
bromide (CTAB) (Mw 364.46, BioUltra, >99.0%, Fluka) was used as received from Sigma.
Phosphate buffer solution (NaH,PO./Na,HPO,, 1.10°M, pH 7, p.a. grade, Merck) was
prepared using Milli-Q water (Millipore Co.). Aqueous dispersions of liquid crystalline
particles were prepared at ambient temperature by hydration of a lyophilized mixed lipid film,
multiple vortex shakings, and agitation by sonication. The organic solvent chloroform was
evaporated under flux of nitrogen gas. An ultrasonication ice bath (Branson 2510 ultrasonic
bath, "set sonics” mode) was periodically applied during 2-4 minutes in order to get



homogeneous liquid dispersions of cationic nanoparticles. Homogeneous dispersion of the
EPC14-containing samples required addition of ice to the sonication bath in order to keep low
temperature environment. Endotoxin-free plasmid DNA (pBDNF), encoding for human
BDNF (brain-derived neurotrophic factor), was prepared by custom gene synthesis,
subcloning and purification (GenScript Co.).

2.2. SAXS measurements

Synchrotron SAXS experiments were performed at the P12 BioSAXS beamline of the
European Molecular Biology Laboratory (EMBL) at the storage ring PETRA 1ll of the
Deutsche Elektronen Synchrotron (DESY, Hamburg, Germany) at 20 °C using a Pilatus 2M
detector (1475 x 1679 pixels) (Dectris, Switzerland) and synchrotron radiation with a
wavelength 1 = 1 A. The sample-to-detector distance was 3 m, allowing for measurements in
the g-range interval from 0.01 to 0.44 A™. The g-vector was defined as q = (4/A) sin 6, where
20 is the scattering angle. The g-range was calibrated using the diffraction patterns of silver
behenate. The experimental data were normalized with respect to the transmitted beam
intensity. The background scattering of the quartz capillary and aqueous buffer was
subtracted. The aqueous buffer scattering was measured before and after every sample
scattering in order to control for eventual sample holder contamination. Twenty consecutive
frames (each 0.05s) comprising the measurements for the sample and the solvent were
acquired. No measurable radiation damage was detected by the comparison of frames. An
automatic sample changer adjusted for sample volume of 20 x«L and a filling cycle of 1 min
was used.

2.3. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

For cryo-TEM studies, a sample droplet of 2 pul. was put on a lacey carbon film covered
copper grid (Science Services, Munich, Germany), which was hydrophilized by glow
discharge for 15 s. Most of the liquid was then removed with blotting paper, leaving a thin
film stretched over the lace holes. The specimens were instantly shock frozen by rapid
immersion into liquid ethane and cooled to approximately 90 K by liquid nitrogen in a
temperature-controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH, Oberkochen,
Germany). The temperature was monitored and kept constant in the chamber during all the
sample preparation steps. After the specimens were frozen, the remaining ethane was
removed using blotting paper. The specimen was inserted into a cryo transfer holder (CT3500,
Gatan, Munich, Germany) and transferred to a Zeiss EM922 Omega energy-filtered TEM
(EFTEM) instrument (Zeiss NTS GmbH, Oberkochen, Germany). Examinations were carried
out at temperatures around 90 K. The TEM instrument was operated at an acceleration voltage
of 200 kV. Zero-loss-filtered images (AE = 0 eV) were taken under reduced dose conditions
(100-1000 e/nm?). The images were recorded digitally by a bottom-mounted charge-coupled
device (CCD) camera system (Ultra Scan 1000, Gatan, Munich, Germany) and combined and
processed with a digital imaging processing system (Digital Micrograph GMS 1.8, Gatan,



Munich, Germany). The sizes of the investigated nanoparticles were in the range or below the
film thickness and no deformations were observed. The images were taken very close to focus
or slightly under the focus (some nanometers) due to the contrast enhancing capabilities of the
in-column filter of the used Zeiss EM922 Omega. In EFTEMs, deep underfocused images can
be totally avoided.

3. Results and discussion

3.1. Self-assembled nanopaticulate carriers formed by cationic and monoglyceride

amphiphiles

The principles applicable to self-assembly of cationic lipid carriers with therapeutic
macromolecules suitable for genetic modifications are applied here to demonstrate the power
of the structural BioSAXS measurements, performed at synchrotron radiation facility, for
determination of the nanostructures generated in diluted liquid formulations. The patterns of
blank nanocarriers self-assembled from the nonlamellar lipid monoolein (MO) (helper lipid)
upon inclusion of different molar percentages of a double chain 1,2-dimyristoly-sn-glycero-3-
ethylphosphocholine (EPC14) lipid or a single chain hexadecyltrimethylammonium bromide
(CTAB) cationic component are presented in Fig. 1a and 2a, respectively. The molar content
of the positively charged lipids (EPC14 and CTAB) was varied as 15, 20 and 25 mol% with
regard to the nonlamellar helper lipid MO. The nanocarriers were sterically stabilized by the
lipopolymer DOPE-PEG0q0.
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Figure 1. Synchrotron SAXS patterns of aqueous dispersions of self-assembled lipid
MO/EPC14/DOPE-PEGg0 carriers at varying molar percentages of the cationic component
(15, 20 and 25 mol% EPC14) before (a) and after uptake and complexation (b) with plasmid
DNA (pBDNF). The concentration of the PEGylated lipid DOPE-PEGyo in the mixed
assemblies was kept constant (3 mol%). The arrow in (a) indicates the position of a weak peak
of an inverted hexagonal structure. The Bragg peaks of an inverted hexagonal lattice are
indexed in (b).
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Figure 2. Synchrotron SAXS patterns of aqueous dispersions of self-assembled lipid
MO/CTAB/DOPE-PEG,qqo carriers at varying molar percentages of cationic component (15,
20 and 25 mol% CTAB) before (a) and after uptake and complexation (b) with plasmid DNA
(pBDNF). The concentration of the PEGylated lipid DOPE-PEGy0 in the mixed assemblies
was kept constant (2 mol%). The arrow in (a) indicates the position of a weak peak of an
inverted hexagonal structure. The Bragg peaks of two coexisting inverted hexagonal
structures are indexed in (b).



Figures la and 2a show that the major nanoparticles population in the
MO/EPC14/DOPE-PEG,p00 and MO/CTAB/DOPE-PEG,q dispersions contains vesicular
membrane type nanocarriers and precursors of small cubosomes. Scattering curves of such
shapes have been previously observed for aqueous dispersions of PEGylated particles derived
from the nonlamellar lipid monoolein and PEGylated lipids [30]. A minor fraction of the
nanoparticle populations appears to form precursors of hexosome carriers, which display a
weak peak of an inverted hexagonal structure (see the arrows at a scattering vector g ~0.13 A
in Figures 1a and 2a). The SAXS plots recorded at varying molar percentages of cationic
lipids indicate that the formation of hexosome assemblies is favoured at the highest molar
fraction of the double chain cationic lipid EPC14 (Fig. 1a) and at the lowest molar fraction of
the single chain cationic amphiphile CTAB (Fig. 2a). The corresponding lattice parameter of
the Hy, structures is around 65 A. It may be suggested that the hexosome formation might be
due to the capacity of the EPC14 headgroups to reduce the hydration of the monoolein lipid
membrane interfaces, which is associated with increase in the interfacial curvature and a
possible nonlamellar cubic-to-inverted hexagonal phase transition.

3.2. Structural transitions upon macromolecular drug uptake and compaction in
nanocarriers

Cationic lipid/pDNA(BDNF) nanocomplexes were assembled after dilution of the stock
pDNA solution in a phosphate buffer and subsequent incubation with dispersions of cationic
lipid MO/EPC14/DOPE-PEG,y0 or MO/CTAB/DOPE-PEG,y hanocarriers. The
complexation reaction is driven by electrostatic interactions between the positively charged
nanoparticles and the negatively charged pDNA macromolecules. The concentration of the
positive charges in the lipid nanoparticle systems was varied through the EPC/MO and
CTAB/MO molar ratios, while keeping same pDNA(BDNF) solution concentration. In fact,
the negative charges of pDNA were maintained in deficiency with respect to the available
cationic charges in the reaction volume in order to avoid the overall precipitation of the
generated pDNA/lipid complexes. The formation of lipoplexes between the macromolecular
pDNA (BDNF) with the cationic EPC14- and CTAB-containing nanoparticle dispersions was
investigated at a constant content of the helper lipid MO and the PEGylated lipid DOPE-
PEG2000.

The ultrastructures occurring upon complexation of the macromolecular drug
pDNA(BDNF) with the two types of cationic lipid carriers were determined by SAXS (Fig.
1b and Fig. 2b). At variance to previous reports on pDNA compaction by cationic lipids, we
did not observe multilamellar sandwich-type lipoplex formation that is typical for pDNA
intercalation in stacked lipid bilayer membranes. Figures 1b and 2b clearly show that the
complexation of pPDNA(BDNF) within the studied cationic lipid carriers leads to a structural
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transformation of the vesicular membranes into MO-EPC14-pDNA and MO-CTAB-pDNA
lipoplexes of nonlamellar-type supramolecular organizations. pDNA uptake and insertion into
the cationic lipid particles give raise to strong Bragg peaks indicative for the induction of
inverted hexagonal phase structures.

Four orders of Bragg peaks (10), (11), (20), and (21) of an inverted hexagonal lattice
were indexed in Fig. 1b. They determine lattice parameters, ayy, for the
pDNA/MO/EPC14/DOPE-PEG g assemblies in the range of 65-66 A. One observes a slight
shift of the Bragg peak as a function of the cationic lipid molar percentage, namely an; = 65.2
A at 15 mol% and 20 mol% of EPC14 (orange and red plots in Fig. 1b) and an, = 65.9 A at
25 mol% EPC14 (blue plot in Fig. 1b). This suggests tuning of the degree of macromolecular
pDNA compaction upon its uptake into lipid nanocarriers of varying positive charges.

The SAXS results in Figure 2b revealed more sophisticated patterns for the dispersed
pPDNA/MO/CTAB/DOPE-PEG,p00 assemblies. Bragg peaks of two coexisting inverted
hexagonal structures were indexed. The lattice parameter of the first H, structure was
determined as ay; = 60.9 A, whereas the second structure was characterized by ayy = 70.4 A.
In addition, cubosomal precursors with internal liquid crystalline structure were observed at
low q values, which might correspond to blank carriers with no entrapped pDNA. Evidently,
the excess positive charges (which are not compensated by pDNA binding) favour the
formation of coexisting hexosome structures with a bigger Hy, lattice (aqy = 70.4 A) and
larger agueous channels.

The above SAXS results suggest that the homogeneity and the pDNA entrapment
efficiency of the MO/EPC14/DOPE-PEG,qqo cationic nanoparticulate system appear to be
higher than that of the MO/CTAB/DOPE-PEG,qy carriers. The two kind of cationic lipid
carriers provide different charge neutralization capacity of the lipid/water interfaces for
binding of the multivalent ions of the pDNA. Figure 3 shows a comparison of the SAXS plots
of the blank and pDNA-loaded carriers for the two types of cationic lipids at a constant
positive charge of 20 mol% cationic agent in the self-assembled mixtures. At same molar
percentage of positive charges, the cationic lipid structures lead to differences in the
stabilization of the formed lipoplexes. The established different degree of compaction of the
macromolecular drug pDNA by the double-chain EPC14 or the single-chain CTAB cationic
lipid agents may require further investigations by spectroscopic methods.
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Figure 3. Comparison of SAXS patterns of MO/EPC14/DOPE-PEGyy and
MO/CTAB/DOPE-PEG,0 nanocarriers and of the corresponding lipoplexes with pDNA
(MO-EPC14-pDNA and MO-CTAB-pDNA) formed at constant positive charge (20 mol%
cationic lipid content). The concentration of the DOPE-PEGgqo lipid in the mixed assemblies
IS 3 mol% in the case of EPC-containing carriers (a) and 2 mol% for CTAB-containing
nanocarriers (b).
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3.3. Morphological structural transition upon lipoplex formation with
monoolein/cationic lipid nanoparticles

The performed microscopy study by cryo-TEM evidenced the structural
transformations upon pDNA binding and uptake in the selected self-assembled lipid
nanoparticles. Figure 4 presents cryo-TEM images demonstrating different stages of the
structural transition from pDNA-decorated bilayer membranes vesicles to hexosomes and
inverted hexagonal type nanocarriers. The initial self-assembled nanostructures of onion type
organization are transformed into more densely packed assemblies of inverted hexagonal
packing. The small number of lamellas in the lipid particles (Fig. 4 (a,b)) undergo a phase
transition through intermediate stages (Fig. 4 (c,d)) in order to reach tubular organization of
an inverted hexagonal type liquid crystalline structure (Fig. 4 (e)). It has been indicated that
hexosomes and inverted hexagonal phases present more important structural advantages for
efficient compaction and delivery of DNA therapeutics, and have been shown to be more
efficient in gene transfection studied with regard to lamellar type DNA/lipid complexes
[53,54].

13



Figure 4. Cryogenic transmission electron microscopy (Cryo-TEM) images showing stages
of formation of self-assembled lipoplex nanostructures of liquid crystalline organization: (a,b)
nanoparticles with onion lamellar packing; (c,d) intermediates of inverted hexagonal packing,
and (e) hexosome carriers with long range order of inverted hexagonal structure. The bar

corresponds to 100 nm.
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4. Conclusions

Determination of the structural features of supramolecular assembly and complexation
between fusogenic lipid nanoparticles of nanochannelled organization, e.g. monoolein-based
cationic cubosome nanoparticles, with plasmid DNA encoding for the therapeutic protein
BDNF is of current interest for the development of anti-Alzheimer’s therapeutic approaches
[57]. Mixed amphiphilic assemblies, involving the cubic-phase forming lipid monoolein and
two types of cationic lipids (double chain EPC14 and single chain CTAB), were studied for
generation of delivery vehicles of pDNA (neurotrophin BDNF). The advantage of the cubic-
phase forming lipids for gene transfer is that they may provoke, via interfacial curvature
variations, substantial structural effects on the cell membrane barriers [58]. Therefore, they
may serve for the creation of fusogenic nanocarriers for controlled drug release. The obtained
here liquid dispersions of cationic lipids for pPDNA (BDNF) delivery were characterized by
synchrotron BioSAXS. A coexistence of multiple types of dispersed lipid particles and
lipoplexes was established. Hexosome particles and inverted hexagonal phases were formed
upon progression of the complexation process starting from onion-type nanocarriers. The
BioSAXS data indicated that the cationic lipid structure tunes the supramolecular organization
of the gene carriers. Structural phase transitions occurred upon uptake and compaction of
pDNA into lipid nanocarriers of an inverted hexagonal type. These results provide further
advances to the field of amphiphile nanoarchitectonics and soft matter nanostructures for drug
delivery [59-73].
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Figure captions

Figure 1. Synchrotron SAXS patterns of aqueous dispersions of self-assembled lipid
MO/EPC14/DOPE-PEGg0 carriers at varying molar percentages of the cationic component
(15, 20 and 25 mol% EPC14) before (a) and after uptake and complexation (b) with plasmid
DNA (pBDNF). The concentration of the PEGylated lipid DOPE-PEG,q in the mixed
assemblies was kept constant (3 mol%). The arrow in (a) indicates the position of a weak peak
of an inverted hexagonal structure. The Bragg peaks of an inverted hexagonal lattice are
indexed in (b).

Figure 2. Synchrotron SAXS patterns of aqueous dispersions of self-assembled lipid
MO/CTAB/DOPE-PEGgqo carriers at varying molar percentages of cationic component (15,
20 and 25 mol% CTAB) before (a) and after uptake and complexation (b) with plasmid DNA
(pBDNF). The concentration of the PEGylated lipid DOPE-PEG;y in the mixed assemblies
was kept constant (2 mol%). The arrow in (a) indicates the position of a weak peak of an
inverted hexagonal structure. The Bragg peaks of two coexisting inverted hexagonal
structures are indexed in (b).

Figure 3. Comparison of SAXS patterns of MO/EPC14/DOPE-PEG,p and
MO/CTAB/DOPE-PEG,0 nanocarriers and of the corresponding lipoplexes with pDNA
(MO-EPC14-pDNA and MO-CTAB-pDNA) formed at constant positive charge (20 mol%
cationic lipid content). The concentration of the DOPE-PEGgqo lipid in the mixed assemblies
IS 3 mol% in the case of EPC-containing carriers (a) and 2 mol% for CTAB-containing
nanocarriers (b).

Figure 4. Cryogenic transmission electron microscopy (Cryo-TEM) images showing stages
of formation of self-assembled lipoplex nanostructures of liquid crystalline organization: (a,b)
nanoparticles with onion lamellar packing; (c,d) intermediates of inverted hexagonal packing,
and (e) hexosome carriers with long range order of inverted hexagonal structure. The bar
corresponds to 100 nm.
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