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Lipopolyplexes (LPDs) are of considerable interest for use as gene delivery vehicles. Here LPDs have been
prepared from cationic vesicles (composed of a 1:1 molar ratio of DOTMA with the neutral helper lipid,
DOPE), singly branched cationic peptides and plasmid DNA. All peptides contained a linker sequence
(cleaved by endosomal furin) attached to a targeting sequence selected to bind human airway epithelial
cells and mediate gene delivery. The current study investigates the effects of novel Arg-containing cat-
ionic peptide sequences on the biophysical and transfection properties of LPDs. Mixed His/Arg cationic
peptides were of particular interest, as these sequences have not been previously used in LPD formu-
lations. Lengthening the number of cationic residues in a homopolymer from 6 to 12 in each branch
reduced transfection using LPDs, most likely due to increased DNA compaction hindering the release of
pDNA within the target cell. Furthermore, LPDs containing mixed Arg-containing peptides, particularly an
alternating Arg/His sequence exhibited an increase in transfection, probably because of their optimal
ability to complex and subsequently release pDNA. To confer stability in serum, LPDs were prepared in
0.12 M sodium chloride solution (as opposed to the more commonly used water) yielding multilamellar
LPDs with very high levels of size reproducibility and DNA protection, especially when compared to the
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(unilamellar) LPDs formed in water. Significantly for the clinical applications of the LPDs, those prepared
in the presence of sodium chloride retained high levels of transfection in the presence of media sup-
plemented with fetal bovine serum. This work therefore represents a significant advance for the optimi-

rsc.li/biomaterials-science sation of LPD formulation for gene delivery, under physiologically relevant conditions, in vivo.

Introduction

Gene therapy remains a promising strategy to cure human
cancers, and genetic and orphan diseases, via regulating,
repairing, or editing a genetic sequence and correcting the
corresponding proteins.”* In the past two decades, numerous
gene therapy clinical trials have been carried out, and over
20 gene therapy drugs licensed. Examples of licensed products
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include Strimvelis (for ADA-SCID), Kymriah/Yescarta (CAR-T
therapies for leukaemias) and Luxturna (for Leber’s congenital
amaurosis which causes blindness).® However, the majority of
these systems rely on modified viruses to deliver the thera-
peutic genes. Such systems have several drawbacks including
problems with immunogenicity, carcinogenesis and limited
DNA packaging capacity.”> In comparison with viral vectors,
non-viral vectors formulated from lipids, polymers/peptides
and inorganic materials are promising alternatives due to their
low immunogenicities, toxicities and high safety profiles.>*™®
Formulations in which combinations of cationic lipids (L) and
cationic polymers/peptides (P) are complexed with DNA (D),
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siRNA or mRNA (R) to give LPD or LPR lipopolyplexes, respect-
ively, have received much attention in recent years,” being
reported to combine the advantages of lipoplexes and poly-
plexes. Indeed, lipopolyplexes have been shown to enhance the
delivery of the nucleic acid cargo in vitro and in vivo, relative to
peptide/nucleic acid (polyplex) or lipid/nucleic acid (lipoplex)
formulations.”*® For LPD formulations, the improved
efficiency is believed to be related to the potentiation effect
due to the polymers/peptides, such as improved DNA conden-
sation due to the presence of extra charge, leading to smaller
particle sizes and better protection of pDNA from enzyme
degradation.? Synthetic cationic polymers such as PEI often
exhibit significant toxicity,'” limiting their use in vivo, whilst
poly-i-Lys is biocompatible and nontoxic.'® Moreover, short
cationic peptides, varying in their length, composition, charge,
hydrophobicity and spacing can be readily synthesized,
thereby allowing the effects of different sequences on the self-
assembly, macromolecular organization and transfection
efficiencies of the resulting lipopolyplexes to be understood
and optimized.

For all cationic peptide-containing lipopolyplex pDNA
vectors, a balance must be struck between efficient conden-
sation of the pDNA (resulting in small, compact particles with
the pDNA protected from degradation) and intracellular
release of the pDNA cargo."’ Linear sequences and dendrimers
based on Lys have high cationic charge densities, and hence
condense and protect pDNA efficiently. Lipopolyplexes (LPDs)
incorporating Lys-based peptides are therefore frequently used
for pDNA transfection.’>® As LPDs are internalized into cells
via endocytosis, efficient endosomal release is critical for
efficient transfection,>® however a disadvantage of using Lys-
based peptides is that the resulting LPDs do not trigger
rupture and escape from the endosome. His-based peptides,
in contrast can protonate within the acidic environment of the
endosome, and swell and destabilize the endosomal mem-
brane, a phenomenon known as the “proton sponge effect”.>”
Some polyplexes (PD) and LPD based on His-rich peptides
have been shown to be efficient gene delivery vectors.””
Unfortunately, in LPDs the reduced pDNA complexation abil-
ities of His-rich peptides can lead to poor protection of the
PDNA and low transfection efficiencies. To overcome these
deficiencies, Mixson and co-workers have studied LPDs formu-
lated using branched peptides with alternating His and Lys
residues. Peptides with 4 branches with repeating His-Lys-Lys
sequences, with either Lys or His-rich tails, gave particularly
high transfection levels.”®" Surprisingly, given the recent
interest in Arg-based biomaterials for gene delivery,®* Arg-
based peptides have hardly been used in LPD vectors to date.
This is despite the potential of the guanidino side chain of Arg
for bidentate interactions with the phosphate backbone of
RNA,** and the frequent occurrence of Arg-rich sequences in
cell-penetrating peptides (CPP).**>*

Our group has developed LPDs for the targeted delivery of
pDNA to different cell types.'"'*3¢3° These contain peptide
components with trifunctional sequences comprising: a cat-
ionic peptide domain to condense pDNA; a cell-targeting
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sequence that is displayed at the surface of the nanoparticle;
and a linker sequence, RVRR, that is a substrate for the endo-
somal enzyme furin. The LPDs also include mixtures of cat-
ionic lipids which are co-formulated with the neutral lipid dio-
leoylphosphatidyl-ethanolamine (DOPE). We have studied the
macromolecular organisation of the LPDs by a range of bio-
physical techniques, including dynamic light scattering (DLS),
zeta potential, transmission electron microscopy (TEM),
freeze-fracture electron microscopy (FFEM), cryoelectron
microscopy (cryoEM) and small angle neutron scattering
(SANS), and have shown that they consist of a tightly con-
densed pDNA/cationic peptide core, surrounded by a lipid
bilayer through which the cell targeting peptide sequence par-
tially protrudes. Recently, we have investigated the effects of
branched and linear Lys, His or Arg sequences, as well as
mixed His/Lys sequences, on the transfection efficiencies and
macromolecular organisation of the LPDs formed.** These
showed that LPDs containing either branched Arg sequences
or linear Lys sequences, gave the highest transfection efficien-
cies. LPD formulations incorporating either His-rich peptides
or mixed His/Lys peptide sequences were very poor transfec-
tion agents by comparison.®® The His-rich peptides made only
a small contribution to endosomal release, with the majority
of the effect arising from the membrane destabilization pro-
perties of the helper lipid DOPE.*® In contrast, LPRs formu-
lated from mixed His/Lys peptide sequences performed best as
siRNA delivery agents, even in the presence of serum.*!
Surprisingly, mixed His/Arg cationic peptide sequences have
not been previously used in lipopolyplex formulations.

Non-viral vectors are frequently observed to have reduced
transfection efficiency in the presence of serum in vitro and
in vivo,">*” and, as a consequence, therefore, most in vitro
studies tend to be performed in serum-free media, such as
OptiMEM. However, in order to successfully translate these
gene transfer reagents to the clinic, it is necessary to under-
stand the barriers to transfection in the presence of serum and
to design vectors that can overcome them. The factors prevent-
ing successful transfection of polyplexes, lipoplexes and lipo-
polyplexes in serum are still imperfectly understood. They may
include: the presence of enzymes such as DNase I that can
degrade the cargo;"” interaction of serum components with
the vectors;** destabilization of the vectors leading to prema-
ture release of the pDNA;***> and complexation of negatively-
charged serum components with positively-charged lipoplexes
and lipopolyplexes.*> The adhesion of serum proteins to the
surface of nanoparticles can also lead to aggregation and non-
specific cell binding,*” although some studies suggest this
may actually enhance uptake and transfection in vivo.*®
Protein corona formation on the surface of nanoparticles can
also alter the tissue distribution, depending on the protein
composition and level of coating.*® Finally, nanoparticles can
be eliminated from blood circulation by macrophages of the
mononuclear phagocytic system, which is mediated by
opsonin protein in serum. A commonly used strategy to
prevent this unwanted elimination is to functionalise the
nanoparticle surface using PEG.*°

This journal is © The Royal Society of Chemistry 2023
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In this study, we have extended our previous work to investi-
gate the effects of novel, mixed His/Arg cationic peptide
sequences on the biophysical and transfection properties of
LPDs. We have compared these with branched Lys, His or Arg
sequences that are longer than those previously studied, to
ascertain whether longer sequences confer greater stability
and transfection efficiency on the lipopolyplexes. In parallel,
we have carried out a detailed investigation of the effects of
using different solvent systems and transfection media in the
preparation of the complexes, to determine whether this could
lead to LPDs with good transfection efficiencies in serum at
physiologically relevant concentrations.

Materials and methods
Materials

Trimethyl  [2,3-dioleyloxy-propyl] ammonium  chloride
(DOTMA) and dioleoylphosphotidylethanolamine (DOPE) were
purchased from Tokyo Chemical Industry (Tokyo, Japan) and
Avanti Polar Lipids (Alabama, USA) respectively. gWiz-luci-
ferase plasmid (pDNA) purchased from Aldevron (Frago, USA)
was used for all experiments with the exception of the small
angle neutron scattering studies, where due to the larger
amount of DNA required, calf thymus DNA (ctDNA), obtained
from Sigma-Aldrich (Poole, UK) was used. ctDNA has been pre-
viously found to be a suitable substitute for such studies.***!
Lipofectamine™ and Lipofectamine 2000 obtained from
Invitrogen Life technologies (Paisley, UK) were used as positive
controls. Luciferase assay kit and bicinchoninic acid (BCA)
protein assay kit were purchased from Promega
(Southampton, UK) and Thermo Scientific (Loughborough,
UK). Reduced serum medium Opti-MEM®I, RPMI-1640 cell
culture medium, PicoGreen reagent, and GelRed stain were
purchased from Gibco life technologies, Life Technology
(Paisley, UK), Sigma- Aldrich (Poole, UK), Invitrogen Life
Technology (Paisley, UK) and Biotium (Heyward, USA), respect-
ively. Deoxyribonuclease I (DNase 1) Type II from bovine pan-
creas, polyaspartic acid (pAsp) and all the other reagents were
all from Sigma-Aldrich (Poole, UK).

Peptide synthesis and purification

The synthesis, purification, and analytical data for the pep-
tides are described in the ESL

Preparation of the lipopolyplexes

LPDs consisting of lipid, peptide and DNA were prepared via a
self-assembly process. In brief, a suspension of lipid vesicles
(1 mg mL™" of cationic lipid) was first prepared as previously
described.* The peptide solution (typically 50 pL) was then
added to 50 pL of lipid vesicle suspension followed by the DNA
solution (100 pL). The resulting mixture was then agitated
using gentle pipette mixing and a minimum of 15 min allowed
for complexation to occur before the LPDs were used. The
order of mixing of the three components was kept the same,
as changing the order has been previously shown to alter the

This journal is © The Royal Society of Chemistry 2023
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structure of the resulting complex (see, for example, ref. 39).
Specifically, if the lipid vesicles and DNA were mixed prior to
the addition of peptide then lipoplexes (complexes of lipid and
DNA) as opposed to lipopolyplexes are formed. Here, small
angle neutron scattering and transfection studies were used to
confirm the order of mixing was important using the Group 1
and Group 2 peptides ((H;,BLY and HR)sBLY) (data not
shown). The concentration of the various solutions/suspen-
sions used to produce the LPDs was varied in order to prepare
the required total concentration and lipid: peptide: DNA
charge ratio, generally 0.5:6:1, unless otherwise stated — a
few studies were also performed at a lipid: peptide: DNA
charge ratio of 0.5:12: 1. When investigating the effect of elec-
trolyte on the formation of LPDs, the lipid vesicle suspension
was prepared using either physiological saline (154 mM NacCl),
100, 50 or 10 mM NacCl in place of water, while stock peptide
and DNA solutions were diluted with electrolyte solution such
that the final concentration of NaCl present in the LPDs was
either 120, 80, 40, or 4 mM, respectively. The order of mixing
was the same as was used for lipopolyplexes prepared in water.
Note that the order of mixing was kept the same as when pre-
paring LPDs solely in water. LPDs prepared wholly in water are
denoted as VWLPDw while those prepared in 0.12 M NacCl are
described by VsLPDs. The effect of saline on the parent
DOTMA : DOPE vesicles (Vw or Vs) was also investigated. If no
subscript is used, then both the vesicles and the LPDs were
prepared wholly in water.

Cell culture

A549 cells were cultured in RPMI-1640 media supplemented
with 10% v/v fetal bovine serum (FBS), 1% v/v of 100x strength
nonessential amino acids, 1% v/v of 200 mM r-glutamine solu-
tion, and 1% of v/v penicillin/streptomycin solution (10 000 IU
mL~'/10 mg mL™") at 37 °C in a 90% humidified atmosphere
with 5% carbon dioxide. The cells were fed every other day and
passaged every three to four days at around 70% confluency,
using 0.25% trypsin-EDTA solution.

Transfection of the lipopolyplexes

After passaging, A549 cells in RPMI-1640 supplemented media
were plated in 96 transparent-well plates at a seeding density
of 1.2 x 10* cells per well and cultured for 24 h. On the day of
the experiment, the media was removed from the A549 cells
and replaced with either 50 pL of OptiMEM or RPMI
1640 media containing 10% FBS, followed by the addition of
an equal volume of LPD dispersion. All LPD suspensions were
added at a DNA concentration of 0.25 pg per 100 pL per well.
Unless otherwise stated, the LPDs were incubated for 4 h after
which time the LPD containing media was removed from the
cells and replaced with 100 pL of RPMI-1640 supplemented
media and maintained at 37 °C in a 90% humidified atmo-
sphere with 5% carbon dioxide for a further 44 h, described as
an incubation time of 4 + 44 h. The A549 cells were then
washed with 50 pL PBS and lysed with 50 pL of lysis buffer
(200 nM Tris-HCI, pH 7.8, 2 mM EDTA and 0.05% v/v Triton
X-100) at ambient temperature for 1 h. The lysed A549 cells
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were then frozen at —80 °C for 30 min before defrosting and
agitating using an orbital incubator at 37 °C for 1 h. Luciferase
activity of the lysed cells was measured using a luciferase assay
kit in accordance with the manufacturer’s protocol. In brief,
30 pL aliquot of cell lysate was added to a white 96-well plate
and the luminescence determined using a FLUOstar Omega
luminometer (BMG LABTECH GmbH, Ortenberg, Germany)
which automatically delivered 100 pL of reconstituted luci-
ferase assay reagent into each well. Luciferase activity was
expressed as relative light units (RLU) per mg of protein (RLU
per mg protein). For protein determination of the transfected
and lysed cells a BCA protein assay (Thermo Scientific, UK)
was used. In brief, 20 pL of cell lysate was added into a trans-
parent 96-well plate, 200 pL of protein assay reagent added
and the plate incubated with slight shaking at 37 °C for
30 min before its absorbance was measured at 562 nm using a
SpectraMax 190 plate reader (Molecular Device, USA).
Lipofectamine 2000 was used throughout as a positive control.
All determinations within an experiment were performed in
triplicate allowing the mean and SD to be calculated. The
transfections were repeated on at least two separate occasions
and frequently three times. Where data were obtained in tripli-
cate, the statistical significance of differences was assessed by
means of a students’ ¢-test, accepting a significance level of
<0.05. In all cases the same trends in the data were seen,
although the absolute level of transfection may have varied
slightly between experiments.

Agarose gel retardation assay

The complexation, release and protection of pDNA from
DNase I degradation afforded by the LPD complexes prepared
in water or different NaCl concentrations were determined
using agarose gel electrophoresis. Here LPDs were prepared at
a final pDNA concentration of 0.25 pg per 10 pL per well at a
0.5:6:1 LPD charge ratio. To determine the extent of com-
plexation, a 10 pL aliquot of LPD suspension was used. For
assessment of pDNA release, the LPD suspensions were
treated with 0.625 pL of a 10 mg mL™" solution of polyaspartic
acid (pAsp). To establish the level of pDNA protection, a 10 puL
aliquot of LPD suspension was treated with 0.5 pL of 500U
mL~" DNase I, followed by 0.5 pL of MgCl, (0.1 M) to activate
enzymes. After 10 min incubation at 37 °C, 1.25 pL of EDTA
(0.5 M) was added to deactivate the enzymatic reaction and the
resulting mixture incubated at room temperature for 10 min to
ensure complete deactivation. 0.625 pL of 10 mg mL™" pAsp
solution was then added to the above mixture to release any
DNA remaining associated with the LPDs for detection on the
gel. Free pDNA and pDNA treated with DNase I were used at
DNA concentration of 0.25 pug per 10 uL per well as controls.
2 pL of loading buffer containing 40% w/v sucrose and 0.25%
w/v bromophenol blue was added to each of the samples
before the samples were loaded into wells in a 0.8% w/v
agarose gel containing GelRed® in Tris-acetate-EDTA (TAE)
buffer (pH 8.0) at 80 mV for 40 min (Fisher Brand, Model
HU12 electrophoreses chamber, Loughborough, UK). The
resulting gel was visualized under UV light using an
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Alphalmage EP Multilmage Light Cabinet (Randpark, South
Africa). All experiments were performed in triplicate.

PicoGreen fluorescence assay

To determine the extent of pDNA complexation, the binding of
PicoGreen to the LPDs was measured. A 50 pL aliquot of
PicoGreen reagent (1:150 v:v PicoGreen in 3x Tris-EDTA buffer)
was added to 100 pL of LPD suspension in a black 96-well plate
containing either 0.1 or 0.2 pg of pDNA per 100 pL per well in
saline or water respectively. These DNA concentrations were
chosen to ensure a linear relationship between fluorescence and
concentration in the different solvents. The plates were incubated
at ambient for 5 min and fluorescence measured with excitation
and emission wavelengths of 485/520 nm, with a gain of 1000
using a FLUOstar Omega fluorimeter (BMG LABTECH GmbH,
Ortenberg, Germany) equipped with a plate reader. All fluo-
rescence readings were normalized against the response from a
free (naked) pDNA control, and were expressed as a percentage
change (in relative fluorescence units, RFU). All experiments were
performed in triplicate and are presented as the mean + the stan-
dard deviation.

Particle size and zeta-potential measurement of the LPD
complexes

The apparent hydrodynamic size and zeta potential of the
LPDs were measured using a Malvern Zetasizer Nano ZS,
(Worcestershire, UK). All LPDs were measured in triplicate at a
scattering angle of 173° at 25 + 0.1 °C. For both measurement
of the apparent hydrodynamic size and zeta potential, the con-
centration of LPDs was sufficiently low to ensure the absence
of any inter-particle interactions, namely 0.01 mg mL ™" of cat-
ionic lipid for the lipid vesicles and 0.5 pg mL™" of DNA for
the LPDs. At least 3, but usually 6 repeat measurements were
performed on each sample, with each composition being
tested on at least 2 but typically 3 separate occasions.

Small angle neutron scattering of the LPD complexes

The internal structure of the parent vesicles and LPDs was
established using small angle neutron scattering (SANS)
experiments performed on freshly prepared samples using the
instruments LoQ and SANS2D at the ISIS pulsed neutron
source (Rutherford-Appleton Laboratories, Didcot, UK). All
samples were measured in disk-shaped, fused silica banjo
cells of 2 mm path length. The scattering intensity, I(Q), of the
samples as a function of the scattering vector, Q = (4xn/4)sin(6/
2) where sin(6/2) is the scattering angle, was determined by
normalizing the scattering to the appropriate sample trans-
mission after subtraction of the scattering for the relevant
solvent. All fitting procedures included flat background correc-
tions to account for any mismatch in the incoherent and
inelastic scattering between the sample and the D,O solvent.
The levels of the fitted backgrounds were checked to ensure
that they were of a physically reasonable magnitude.

The SANS profiles were model fitted using the SASVIEW
package® assuming the presence of isolated infinite planar
(lamellar) sheets (ie. unilamellar vesicles) called the ‘sheet

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01905a

Open Access Article. Published on 24 kovo 2023. Downloaded on 2024-10-16 07:10:10.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

model’, and where necessary, the presence of one-dimensional
paracrystals (stacks) to account for any multilamellar vesicles
present, i.e. the mixed ‘sheet and stack model’.>>** The lamellar
stack model uses a total of eight parameters, namely the scale
factor for the lamellar stack, sample background, the thickness
of the bilayers (L) in the stack, the number of bilayers per stack,
the d-spacing of the bilayers in the stack and the polydispersity
on this spacing and the scattering length densities of the solvent
and the layer. The total variability on each of the fitted d-spacings
was taken as the convolution of the statistical uncertainty in the
spacing, and the associated polydispersity index converted to a
standard deviation.

Results
Design of branched peptides

The use of trifunctional cationic/linker/targeting peptides to
formulate LPDs has previously demonstrated that complexes
prepared with singly branched cationic sequences were
effective transfection agents, particularly for Arg-containing
peptides.>® Further branching of the cationic peptide region
had a detrimental effect. In contrast, the number of cationic
residues is important, with branched peptides containing 12
Lys residues giving more effective transfection reagents than
the equivalent peptides containing 8 Lys residues. Here, a
series of singly branched, B, cationic peptides (Fig. 1, Group 1)
with longer branched cationic His, Arg and Lys sequences
were synthesised. All peptides contained a linker sequence, L,
which has been hypothesised to be cleaved by furin within the
endosome'” after the LPD complex is internalised.

This linker was attached to a targeting sequence, Y, which
was previously selected by phage display to bind human airway
epithelial cells and mediate gene delivery.”> The sequences
contained 24 cationic residues in total (H;,BLY, R;,BLY,
K;,BLY) and were compared with the previously studied
shorter K BLY peptide.’®”® In previous studies®® we have
shown that LPD lipopolyplexes incorporating mixed His/Lys
sequences gave generally poor transfection. In contrast, PDs
formulated with branched sequences based on His-His-Lys
repeats, such as (HHK),BLY, have shown good transfection
efficiencies.”®%%°

In view of recent reports that Arg-based peptides and dendri-
mers show potential for gene delivery,>*>>*' we wished to
explore the use of branched peptides containing mixed His/Arg
and Lys/Arg sequences (Fig. 1, Group 2). (HHR),BLY was there-
fore synthesised as an Arg-containing analogue of (HHK),BLY.
The other three peptides, (HR)¢BLY, (HK)sBLY and (RK)sBLY,
were designed to compare the effects of incorporating Arg resi-
dues into singly branched, alternating cationic sequences.

Do the sequences of the cationic peptides and the presence of
electrolyte affect the in vitro transfection of the lipopolyplexes?

In previous work,*® optimal transfection of LPDs was observed
with lipid: peptide: pDNA charge ratios in the range of
0.5:6:1 and 0.5:12:1, and with incubation times of 24 h +

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Sequences of the singly branched cationic peptides used in this
study. The number of cationic residues (and the number of those which
are fully protonated at pH 7) in each sequence are indicated.

24 h or 4 h + 44 h. Here, we carried out preliminary studies
with both of the Group 1 and Group 2 peptides and demon-
strated that the lipid : peptide : pDNA ratio of 0.5:6:1 and 4 h
+ 44 h incubation time gave the highest level of transfection
efficiency (ESI, Fig. S1t). These ratios and incubation times
were therefore used throughout the rest of this study, unless
otherwise stated.

In the initial in vitro experiments, both the vesicles used to
prepare the LPDs and the LPDs themselves were prepared fully
in water (VWLPDw) and then diluted 4-fold in OptiMEM
(VWLPDw/OptiMEM) before testing their transfection ability
(Fig. 2a). Under these conditions, LPDs formulated using the
longer chain cationic Group 1 peptides (H;,BLY, R;,BLY,
K;,BLY) gave significantly poorer transfection levels than was
obtained with LPDs prepared using the shorter cationic chain
K,4BLY peptide, and also significantly lower transfections levels
(with p generally < 0.01) than was achieved with the LPDs
made using the Group 2 peptides.

In order to prepare LPDs suitable for parenteral adminis-
tration to humans, it is necessary to make the LPD suspension

Biomater. Sci, 2023, 1, 3335-3353 | 3339
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Fig. 2 Transfection efficiency of LPDs containing various peptides and made at a lipid : peptide : DNA charge ratio of 0.5:6:1 in A549 cells in the
presence of OptiMEM (a) and RPMI-1640 medium containing 10% FBS (b-d). Vw and Vs indicate that lipid vesicles used to make LPD were prepared
in water and 0.15 M NaCl solution, respectively. LPDw, LPDo and LPDs mean that LPD complexes were prepared in water, OptiMEM and NaCl solu-
tion at a final concentration of 120 mM, respectively. The incubation time of LPD with A549 cells was 4 h. Cationic vesicles used to prepare the LPDs
were composed of DOTMA : DOPE at 1:1 molar ratio. Data are mean values + standard deviation of three replicates.

isotonic with the body fluids. This is usually achieved by the
addition, to the suspending media, of electrolyte or sugars.
Interestingly, the dilution of LPDs prepared wholly in water
(VwLPDw) with OptiMEM provides for good levels of in vitro
transfection, although unfortunately this method cannot be
translated to the clinic. In contrast, replacing OptiMEM with
serum-containing RPMI-1640 media (supplemented with 10%
v/v of fetal bovine serum (FBS)) greatly reduced transfection to
such a level that little or none was observed when the LPDs
were prepared in water (VWLPDw) (Fig. 2b), a result which is in
line with previous reports.*’ Surprisingly, however, when the
LPDs were prepared partially in OptiMEM (VwLPDo), the sub-
sequent level of transfection achieved in the presence of
serum-containing RPMI-1640 media was high (Fig. 2c)
suggesting that the presence of OptiMEM was particularly ben-
eficial to the transfection.

As OptiMEM is a buffered modification of Eagle’s
minimum essential medium, we reasoned that it might be
possible to use another modification of the Eagles medium in
place of OptiMEM, which should lead to LPDs retaining a high
level of transfection when subsequently diluted in serum-con-

3340 | Biomater. Sci, 2023, 1, 3335-3353

taining RPMI-1640 media. The electrolyte selected for the
present study was NaCl as it is widely used in a range of clini-
cal applications and is used to produce isotonic solutions of
medicinal preparations. Consequently, vesicles and their
corresponding LPDs, were prepared at a final NaCl concen-
tration of 120 mM NaCl (VsLPDs) and diluted using
RPMI-1640 medium containing 10% FBS. Significantly, when
their transfection ability was measured after dilution in
serum-containing media, a good level of transfection was
observed (Fig. 2d) confirming the importance of the presence
of electrolyte on the transfection ability of the LPDs.

When examining the level of transfection achieved when
the VwLPDo and VsLPDs LPDs were diluted in
RPMI-1640 medium containing 10% FBS (Fig. 2c and d), it was
seen that the mixed cationic sequence peptides of Group 2
tended to give a higher level of transfection, although good
levels of transfection were also observed for H;,BLY and
K,BLY. Comparison of the transfection data obtained for the
LPDs prepared using K,BLY in 120 mM NacCl and diluted in
media, show a significantly lower level of transfection for the
corresponding LPDs made with K;,BLY and Ry,BLY (p <

This journal is © The Royal Society of Chemistry 2023
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0.005), but no statistically significant difference for H;,BLY
and the Group 2 peptides.

In all these experiments, commercially available
Lipofectamine 2000 was used as a positive control. Although
this reagent gives very high levels of transfection, it is also
known to be very toxic.”” Indeed, analysis of the protein
content of the wells after the treatment of A549 cells with
Lipofectamine 2000 indicated the toxicity of this reagent,
whereas the VWLPDo and VsLPDs LPD formulations prepared
here exhibited little toxicity towards the A549 cells (ESI
Fig. S27).

To further investigate the influence of the presence of NaCl
on the transfection efficiency of LPDs in the presence of
serum-containing medium, LPDs containing the Group 2
peptide (HHR),BLY, were prepared in a range of differing final
concentrations of NaCl. LPDs containing (HHR),BLY were
selected for further study because, although LPDs prepared
using (HR)¢BLY gave higher levels of transfection, the
(HHR),BLY containing LPDs gave consistently good levels of
transfection. To study the effect of electrolyte concentration on
transfection, cationic vesicles were first prepared either in
water or using varying concentrations of NaCl, and then mixed
with peptide and DNA solutions to formulate the LPDs (either
VWLPDs or VSLPDs) to different final strength NaCl solutions
of either 8, 40, 80 and 120 mM NaCl.

The resultant transfection results are shown in Fig. 3a. As
can be seen there was a concentration-dependent effect of
NaCl on the transfection efficiency of the (HHR),BLY-contain-
ing LPD complexes, with the highest level of transfection
being observed in LPDs prepared using cationic vesicles pre-
pared in 120 mM saline and using the highest concentration
of NaCl, namely 120 mM, which was encouraging as this con-
centration of NaCl is the most relevant to the potential in vivo
use of the LPDs. It is noteworthy that the highest level of trans-
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fection was seen when both the cationic vesicles and the final
LPDs were prepared in NaCl solution; when only the LPDs
were prepared in NaCl, with the cationic vesicles being pre-
pared in water, transfection was noticeably lower. A similar
trend in transfection was observed with Lipofectamine 2000 in
that higher levels of transfection were observed with complexes
prepared using solutions of increasing NaCl concentration.

Fig. 3b shows the total protein content of the lysate of the
A549 cells after transfection using the various LPD, and
Lipofectamine 2000, formulations as a proxy of toxicity. As pre-
viously reported, all the Lipofectamine 2000 group displayed
to varying extents a negative (or toxic) effect on cell growth,
independent of NaCl concentration. Importantly, however, no
detrimental effect of VWLPDs and VsLPDs LPD formulations
on the growth of A549 cells was observed, as the protein
content in such cases was comparable to that of the free or
naked pDNA control. In order to understand the reasons for
the high transfection efficiencies of LPD formulated in saline
solutions, we investigated and compared the physicochemical
properties of LPD complexes prepared in water and in varying
concentrations of NaCl. We were particularly interested to
study the degree of protection of the pDNA afforded by the
various cationic peptide sequences in NaCl solutions, and the
effects that formulation in NaCl solutions had on the struc-
tural properties of the LPD complexes.

Is the condensation of DNA in the lipopolyplexes influenced
by cationic peptide sequence and electrolyte?

To examine and compare the effect of the nature of the
peptide and the presence of saline on the interaction of DNA
in the complex, gel retardation and PicoGreen® fluorescence
assays were performed. Agarose gel electrophoresis was used
to investigate the condensation, release and protection of
pDNA in LPD complexes prepared fully in water (VWLPDw) and
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Fig. 3 Luciferase transfection efficiency of LPD-(HHR)4BLY on A549 cells using a 24 + 24 h incubation. LPD-(HHR)4BLY were prepared partly
(VWLPDs) or fully (VsLPDs) in various NaCl solutions (s1 = 8 mM; s2 = 40 mM; s3 = 80 mM; s4 = 120 mM) and transfected in 75% v/v
RPMI-1640 media containing 10% v/v FBS. (a) The level of luciferase transfection and (b) the level of protein assay. LPDs were prepared ata L:P:D
charge ratio of 0.5: 6 : 1. Cationic vesicles were composed of DOTMA/DOPE lipids at 1: 1 molar ratio. Data are mean values + standard deviation of

three replicates.
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Fig. 4 Agarose gel electrophoresis of VwLPDw and VsLPDs (0.25 pg
pDNA/10 pL per well). Lane A: DNA or LPD. Lane B: LPD treated with
pAsp. Lane C: LPD treated with DNAse | at 37 + 0.1 °C followed by pAsp.
In all cases, LPDs were prepared at a lipid : peptide : DNA charge ratio of
0.5:6:1. Cationic vesicles used to prepare the LPDs were composed of
DOTMA : DOPE at 1: 1 molar ratio.

fully in 120 mM NaCl (VsLPDs) solution. In Fig. 4, Lane A
shows the condensation/complexation of the pDNA in the pres-
ence of both lipid vesicles and peptide, while in Lanes B and C
the release of pDNA (displacement by the anionic polymer of
pAsp) and the protection of pDNA from DNase I degradation
afforded by the LPDs complexes, respectively are seen. As
expected, free (uncomplexed) pDNA exhibited two bands in
Lane A, an intense lower band and a faint upper band, attribu-
table to the pDNA’s supercoiled and open circular forms,
respectively. When DNase I was added to the free pDNA, Lane
C exhibited no band comparable to that seen with intact
PDNA, only low molecular weight fragments were seen as a
diffuse band towards the bottom of the gel, suggesting the
complete degradation of pDNA by DNase I. In the case of the
LPD complexes, DNA appeared to be fully condensed, regard-
less of which peptides were used to prepare the complexes and
whether the LPDs were prepared all in water or all in the pres-
ence of 120 mM NacCl, as shown in Lane A. It is worth com-
menting here that while the assumption in these studies is
that if the pDNA is associated with/contained in the lipopoly-
plex it will be retained in the well due to its positive charge.
However, if the pDNA is complexed solely with peptide (i.e.
forms a polyplex as opposed to a lipopolyplex) and is not incor-
porated in the lipopolyplex, it is also likely to stay in the well
and not migrate down the gel due to its positive charge. The
results of the release study, seen in Lane B, show that pDNA
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can be released from all the LPD complexes whether formu-
lated using Group 1 or Group 2 peptides. Significantly, com-
pared with the VWLPDw complexes, the VSLPDs complexes
appeared to display a more complete release of pDNA, due to a
release profile more comparable to that of free pDNA in Lane
A. Furthermore, the results in Lane C indicated a significant
difference between the extent of protection afforded by the
VWLPDw and VsLPDs. In the case of the VWLPDw complexes,
only limited protection was observed, while VSLPDs exhibited
the greatest level of protection as evidenced by the presence of
bands identical to that of free pDNA in Lane A, with the excep-
tion of the LPDs prepared using H;,BLY where no DNA release
was observed.

To study further the effect of NaCl content on the pDNA
protection afforded by the LPDs, LPDs (both VWLPDs and
VsLPDs) were prepared using varying NaCl concentrations.
Two peptides, namely K;,BLY and (HHR),BLY were selected as
representative of Group 1 and Group 2 peptides, respectively.
The results are shown in Fig. 5. Here, controls of pDNA dis-
solved either in water or varying concentrations of NaCl solu-
tion were used. As can be seen, pDNA behaved in a similar
manner regardless of NaCl content. When DNase I was added
to the pDNA (Lane C) no band comparable to intact pDNA was
seen; only a diffuse band of low molecular weight fragments
towards the bottom of the gel were observed, suggesting the
degradation of pDNA by DNase I. It should be noted, however,
that the intensity of the low molecular degradation band
appeared to increase slightly with increasing saline concen-
tration from 8-120 mM NaCl. When the LPDs were examined,

VwLPDs-
(HHR)4BLY

VsLPDs-
(HHR)4BLY

81 82 83 S84

VWLPDs- DNA W

K12BLY ACEET

VsLPDs-
K12BLY

S1 82 S3 sS4

Fig. 5 Agarose gel electrophoresis of VwLPDw and VsLPDs (0.25 pg
pDNA/10 pL per well). Lane A: DNA or LPD. Lane B: LPD treated with
pAsp. Lane C: LPD treated with DNAse | at 37 + 0.1 °C followed by pAsp.
W = water; S1 = 8 mM NaCl; S2 = 40 mM NaCl; S3 = 80 mM NaCl; S4 =
120 mM NacCl. In all cases, LPDs were prepared at a lipid : peptide : DNA
charge ratio of 0.5:6:1. Cationic vesicles used to prepare the LPDs
were composed of DOTMA : DOPE at 1:1 molar ratio.
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DNA was fully condensed (Lane A) and can be fully released
(Lane B) irrespective of the peptide and the NaCl concentration
used to prepare LPD complexes and where the LPDs were par-
tially or fully prepared using NaCl solution. It was clear,
however, from the results in Lane C that the protection
afforded to the pDNA by the complexes increased as the con-
centration of NaCl increased. Interestingly, there was no sig-
nificant difference in the pDNA protection afforded by VSLPDs
and VWLPDs.

To determine the extent of pDNA condensation in the LPDs
and to compare the amount of pDNA encapsulated in com-
plexes formulated totally in water (VWLPDw) with those formu-
lated totally in the presence of NaCl (VsLPDs), fluorescence
studies using PicoGreen® were carried out. PicoGreen® is
used to detect the level of free ‘unentrapped’ DNA in the
VSLPDs suspensions. Since PicoGreen® only fluoresces when
bound to pDNA, the lower the sample fluorescence compared
to free pDNA control the better the DNA condensation
efficiency. LPD complexes were formulated at 0.5:1:1 to
0.5:18:1 lipid:peptide: pDNA charge ratios whereby the
lipid : pDNA ratio was kept constant but the peptide ratio in
the LPD complex increased.

In order to ensure a linear relationship was obtained
between the DNA concentration and fluorescence upon inter-
action with PicoGreen®, different starting pDNA concen-
trations were used, namely 0.2 and 0.1 pg per 100 pL per well
for samples prepared in water and 120 mM Nacl, respectively
(ESI, Fig. S3t). In this manner, any possible effects of NaCl on
the binding of PicoGreen® to dsDNA, which has been pre-
viously reported at higher NaCl concentrations, should be
eliminated.”®
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The results obtained for the VWLPDw and VSLPDs LPD
complexes are shown in Fig. 6a and b, respectively. In both
figures, the upper graphs show the results obtained using the
Group 1 peptides while the lower graphs detail those for
Group 2 peptides. Considering the LPDs prepared fully in
water (VWLPDw) using Group 1 peptides (Fig. 6a), with the
exception of H;,BLY at a L: P: D charge ratio of 0.5:1:1, less
than 25% fluorescence compared to that produced by free
DNA control remained; in the case of H;,BLY it was about
45%. Considering the corresponding LPDs prepared using the
Group 2 peptide-based LPD complexes, about 40% fluo-
rescence was measured at an L:P:D charge ratio of 0.5:1:1,
suggesting that VwWLPDw LPDs containing the Group 1 pep-
tides have a greater capacity to condense the pDNA than the
corresponding Group 2 complexes. Regardless of whether a
Group 1 or Group 2 peptide was used to prepare the complex,
upon increasing the peptide ratio up to 0.5:6: 1, the conden-
sation of pDNA by the LPD complexes increased slightly, but
thereafter no further increase in condensation capacity was
seen, with the exception of the (HHR),BLY containing
complex. When considering the LPD complexes prepared
totally in 120 mM NacCl solution (VsLPDs) (Fig. 6b), irrespective
of the Group of peptides used, an apparently lower ability to
condense pDNA was observed. For example, for the Group 1
peptides, the VSLPDs LPDs prepared using H;,BLY and K,;BLY,
at an L:P:D charge ratio of 0.5:6:1 showed ~50 