pharmaceutics

Article

In Vitro CRISPR/Cas9 Transfection and Gene-Editing Mediated
by Multivalent Cationic Liposome-DNA Complexes

Diana A. Sousa 23, Ricardo Gaspar 2{7, Celso J. O. Ferreira

and Bruno E. B. Silva 2*

check for
updates

Citation: Sousa, D.A.; Gaspar, R.;
Ferreira, C.J.O.; Baltazar, F.;
Rodrigues, L.R; Silva, B.EB. In Vitro
CRISPR/Cas9 Transfection and
Gene-Editing Mediated by
Multivalent Cationic Liposome-DNA
Complexes. Pharmaceutics 2022, 14,
1087. https://doi.org/10.3390/
pharmaceutics14051087

Academic Editor: Simon C. W.

Richardson

Received: 21 March 2022
Accepted: 17 May 2022
Published: 19 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,4 5,6

, Fatima Baltazar 5°(0, Ligia R. Rodrigues 1-3-*

CEB—Centre of Biological Engineering, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal;
diana.sousa@ceb.uminho.pt
INL—International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga, 4715-330 Braga, Portugal;
ricardo.gaspar@inl.int (R.G.); celso.ferreira@inl.int (C.J.O.F.)
3 LABBELS—Associate Laboratory, 4710-057 Braga, Portugal
4 CF-UM-UP, Department of Physics, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal
5 Life and Health Sciences Research Institute (ICVS), School of Medicine, University of Minho,
4710-057 Braga, Portugal; fbaltazar@med.uminho.pt
6 ICVS/3B’s—PT Government Associate Laboratory, 4805-017 Guimaraes, Portugal
*  Correspondence: Irmr@deb.uminho.pt (L.R.R.); bruno.silva@inl.int (B.F.B.S.)

Abstract: Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
nuclease 9 (Cas9) gene-editing offers exciting new therapeutic possibilities for disease treatment with
a genetic etiology such as cancer, cardiovascular, neuronal, and immune disorders. However, its
clinical translation is being hampered by the lack of safe, versatile, and effective nonviral delivery
systems. Herein we report on the preparation and application of two cationic liposome-DNA
systems (i.e., lipoplexes) for CRISPR/Cas9 gene delivery. For that purpose, two types of cationic
lipids are used (DOTAP, monovalent, and MVL5, multivalent with +5e nominal charge), along
with three types of helper lipids (DOPC, DOPE, and monoolein (GMO)). We demonstrated that
plasmids encoding Cas9 and single-guide RNA (sgRNA), which are typically hard to transfect due
to their large size (>9 kb), can be successfully transfected into HEK 293T cells via MVL5-based
lipoplexes. In contrast, DOTAP-based lipoplexes resulted in very low transfection rates. MVL5-
based lipoplexes presented the ability to escape from lysosomes, which may explain the superior
transfection efficiency. Regarding gene editing, MVL5-based lipoplexes achieved promising GFP
knockout levels, reaching rates of knockout superior to 35% for charge ratios (+/—) of 10. Despite the
knockout efficiency being comparable to that of Lipofectamine 3000® commercial reagent, the non-
specific gene knockout is more pronounced in MVL5-based formulations, probably resulting from
the considerable cytotoxicity of these formulations. Altogether, these results show that multivalent
lipid-based lipoplexes are promising CRISPR/Cas9 plasmid delivery vehicles, which by further
optimization and functionalization may become suitable in vivo delivery systems.

Keywords: CRISPR; Cas9; gene knockout; CL-DNA; lipoplex; plasmid; gene delivery; multivalent
cationic lipids; MVL5

1. Introduction

The discovery of clustered regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated nuclease 9 (Cas9) has opened new possibilities to knockout or
repair genes, revolutionizing the concept of gene therapy and promoting new exciting
therapeutic possibilities [1,2]. CRISPR/Cas9 is a two-component system composed of
Cas9, an RNA-guided endonuclease capable of cleaving double-stranded DNA, and a
20-nucleotide target-specific sequence specified by single-guide RNA (sgRNA), which
directs the Cas9 to a target site for DNA cleavage. The cleavages can be repaired by the
nonhomologous end-joining (NHE]) or homology-directed repair (HDR) pathways [3,4].
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The NHE] is associated with variable sizes of insertions or deletions (indels) that interrupt
the expression of target genes by the frame shift occurring in the coding regions. This
typically causes gene disruption and knockout. In contrast, gene knock-in and precise gene
corrections can be achieved by HDR using a donor DNA template [5]. These features make
the CRISPR/Cas9 system an exciting therapeutic possibility for treating, preventing, or
curing a wide range of diseases [6].

Despite this obvious promise, delivery of CRISPR/Cas9 is one of the major technical
concerns limiting the therapeutic application of this technology [7]. This system can be
delivered in the form of a DNA plasmid encoding both the Cas9 protein and sgRNA [8], or
it may be delivered in the form of Cas9 mRNA [9,10] or native Cas9 protein [11], in which
both cases the sgRNA needs to be co-delivered as well. Viral vectors, such as lentiviral
vectors, adenoviral vectors, and adeno-associated virus (AAV) vectors have been used
most often for the delivery of Cas9/sgRNA-encoded plasmids for CRISPR therapeutics,
showing excellent gene transfection efficiency (TE). However, viral expression results in
immunogenic responses, long-term expression, and off-target effects [12,13]. Moreover, a
large fraction of the human population has pre-existing immunity to AAV, making them
ineligible for AAV-based therapies [14]. Therefore, a panel of nonviral vectors is being
developed to address the limitations of viral-based vectors and improve genome editing
for both in vitro and in vivo applications [8,10,15,16].

Cationic liposomes (CLs) are among the most promising vectors for delivering nucleic
acids to cells, including DNA plasmids, mRNA, and siRNA [17-26]. Their cationic charge
mediates strong electrostatic interactions with the negative charges of nucleic acids, giv-
ing rise to the formation of CL-NA complexes (often called lipoplexes) [23,25-27]. These
complexes adopt internal nanostructures of lamellar, hexagonal or cubic bicontinuous sym-
metry, with lipid membranes embedding the nucleic acids [24,25,28-31]. By manipulation
of the cationic-to-anionic charge ratio, CR (+/—), between liposomes and nucleic acids, as
well as adjusting the lipid membrane charge density [32,33], level of PEGylation [34,35],
and inclusion of stimuli-responsive or targeting functionalization [36—42], these particles
can be made highly efficient. While the efficiency is still not at the level of viral methods,
these particles are generally safer, less immunogenic, and simpler to manufacture on larger
scales. A related type of lipid nanodelivery system, using ionizable lipids that are cationic
only at lower pH [22,43,44], is the base of current mRNA vaccines being used worldwide for
COVID-19 prevention [45,46]. In a landmark recent result, an early-stage clinical trial has
shown that ionizable lipid nanoparticles encapsulating mRNA-encoded Cas9 and sgRNA
targeting the transthyretin amyloidosis gene led to a marked decrease of the misfolded
protein in blood, opening excellent prospects for future treatments [47].

Besides the recent excitement of RNA-based approaches, co-delivery of two compo-
nents with significantly different sizes such as Cas9 mRNA (4.5 kb) and sgRNA (0.1 kb), is
still challenging [16]. Plasmid DNA, on the other hand, can be engineered to encode both
the Cas9 gene and the sgRNA within one plasmid, making it simpler to deliver. However,
the large size of Cas9/sgRNA plasmids (9-19 kb) may hinder its effective and efficient
intracellular transfection [48-50].

In recent years, multivalent cationic lipids have been proposed as a promising strategy
to boost the TE of lipid-DNA complexes [33,51-54]. The use of multivalent cationic lipids
(e.g., DOSPA [51] and MVLS5 [55]) instead of monovalent ones allows for reaching higher
lipid membrane charge densities, which mediate favorable interactions with anionic cell
and endosomal membranes, leading to higher transfection [52]. Simultaneously, lipids
with a higher valence allow reducing the number of used cationic lipid molecules, which
enables a reduction in cytotoxicity, and at the same time allows the inclusion of larger
amounts of helper lipids in the membranes, which can also lead to enhanced transfection
and gene silencing. Lipoplexes composed of MVL5 and different helper lipids, including
monoolein (GMO), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol,
were shown to have superior TE compared to monovalent cationic lipid formulations, with
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MVL5/GMO complexes also showing superior performance in the presence of serum and
in harder-to-transfect human cell lines [53].

In this work, we aimed to study the suitability of multivalent cationic lipid-DNA
complexes for delivery and transfection of CRISPR/Cas9 DNA plasmids to in vitro human
cells (HEK 293T) and the resulting gene knockout. MVLS5, a pentavalent cationic lipid,
introduced by Ewert and Safinya in 2002 [55], is now commercially available and was
chosen as the multivalent lipid. Besides the charge of the liposome membrane, also its
elastic properties and propensity to form non-bilayer structures are thought to be important
in facilitating the fusion of lipoplexes with the endosomal membrane and improving trans-
fection [43,56,57]. Hence, three different helper lipids, DOPC, GMO, and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), were used in addition to MVL5, to produce four
different binary lipid formulations (MVL5:DOPC 50:50, MVL5:GMO 50:50, MVL5:DOPE
50:50, and MVL5:DOPE 75:25). While all resulting lipid-DNA complexes are expected to
show a lamellar-type nanostructure for the used compositions [33,57], the DOPE and GMO
lipids have a higher propensity to form inverted lipid phases, such as reverse hexagonal
and, in the case of GMO, also bicontinuous cubic phases [56-58]. Hence, by combining
a highly-charged lipid with three lipids with different propensities to form non-bilayer
structures, we hope to identify a regime of suitable transfection efficiency for the large plas-
mids containing the Cas9 and sgRINA sequences. For comparison purposes, we used also
analogous formulations using the monovalent 2,3-Dioleyloxypropyltrimethylammonium
chloride (DOTAP) lipid, which is one of the most used lipids in transfection, as well as the
commercial Lipofectamine 3000®.

To measure the TE of the CRISPR/Cas9 plasmid, the plasmid that fuses the reporter
green fluorescence protein (GFP) gene and the Cas9 expression cassette (pSpCas9(BB)-2A-
GFP (PX458)) was used to facilitate the detection of Cas9 expression in the transfected
cells (Figure 1a). Moreover, a Cas9 expression plasmid containing a sgRNA to target the
GFP gene (PX459-sgRNA-GFP) was constructed (Figure 1b) to evaluate the gene knockout
efficiency, being the knockout efficiency determined by the loss of GFP signal. To account
for the loss of GFP signal caused by toxicity or non-specific knockout, the PX459 empty
vector was also used as a control.

Cas9 expression
# GFP expression
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Cas9-sgRNA and GFP coding plasmid MVL5-based lipoplex HEK 293T cells
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Figure 1. The experimental approach to study Cas9/sgRNA plasmid transfection and gene knockout.
(a) A plasmid encoding both Cas9 and GFP cassettes is encapsulated into multivalent cationic lipid
lipoplexes and administered to HEK 293T cells in vitro. The emergence of a green fluorescence
signal in the cells, which indirectly indicates Cas9 expression, is detected by flow cytometry and
fluorescence microscopy. (b) To measure CRISPR-mediated gene knockout, HEK 293T cells stably
expressing GFP are used. A Cas9 expression plasmid containing a sgRNA to target the GFP gene
(PX459-sgRNA-GFP) is designed. The depletion of fluorescence signal associated with GFP knockout
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is detected by flow cytometry and fluorescence microscopy. To distinguish between CRISPR-mediated
GFP knockout and non-specific GFP reduction (e.g., caused by cytotoxicity), a similar plasmid
without the sgRNA targeting sequence is used. U6: U6 promoter; sgRNA: contains a target sequence;
CMV: CMV promoter, Cas9: Cas9 expression cassette; 2A: 2A self-cleaving peptide; GFP: GFP
selection marker; Puro: Puromyecin selection marker.

2. Materials and Methods
2.1. Reagents and Materials

Plasmids pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid #62988) and pSpCas9(BB)-
2A-GFP (PX458) (Addgene plasmid #48138) were a gift from Feng Zhang [59]. Endotoxin-
free plasmids were extracted using ZymoPURE II Plasmid Maxiprep Kit from Zymo
Research. Lipofectamine™3000, Texas-Red DHPE, and LysoSensor Green DND-189 were
purchased from ThermoFisher Scientific. 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) and paraformaldehyde and dimethyl sulfoxide (DMSO) were
purchased from Sigma. 4’,6-diamidino-2-phenylindole (DAPI) was purchased from Biotium.
All cell culture reagents were purchased from Biochrom. Venor™ GeM Mycoplasma
Detection Kit was purchased from Merck. The gene target sequences were synthesized by
Alfagene. Lipids MVL5, DOTAP, DOPC, and DOPE were purchased from Avanti Polar
Lipids (USA). GMO was purchased from Nu-Chek Prep (Elysian, MN, USA). All lipids
were used as received. F-Luc-GFP lentivirus was purchased from Capital Biosciences.

2.2. Liposome Preparation

Liposomes were prepared with different lipid compositions and membrane charge
densities (o). To achieve this, cationic DOTAP or MVL5 (Figure 2a) were mixed with
different helper lipids DOPC, DOPE, or GMO at different molar fractions. Lipid stocks dis-
solved in chloroform were mixed in the desired ratios. For cellular uptake and intracellular
distribution studies, liposomes included also 0.1 mol% of total lipid of Texas-Red-DHPE.
The resulting mixture was dried using a constant nitrogen gas stream and then placed in
a vacuum overnight. The lipid film was resuspended in ultrapure nuclease-free Milli-Q
water. The suspensions were vortexed and sonicated using a tip sonicator for 1 min, with
10% amplitude and 50% duty cycle using a Branson Digital Sonifier 250 Model.

2.3. Lipoplex Preparation and Characterization

For lipoplex formation, equal volumes of liposomes and DNA solutions were mixed
to the desired concentration. Lipoplexes were prepared with a cationic-to-anionic CR (+/—)
of 3 and 10. The CR (+/—) is calculated as the total number of positive charges (from
the number and valence of DOTAP or MVL5 molecules) divided by the total number of
negative charges (from the number and valence of DNA molecules). The nominal charge of
+5e was assumed for MVL5, although experimental data at near-physiological conditions
indicate that the average charge is closer to +4.5¢ [33]. The resulting mixtures were promptly
vortexed for 30 s and left at least 30 min under stirring conditions. The formed complexes
were stored at 4 °C. The sizes and zeta potential of the liposome solutions were determined
with Dynamic Light Scattering (DLS), using an SZ-100 device from Horiba, measuring
scattering at a detection angle of 173°. The autocorrelation (AC) function is fitted using the
cumulants method, which provides the diffusion coefficient of the particles and respective
polydispersity index (PDI) [60]. In some cases, samples showed AC curves evidencing two
size populations. In such cases, the AC curves were fitted with a biexponential decay model,
providing the diffusion coefficient of both populations. The particle size (hydrodynamic
diameter) is then obtained through the Stokes-Einstein relation. Each sample was measured
for three runs of 60 s.

The stability of the MVL5-based lipoplexes was assessed by DLS measurements of
the hydrodynamic diameter of the multivalent CL-DNA complexes incubated with cell-
cultured medium (DMEM) at 37 °C for 24 h.
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Figure 2. Chemical structure of monovalent cationic lipid DOTAP and multivalent cationic lipid
MVLS5 (a). Biophysical characterization of monovalent (DOTAP), and multivalent (MVL5) lipoplexes
incorporating the PX458 plasmid at CR (+/—) 3 (b—d) and CR (+/—) 10 (e). The average size and zeta
potential of DOTAP and MVL5-based lipoplexes were measured in ultrapure nuclease-free Milli-Q
water. Data represent at least three independent experiments and are presented as the mean =+ SD.
Formulations marked with an asterisk showed bimodal distributions fitted with a biexponential
decay model. (f) DLS measurements of the hydrodynamic diameter of the MVL5-based lipoplexes
incubated with DMEM at 37 °C. Formulations marked with “*” were fitted with a biexponential
decay model.

2.4. Cell Culture

The human embryonic kidney (HEK) 293T (ATCC CRL-3216) cell line and HEK
293T cell line with stable GFP expression were cultured in Dulbecco’s minimal essential
medium (DMEM), supplemented with 10% heat-inactivated fetal bovine serum (FBS) and
1% penicillin-streptomycin. Cells were grown in polystyrene tissue culture flasks in a
humidified atmosphere of 5% CO, and 37 °C and subcultured using 0.25% Trypsin-EDTA
solution. Mycoplasma testing by PCR was carried out routinely using Venor™ GeM
Mycoplasma Detection Kit.

HEK293T stably expressing GFP (HEK293T-GFP) cell line was generated by trans-
duction with F-Luc-GFP lentivirus in which GFP was expressed under the puromycin
resistance marker. The infection was carried out at a multiplicity of infection (MOI) of
10 in a complete medium supplemented with 5 ng/mL of Polybrene. Stably transduced
cells were selected by adding 2 ug/mL of Puromycin, and the selection was conducted for
14 days.
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2.5. In Vitro Transfection and Gene Expression Analysis

To evaluate in vitro transfection, HEK 293T cells were transfected with the pSpCas9(BB)-
2A-GFP (PX458) plasmid, which contains both Cas9/sgRNA and GFP expression cassettes.
Cells were plated at a density of 2 x 10° cells/well in a 6-well plate and grown to approxi-
mately 60-70% confluency before transfection. All CL-DNA complexes, containing 1 or
2 ug of PX458, were diluted to a final volume of 1 mL in DMEM medium (in absence of
serum) and transferred onto cells. Then, 4 h post-transfection, the complexes were removed,
and the medium was replaced by a complete DMEM medium for an additional 48 h of
incubation. Lipofectamine®3000-DNA complexes were used as a positive control according
to the manufacturer’s instructions. GFP gene expression was measured on an EC800 Flow
Cytometry Analyzer (Sony Biotechnology Inc., San Jose, CA, USA) by counting at least
20,000 events. Analysis of data was performed on the Flow]Jo 10.8.0 software to calculate
the percentage of GFP-positive cells. In addition to flow cytometry, GFP-expressing cells
were also visualized by fluorescence microscopy. For this, cells transfected beforehand were
fixed with 4% paraformaldehyde for 40 min at room temperature, followed by counter-
staining with DAPI for 15 min at room temperature. Cells were observed in a fluorescence
microscope [OLYMPUS BX51] incorporated with a high-sensitivity camera Olympus DP71
at 10x magnification. Images were analyzed by Image] (Version 1.51q, National Insitutes
of Health, Bethesda, MD, USA).

2.6. In Vitro Cytotoxicity Assay

The colorimetric MTT assay was used to evaluate the effect of CL-DNA complexes
incorporating Cas9/sgRNA plasmid on cell viability. Then, 1 x 10* HEK 293T cells were
plated on 96-well culture plates and incubated overnight. Then, cells were incubated with
CL-DNA complexes containing 0.1 ug DNA per well for 4 h. After incubation, the CL-DNA
complex solution was replaced by DMEM complete medium. Cell viability was measured
after 48 h by adding to each well 0.5 mg/mL of MTT and incubating for 4 h at 37 °C. The
blue formazan crystals formed by viable cells were dissolved in DMSO, and their optical
density was assessed at a wavelength of 570 nm in a microplate reader (Cytation 3, BioTek,
Winooski, VT, USA).

2.7. Cellular Uptake and Intracellular Distribution

To observe cellular uptake and intracellular distribution of cationic liposomes incorpo-
rating CRISPR/Cas9 DNA plasmids, monovalent and multivalent cationic liposomes at
CR (+/—) 3 were prepared using Texas-Red-labelled liposomes, as described above. The
CL-DNA complexes were formulated with CRISPR/DNA plasmid (PX458) and added to
HEK 293T cells previously seeded on coverslips in a 24-well plate (5 x 10* cells/well) at
a final concentration of 2 ug/mL of DNA. The transfected cells were incubated for 4 h at
37 °C, and then 1 pM of LysoSensor Green DND-189 was added to each sample to label
lysosomes and sustained for 30 min at 37 °C. Next, the medium was removed, and the
coverslips were observed using a 60x and 100x oil immersion objective in a fluorescence
microscope [OLYMPUS BX51] incorporated with a high-sensitivity camera Olympus DP71.
Images were analyzed by Image]J software.

2.8. GFP Gene Disruption Assay

A single-guide RNA (sgRNA) was selected to target GFP’ sequence (sgRNA-GFP:
GGGCACGGGCAGCTTGCCGG). The sgRNA was inserted into the BbSI sites of pSpCas9(BB)-
2A-Puro (PX459) plasmid. The multivalent CL-DNA complexes were formed incorporating
2 pg of PX459-sgRNA-GFP (Figure 1b), and then transferred onto HEK 293T-GFP cells,
seeded beforehand on a 6-well plate at 2 x 10° cells/well. Cells were exposed to CL-
DNA complexes for 4 h in a free-serum medium, and then the CL-DNA complex solution
was replaced by DMEM complete medium. The unmodified PX459 plasmid was used
as a negative control, and Lipofectamine®3000-DNA complexes were used as a positive
control in GFP gene disruption. GFP knockout was assessed 72 h after transfection by the



Pharmaceutics 2022, 14, 1087

7 of 16

percentage of GFP-negative cells, evaluated using EC800 Flow Cytometry Analyzer (Sony
Biotechnology Inc., San Jose, CA, USA). A total of 15,000 events were counted.

2.9. Statistical Analysis

Data were expressed as mean =+ standard deviation (SD) of at least two independent
experiments. One-way ANOVA with Dunnett’s multiple comparisons test and two-way
ANOVA with Sidak’s multiple comparisons test were performed using GraphPad Prism
8.3.0 (GraphPad Software, Inc., San Diego, CA, USA) to identify differences among multiple
groups, considering a significance level of 95%.

3. Results and Discussion
3.1. Lipoplex Size and Zeta Potential

Figure 2b,c shows the average particle sizes of the different formulations used. For the
DOTAP /helper lipid mixtures two molar ratios were used, 80:20 and 30:70, respectively.
Most particles have sizes between 85-120 nm, with the exception of the molar ratio of 80:20
in the DOTAP/GMO mixture, which shows a bimodal distribution in all three replicas (a
population of particles with a size of 73 & 1 nm, which represents most of the particles
and is shown on the figure, plus a small population of >20 um aggregates). Regarding the
MVL5 formulations, the cationic to neutral lipid molar ratio was 50:50, with the additional
formulation of MVL5/DOPE at 75:25. In contrast to DOTAP, the MVL5 formulations have
more distinct sizes among themselves. The 50:50 MVL5/DOPE particles are the largest,
with sizes of 149 + 11 nm. The 75:25 MVL5:DOPE showed the smallest sizes (76 + 14 nm),
although one of the replicas exhibited a slight amount of a second population with >20 um
particles. The MVL5/GMO particles, such as the ones in DOTAP/GMO 80:20, indicated the
presence of two populations in two of the replicas, with the dominant population (shown in
the figure) with a size of 81 £ 13 nm, and a small population of >20 um particles (Table S1).

The zeta potential of the CL-DNA complexes was also assessed. Both DOTAP and
MVL5-based lipoplex formulations are positively charged (Figure 2d,e), with the DOTAP-
based formulations exhibiting larger zeta potential values. The DOTAP/DOPC mixtures
exhibited the highest potential, corresponding to 82 & 6 mV and 81 £ 3 mV for the
molar ratio of 30:70 and 80:20, respectively. Regarding the MVL5-based lipoplexes, all
formulations showed similar values of potential (around 40-50 mV), except for the 75:25
MVL5:DOPE mixture, which displayed the lowest value (26.5 £ 9.1 mV).

The stability of the multivalent lipoplexes was evaluated by incubating these with
a cell culture medium (DMEM) at 37 °C. Figure 3f shows the hydrodynamic diameter
of the CL-DNA complexes prior to the medium addition (TO no medium) and after the
dilution in DMEM at three time points (0, 4, and 24 h). The hydrodynamic diameter of the
DOPC and GMO complexes showed a small increase in size immediately after the medium
change, and a moderate increase during the following 24 h. This indicates suitable colloidal
stability of these CRISPR delivery systems. In contrast, the MVL5/DOPE formulations
increased their size to more than twice already at TO and continued to increase over time
until strong aggregation was observed, making it not possible to measure their size at the
24 h time point.

3.2. In Vitro Transfection

To evaluate the in vitro transfection, HEK 293T cells were exposed for 4 h to mono-
valent or multivalent CL-DNA complexes encapsulating the Cas9/sgRNA-GFP plasmid
(PX458). This plasmid design facilitates the detection of positively transfected cells through
the expression of GFP (Figure 1a). The number of GFP-positive cells was determined after
48 h of incubation by flow cytometry. Lipofectamine 3000, the most potent commercially
available in vitro transfection reagent, was chosen as the positive control. Figure 3a shows
the percentage of GFP-expressing cells after treatment with monovalent lipoplexes with
CR (+/—) fixed at three and different cationic to neutral lipid ratios (30:70 and 80:20). This
CR (+/—) of three was found to be optimal for transfection of mouse L-cells with monova-
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lent cationic lipid lipoplexes [61]. However, HEK 293T cells treated with DOTAP-based
lipoplexes at a final DNA concentration of 2 pg/mL showed a very low percentage of
GFP-positive cells in comparison to the commercial transfection reagent (p < 0.0001). Even
though HEK 293T cells are not particularly easy to transfect with monovalent cationic
lipoplexes, we were expecting a measurable improvement with the 80:20 lipoplexes, as
evidenced by transfection with luciferase reporter genes [62]. This lack of improvement sug-
gests that the larger size of the Cas9 plasmid, which is almost twice the size of the luciferase
reporter genes, makes it harder to transfect cells efficiently, and demonstrates that these
formulations are not able to improve gene delivery for CRISPR/Cas9-based applications.
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Figure 3. in vitro transfection and cytotoxicity in HEK 293T cells transfected with the Cas9/sgRNA-
GFP plasmid (PX458). The percentage of GFP-positive cells was measured by flow cytometry. The
data are expressed as the mean + SD (n = 3). (a) Transfection efficiency of DOTAP-based lipoplexes at
CR (+/—) 3. One-way ANOVA indicates statistically significant differences within the group assessed
by Dunnett’s multiple comparisons test and denoted as follows: **** p < 0.0001. (b,c) Transfection
efficiency of MVL5-based lipoplexes at a CR (+/—) of 3 and 10, respectively. (d) Fluorescence
microscopy images of HEK 293T cells transfected with 2 pg/mL of PX458 plasmid via multivalent
CL-DNA complexes. Scale bars correspond to 100 pm. (e,f) Cytotoxicity profile of monovalent
(DOTAP) and multivalent (MVL5) lipoplexes, respectively, as evaluated by the MTT assay. HEK 293T
cells were transfected with lipoplexes containing 0.1 pg of PX458. Untreated cells were used as a
negative control (100% viable cells). The dashed line corresponds to 70% of cell viability. Data are
expressed as the mean & SD (n = 3). Two-way ANOVA indicates statistically significant differences
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within the group assessed by Sidak’s multiple comparisons test and denoted as follows: **** p <
0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, and ns p > 0.05.

In stark contrast, the MVL5-based lipoplexes (Figure 3b,c and Figure S1) showed
meaningful levels of transfection for all the tested formulations, reaching values such as
those with lipofectamine in some cases. This may be caused by the significantly higher
lipid membrane charge density of the multivalent complexes, which has been suggested
to facilitate the escape of the lipoplexes to the cytosol through the fusion of the lipid and
endosomal membranes [32].

Interestingly, the increase of DNA concentration from 1 to 2 ug/mL produced a strong
increase in the TE, especially at CR (+/—) of 3. Increasing the CR (+/—) from 3 to 10
also improved the TE, but this effect was much more visible for the 1 ug/mL CL-DNA
complexes. For the 2 ng/mL CL-DNA solutions, the increase in CR (+/—) produced a
milder improvement in the TE. The milder improvement at CR (+/—) 10 may be the result
of a much higher concentration of cationic lipid in the cells, which may, in turn, result in
some additional cytotoxicity that hampers the TE, as discussed below.

Regarding the type of neutral lipid used, the MVL5-based formulations exhibited
similar transfection efficiencies under the same conditions, which may be an indication that
the interactions of these complexes with cells, and ensuing TE, are dominated by the strong
charge emanating from the multivalent cationic lipids, and that the type of neutral lipid,
whereas it is more fusogenic or not, plays a weaker role. This is not entirely surprising,
since these lipoplex compositions are expected to have similar internal structures of the
multilamellar type, hence, favoring similar mechanisms of interaction with cells.

In addition to the flow cytometry results, transfection by MVL5 lipoplexes at 2 pg/mL
DNA was also analyzed by fluorescence microscopy imaging (Figure 3d). Such results show
bright green fluorescence signals resulting from GFP-expressing cells, being more evident
for CR (+/—) 10 lipoplexes and corroborating the flow cytometry results. Both flow cytom-
etry and fluorescence microscopy data demonstrate that multivalent CL-DNA complexes
at CR (+/—) 10 are effective vectors for plasmid-based CRISPR/Cas9 systems in vitro,
encouraging further investigation in its potential translation for in vivo applications.

While the two-component lipid formulations based on DOTAP were shown to have a
poor performance, recent studies have successfully demonstrated the delivery of CRISPR/Cas9
systems using more complex DOTAP-based lipoplexes [63-65]. For instance, Hosseini et al. [64]
showed that the DOTAP/DOPE/Chol-Polyethylene Glycol system can successfully trans-
fect the Cas9/sgRNA plasmid into HEK 293 cells stably expressing GFP, leading to a GFP
gene knockout of 39%. This achievement may be partly explained by the incorporation of
cholesterol, which is known to improve the TE in monovalent CL-DNA complexes [66]
and some studies have demonstrated its important role in intracellular trafficking [67-69].
In the present work, we showed that replacing DOTAP with MVL5 in simple two-lipid
formulations leads to a pronounced improvement in the transfection of Cas9/sgRNA
plasmids. By further optimization of the multivalent cationic lipid formulations, i.e., by
adjusting the DNA concentration and CR (+/—), as well as incorporating additional lipids
such as cholesterol, these formulations may become highly efficient and compete with
viral-delivery methods.

3.3. Cytotoxicity of Monovalent and Multivalent CL-DNA Complexes

The evaluation of cell viability impact is particularly relevant for the development of
safe and effective gene delivery systems because cytotoxicity influences the transfection rate
efficiency. Cytotoxicity of CL-DNA complexes was assessed using the standard colorimetric
MTT assay. HEK 293T cells were transfected by CL-DNA complexes for 48 h, and untreated
cells were used as a positive control and normalized to 100% cell viability. According
to ISO 10993-5, no cytotoxic effect is considered in cell viability for values greater than
70%. As shown in Figure 3e, monovalent CL-DNA complexes at CR (+/—) 3 demonstrated
biosafety, except for 80:20 and 30:70 DOTAP/GMO formulations, which exhibited a survival
rate of 67.9 & 6.6% and 48.1 £ 4.5%, respectively. Regarding the complexes at CR (+/—) of
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10, there was a significant decrease of cell viability for nearly all the formulations compared
to those at lower CR (+/—) after 48 h of transfection. The 80:20 DOTAP/DOPC and 30:70
DOTAP/DOPE formulations exhibited the most significant increase in toxicity (p < 0.0001),
followed by 80:20 DOTAP/DOPE (p < 0.001) and 80:20 DOTAP/GMO (p < 0.01).

Concerning multivalent CL-DNA complexes (Figure 3f), the same trend was observed.
All multivalent CL-DNA complexes at CR (+/—) 3 were demonstrated to be safe enough
for gene delivery since no obvious cytotoxic impact was observed on HEK 293T transfected
cells. The average cell viability of CR (+/—) 3 formulations (86%) was significantly superior
to those prepared at CR (+/—) 10 (57%). Moreover, both monovalent and multivalent
cationic systems at CR (+/—) 3 exhibited less cytotoxicity than the commercial transfection
reagent Lipofectamine 3000. These results suggest that the CR (+/ —) influences the viability
of the transfected cells. This is not surprising since for a fixed DNA concentration, increasing
the CR (+/—) results in an increase in the lipid concentration used, and therefore, in an
increase in cytotoxicity.

Overall, the observed interdependence between the DNA concentration and CR (+/—)
on the TE (Figure 3b,c) suggests that by careful tuning of these two parameters, the TE and
cytotoxicity can be adjusted to an effective and safe CRISPR/Cas9 delivery system.

3.4. Cellular Uptake and Intracellular Distribution of Monovalent and Multivalent
CL-DNA Complexes

To understand the TE differences exhibited by monovalent and multivalent CL-DNA
complexes, cellular uptake and intracellular distribution studies of these lipoplexes were
performed. The TE of lipoplexes greatly depends on their ability to overcome intracel-
lular barriers to deliver exogenous DNA into the cell nucleus of the host cell and enable
its expression. The cellular uptake mechanism and trafficking to lysosomes are critical
for efficient delivery since the rearrangement of lipoplexes structure during those stages
influences the DNA escape process and release into the cytoplasm [70]. Therefore, colocal-
ization analysis of fluorescence signals from labeled lipoplexes (red, Texas-Red-DHPE) and
lysosomes (green, LysoSensor Green DND-189) was performed to evaluate the intracellular
fate of lipoplexes. Despite both monovalent and multivalent lipoplexes being uptaken by
HEK 293T cells, DOTAP-based lipoplexes were predominantly found in the lysosomes
originating a yellowish signal derived from the colocalization of lipoplexes and lysosomes
(Figure 4). This observation suggests that DOTAP-based lipoplexes have a poor endosomal
release capacity in HEK 293T cells, eventually undergoing lysosomal degradation, which
results in low TE. In contrast, the absence of colocalization of the MVL5-based lipoplexes
with LysoSensor suggests that these formulations can elude metabolic degradation and
escape from lysosomal entrapment. This remark might explain the superior TE of MVL5-
based lipoplexes over monovalent lipoplexes, highlighting the potential of MVL5 to boost
the TE of lipid-DNA complexes. Interestingly, no differences were obvious between using
DOPC or GMO as the helper lipid, which as pointed out above, hints that fusion of the
lipoplex membranes with the endosomes and subsequent endosomal escape is dominated
by the high membrane charge density imposed by MVL5.

3.5. GFP Disruption Mediated by Multivalent CL-DNA Complexes

To evaluate the potential of MVL5-lipoplexes to deliver Cas9/sgRNA plasmids and
induce gene disruption in vitro, HEK 293T-GFP cells were used, and a plasmid encoding
the Cas9 protein and sgRNA targeting the GFP gene (PX459-sgRNA-GFP) was designed
(Figure 1b). The GFP gene disruption efficiency was quantitatively determined with flow
cytometry by measuring the decrease in the number of green fluorescence positive cells.
The PX459 empty vector was used as a negative control to assess any non-specific effect of
the vector/backbone itself on GFP gene expression in HEK293T-GFP cells. The loss of GFP
signal resulting from the PX459-sgRNA-GFP and PX459 plasmid transfection are plotted as
total knockout (K1) and non-specific gene knockout (Kns), respectively (Figures 5 and S2).
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Figure 4. Colocalization of DOTAP and MVLS5 lipoplexes signal (red) with LysoSensor (lysosome
marker, green) after 4 h of transfection. HEK 293T cells were transfected with Texas-Red-DHPE
labeled lipoplexes for 4 h at 37 °C, and then stained with LysoSensor to track the lysosomes” location.
Merged files are representative of the colocalization of CL-DNA complexes with lysosomes. Images
were obtained by fluorescence microscopy using a 60x and 100x immersion oil objective. Scales bar
corresponds to 10 and 20 um.
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efficiency of MVL5-based lipoplexes at a CR (+/—) of 3 and 10, respectively. The percentage of
GFP-negative cells was measured by flow cytometry. The data are expressed as the mean+ SD (1 = 2).
Kt is measured with the PX459-sgRNA-GFP and Kyg is measured with the PX459 empty vector.
(c) Fluorescence microscopy images of HEK 293T-GFP cells transfected with MVL5-lipoplexes at a
CR (+/—) of 10. Scales bars correspond to 100 um.

As shown in Figure 5a, for CR (+/—) of 3, the Kt of MVLS5 lipoplexes is relatively low
when compared to that of lipofectamine, but it increases substantially when the CR (+/—)
is increased to 10 (Figure 5b). However, the non-specific gene knockout (Kys) is also more
pronounced in those formulations. These expressive values of Kyg could be explained by
the toxic effects caused by these formulations at CR (+/—) 10, which are particularly high
for the MVL5/DOPE 75:25 and MVL5/GMO 50:50 as previously demonstrated (Figure 3f).
The discrepancy between transfection and knockout results from MVL5-based complexes
when compared to lipofectamine could be associated with the higher toxicity observed for
the former, that is, cells incubated with MVL5-lipoplexes are still able to express Cas9, but
the subsequent gene knockout processes are hampered by the formulations cytotoxicity.
Yet, all MVL5-based formulations at CR (+/—) 10 show a total Kt superior to 35%.

GFP expression was also observed by fluorescence microscopy (Figure 5c). Analyzing
the images, it is possible to observe that the GFP signal is weaker in cells transfected with
Lipofectamine 3000 in comparison to MVL5-based lipoplexes, which is in agreement with
the flow cytometry results.

Overall, these results show that MVL5-based lipoplexes enabled the delivery of
Cas9/sgRNA plasmids to human epithelial kidney cells and mediated GFP knockout
via the CRISPR/Cas9 system at levels comparable with the commercial transfection reagent
Lipofectamine 3000®. The knockout efficiency was especially high for CR (+/—) 10, al-
though cytotoxicity from the formulations was also significant and may have contributed
to a significant level of non-specific gene silencing. Nevertheless, these MVL5-based formu-
lations can still be optimized by further adjusting the CR (+/—) and DNA concentration,
which can lead to a better cytotoxic profile while keeping a suitable TE and gene knockout
efficiency. They can also be modified to include additional lipids (e.g., cholesterol) or
surface modifications (e.g., PEGylation and targeting ligands) to improve transfection and
knockout efficiencies in vitro and in vivo even further, which is difficult to achieve with
the available commercial transfection reagents.

4. Conclusions

In this work, we investigated the suitability of simple multivalent cationic-DNA
complexes to deliver a Cas9/sgRNA expressing plasmid for genome editing. The liposomes
used are composed of two lipids, one cationic and one helper lipid. Whereas all the
monovalent DOTAP-based formulations resulted in extremely inefficient transfection,
MVL5-based formulations exhibited both high transfection efficiency as well as gene
knockout ability for all the helper lipids used. In addition, MVL5-based lipoplexes were also
found to have lower colocalization with lysosomes, which suggests enhanced endosomal
release when compared with DOTAP formulations. Overall, this suggests that the higher
membrane charge density imposed by MVLS5 is the main factor contributing to fusion with
the endosomal membrane and consequent enhancement of transfection efficiency. Despite
the transfection efficiency rates being comparable to lipofectamine 3000® commercial
reagent, the GFP gene knockout was demonstrated to be slightly inferior. One drawback is
that the MVL5-based formulations also showed considerable non-specific gene knockout,
probably resulting from their higher cytotoxicity. Nevertheless, the versatility of these
formulations provides significant opportunities for further optimization, either by tuning
the cationic-to-anionic CR (+/—) to lower cytotoxicity or by including additional lipids
or surface functionalization, which is important for in vivo applications. These results
show that multivalent lipid-based lipoplexes are promising CRISPR/Cas9 plasmid delivery
systems, and by further optimization and functionalization may constitute an alternative
to viral-delivery methods and to ionizable lipid mRNA-based delivery lipid nanoparticles.
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cells transfected with the Cas9/sgRNA-GFP plasmid (PX458); Figure S2: Flow cytometry histograms
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AAV Adeno-associated virus (AAV)

Cas9 CRISPR-associated nuclease 9

CLs Cationic liposomes

CR Charge ratio

CRISPR  Clustered regularly interspaced short palindromic repeats
DAPI 4/ 6-diamidino-2-phenylindole

DLS Dynamic light scattering

DMSO  Dimethyl sulfoxide

DOPC Dioleoylphosphocholine

DOPE Dioleoylphosphatidylethanolamine

DOTAP  2,3-Dioleyloxypropyltrimethylammonium chloride
DNA Deoxyribonucleic acid

GFP Green fluorescence protein

GMO Glycerol-monooleate

HDR Homology directed repair

HEK Human embryonic kidney

Kns Non-specific knockout

Kt Total knockout

mRNA  messenger RNA

MTT 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
NJEH Nonhomologous end-joining

Puro Puromycin

PCR Polymerase chain reaction
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RNA Ribonucleic acid

SD Standard deviation
sgRNA Single-guide RNA
siRNA  Small interfering RNA

TE Transfection efficiency

References

1. Mali, P; Yang, L.; Esvelt, KM.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-Guided Human Genome
Engineering via Cas9. Science 2013, 339, 823-826. [CrossRef] [PubMed]

2. Cong, L.; Ran, EA_; Cox, D,; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A ; et al. Multiplex Genome
Engineering Using CRISPR/Cas Systems. Science 2013, 339, 819-823. [CrossRef] [PubMed]

3. Hsu, PD,; Lander, E.S.; Zhang, F. Development and Applications of CRISPR-Cas9 for Genome Engineering. Cell 2014, 157,
1262-1278. [CrossRef] [PubMed]

4. Doudna, J.A.; Charpentier, E. The New Frontier of Genome Engineering with CRISPR-Cas9. Science 2014, 346, 1258096. [CrossRef]

5. Komor, A.C; Badran, A.H.; Liu, D.R. CRISPR-Based Technologies for the Manipulation of Eukaryotic Genomes. Cell 2017, 168,
20-36. [CrossRef]

6. Sharma, G.; Sharma, A.R; Bhattacharya, M.; Lee, S.-S.; Chakraborty, C. CRISPR-Cas9: A Preclinical and Clinical Perspective for
the Treatment of Human Diseases. Mol. Ther. 2021, 29, 571-586. [CrossRef]

7. Lino, C.A,; Harper, ].C.; Carney, ].P.; Timlin, J.A. Delivering CRISPR: A Review of the Challenges and Approaches. Drug Deliv.
2018, 25, 1234. [CrossRef]

8.  Guo, P; Yang, J.; Huang, J.; Auguste, D.T.; Moses, M.A. Therapeutic Genome Editing of Triple-Negative Breast Tumors Using a
Noncationic and Deformable Nanolipogel. Proc. Natl. Acad. Sci. USA 2019, 116, 18295-18303. [CrossRef]

9.  Finn, ].D.; Smith, A.R.; Patel, M.C.; Shaw, L.; Youniss, M.R.; van Heteren, J.; Dirstine, T.; Ciullo, C.; Lescarbeau, R.; Seitzer, J.; et al.
A Single Administration of CRISPR/Cas9 Lipid Nanoparticles Achieves Robust and Persistent In Vivo Genome Editing. Cell Rep.
2018, 22, 2227-2235. [CrossRef]

10. Qiu, M,; Glass, Z.; Chen, J.; Haas, M.; Jin, X.; Zhao, X.; Rui, X;; Ye, Z; Li, Y.; Zhang, E; et al. Lipid Nanoparticle-Mediated
Codelivery of Cas9 MRNA and Single-Guide RNA Achieves Liver-Specific in Vivo Genome Editing of Angptl3. Proc. Natl. Acad.
Sci. USA 2021, 118, €2020401118. [CrossRef]

11. Li,J.; Reise, J.].; He, M.; Das, R.; Murthy, N. Non-Viral Strategies for Delivering Genome Editing Enzymes. Adv. Drug Deliv. Rev.
2021, 168, 99-117. [CrossRef] [PubMed]

12.  Chen, X.; Gongalves, M.AE. V Engineered Viruses as Genome Editing Devices. Mol. Ther. 2016, 24, 447-457. [CrossRef] [PubMed]

13. Glass, Z.; Lee, M,; Li, Y.; Xu, Q. Engineering the Delivery System for CRISPR-Based Genome Editing. Trends Biotechnol. 2018, 36,
173-185. [CrossRef] [PubMed]

14. Wang, H.-X.; Li, M.; Lee, C.M.; Chakraborty, S.; Kim, H.-W.; Bao, G.; Leong, K.W. CRISPR/Cas9-Based Genome Editing for
Disease Modeling and Therapy: Challenges and Opportunities for Nonviral Delivery. Chem. Rev. 2017, 117, 9874-9906. [CrossRef]
[PubMed]

15. Zhang, L.; Wang, P; Feng, Q.; Wang, N.; Chen, Z.; Huang, Y.; Zheng, W.; Jiang, X. Lipid Nanoparticle-Mediated Efficient Delivery
of CRISPR/Cas9 for Tumor Therapy. NPG Asia Mater. 2017, 9, e441. [CrossRef]

16. Abbasi, S.; Uchida, S.; Toh, K.; Tockary, T.A.; Dirisala, A.; Hayashi, K.; Fukushima, S.; Kataoka, K. Co-Encapsulation of Cas9
MRNA and Guide RNA in Polyplex Micelles Enables Genome Editing in Mouse Brain. J. Control. Release 2021, 332, 260-268.
[CrossRef]

17.  Felgner, PL.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, H.W.; Wenz, M.; Northrop, J.P.; Ringold, G.M.; Danielsen, M. Lipofection:
A Highly Efficient, Lipid-Mediated DNA-Transfection Procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413. [CrossRef]

18. Safinya, C.R.; Ewert, KK.; Majzoub, R.N.; Leal, C. Cationic Liposome-Nucleic Acid Complexes for Gene Delivery and Gene
Silencing. New |. Chem. 2014, 38, 5164-5172. [CrossRef]

19. Yin, H.; Kanasty, R.L.; Eltoukhy, A.A_; Vegas, A.J.; Dorkin, J.R.; Anderson, D.G. Non-Viral Vectors for Gene-Based Therapy. Nat.
Rev. Genet. 2014, 15, 541-555. [CrossRef]

20. Wang, Y.;; Miao, L.; Satterlee, A.; Huang, L. Delivery of Oligonucleotides with Lipid Nanoparticles. Adv. Drug Deliv. Rev. 2015, 87,
68-80. [CrossRef]

21. Kang, M.; Kim, H.; Leal, C. Self-Organization of Nucleic Acids in Lipid Constructs. Curr. Opin. Colloid Interface Sci. 2016, 26,
58-65. [CrossRef] [PubMed]

22. Aking, A.; Maier, M.A; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.].; Madden, T.D.; et al.
The Onpattro Story and the Clinical Translation of Nanomedicines Containing Nucleic Acid-Based Drugs. Nat. Nanotechnol. 2019,
14,1084-1087. [CrossRef] [PubMed]

23.  Buck, J; Grossen, P; Cullis, P.R.; Huwyler, J.; Witzigmann, D. Lipid-Based DNA Therapeutics: Hallmarks of Non-Viral Gene
Delivery. ACS Nano 2019, 13, 3754-3782. [CrossRef] [PubMed]

24. Gaspar, R.; Coelho, F,; Silva, B.EB. Lipid-Nucleic Acid Complexes: Physicochemical Aspects and Prospects for Cancer Treatment.

Molecules 2020, 25, 5006. [CrossRef]


http://doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/pubmed/23287722
http://doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://doi.org/10.1016/j.cell.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24906146
http://doi.org/10.1126/science.1258096
http://doi.org/10.1016/j.cell.2016.10.044
http://doi.org/10.1016/j.ymthe.2020.09.028
http://doi.org/10.1080/10717544.2018.1474964
http://doi.org/10.1073/pnas.1904697116
http://doi.org/10.1016/j.celrep.2018.02.014
http://doi.org/10.1073/pnas.2020401118
http://doi.org/10.1016/j.addr.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/32931860
http://doi.org/10.1038/mt.2015.164
http://www.ncbi.nlm.nih.gov/pubmed/26336974
http://doi.org/10.1016/j.tibtech.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29305085
http://doi.org/10.1021/acs.chemrev.6b00799
http://www.ncbi.nlm.nih.gov/pubmed/28640612
http://doi.org/10.1038/am.2017.185
http://doi.org/10.1016/j.jconrel.2021.02.026
http://doi.org/10.1073/pnas.84.21.7413
http://doi.org/10.1039/C4NJ01314J
http://doi.org/10.1038/nrg3763
http://doi.org/10.1016/j.addr.2015.02.007
http://doi.org/10.1016/j.cocis.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28496379
http://doi.org/10.1038/s41565-019-0591-y
http://www.ncbi.nlm.nih.gov/pubmed/31802031
http://doi.org/10.1021/acsnano.8b07858
http://www.ncbi.nlm.nih.gov/pubmed/30908008
http://doi.org/10.3390/molecules25215006

Pharmaceutics 2022, 14, 1087 15 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ewert, K.K.; Scodeller, P.; Simén-Gracia, L.; Steffes, V.M.; Wonder, E.A.; Teesalu, T.; Safinya, C.R. Cationic Liposomes as Vectors
for Nucleic Acid and Hydrophobic Drug Therapeutics. Pharmaceutics 2021, 13, 1365. [CrossRef]

Sharma, D.; Arora, S.; Singh, J.; Layek, B. A Review of the Tortuous Path of Nonviral Gene Delivery and Recent Progress. Int. J.
Biol. Macromol. 2021, 183, 2055-2073. [CrossRef]

Quagliarini, E.; Renzi, S.; Digiacomo, L.; Giulimondji, F.; Sartori, B.; Amenitsch, H.; Tassinari, V.; Masuelli, L.; Bei, R.; Cui, L.; et al.
Microfluidic Formulation of Dna-Loaded Multicomponent Lipid Nanoparticles for Gene Delivery. Pharmaceutics 2021, 13, 1292.
[CrossRef]

Sanchez-Arribas, N.; Martinez-Negro, M.; Aicart-Ramos, C.; de llarduya, C.T.; Aicart, E.; Guerrero-Martinez, A.; Junquera, E.
Gemini Cationic Lipid-Type Nanovectors Suitable for the Transfection of Therapeutic Plasmid Dna Encoding for pro-Inflammatory
Cytokine Interleukin-12. Pharmaceutics 2021, 13, 729. [CrossRef]

Lebron, ].A.; Lopez-Cornejo, P.; Garcia-Dionisio, E.; Huertas, P.; Garcia-Calderén, M.; Moy4, M.L.; Ostos, E]J.; Lépez-Lopez, M.
Cationic Single-Chained Surfactants with a Functional Group at the End of the Hydrophobic Tail Dna Compacting Efficiency.
Pharmaceutics 2021, 13, 589. [CrossRef]

Silva, B.F.B.; Majzoub, R.N.; Chan, C.L.; Li, Y,; Olsson, U.; Safinya, C.R. PEGylated Cationic Liposome-DNA Complexation in
Brine Is Pathway-Dependent. Biochim. Biophys. Acta (BBA)-Biomembr. 2014, 1838, 398—412. [CrossRef]

Gomez-Varela, A.L; Gaspar, R.; Miranda, A.; Assis, ]J.L.; Valverde, R.H.E,; Einicker-Lamas, M.; Silva, B.E.B.; De Beule, PA.A.
Fluorescence Cross-Correlation Spectroscopy as a Valuable Tool to Characterize Cationic Liposome-DNA Nanoparticle Assembly.
J. Biophotonics 2021, 14, €202000200. [CrossRef] [PubMed]

Lin, A.J.; Slack, N.L.; Ahmad, A.; George, C.X.; Samuel, C.E.; Safinya, C.R. Three-Dimensional Imaging of Lipid Gene-Carriers:
Membrane Charge Density Controls Universal Transfection Behavior in Lamellar Cationic Liposome-DNA Complexes. Biophys. .
2003, 84, 3307-3316. [CrossRef]

Ahmad, A.; Evans, HM.; Ewert, K.; George, C.X.; Samuel, C.E.; Safinya, C.R. New Multivalent Cationic Lipids Reveal Bell Curve
for Transfection Efficiency versus Membrane Charge Density: Lipid-DNA Complexes for Gene Delivery. ]. Gene Med. 2005, 7,
739-748. [CrossRef] [PubMed]

Martin-Herranz, A.; Ahmad, A.; Evans, HM.; Ewert, K.; Schulze, U.; Safinya, C.R. Surface Functionalized Cationic Lipid-DNA
Complexes for Gene Delivery: PEGylated Lamellar Complexes Exhibit Distinct DNA-DNA Interaction Regimes. Biophys. ]. 2004,
86,1160-1168. [CrossRef]

MacLachlan, I; Cullis, P. Diffusible-PEG-Lipid Stabilized Plasmid Lipid Particles. Adv. Genet. 2005, 53, 157-188.

Shirazi, R.S.; Ewert, KK.; Silva, B.EB.; Leal, C.; Li, Y.; Safinya, C.R. Structural Evolution of Environmentally Responsive Cationic
Liposome-DNA Complexes with a Reducible Lipid Linker. Langmuir 2012, 28, 10495-10503. [CrossRef]

Chan, C.L.; Majzoub, R.N.; Shirazi, R.S.; Ewert, K.K.; Chen, YJ.; Liang, K.S.; Safinya, C.R. Endosomal Escape and Transfection
Efficiency of PEGylated Cationic Liposome-DNA Complexes Prepared with an Acid-Labile PEG-Lipid. Biomaterials 2012, 33,
4928-4935. [CrossRef]

Wang, T.; Upponi, ].R.; Torchilin, V.P. Design of Multifunctional Non-Viral Gene Vectors to Overcome Physiological Barriers:
Dilemmas and Strategies. Int. J. Pharm. 2012, 427, 3-20. [CrossRef]

Majzoub, R.N.; Chan, C.L.; Ewert, K.K; Silva, B.E.B.; Liang, K.S.; Jacovetty, E.L.; Carragher, B.; Potter, C.S.; Safinya, C.R. Uptake
and Transfection Efficiency of PEGylated Cationic Liposome-DNA Complexes with and without RGD-Tagging. Biomaterials 2014,
35, 4996-5005. [CrossRef]

Bertrand, N.; Wy, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer Nanotechnology: The Impact of Passive and Active Targeting in
the Era of Modern Cancer Biology. Adv. Drug Deliv. Rev. 2014, 66, 2-25. [CrossRef]

Krzyszton, R.; Salem, B.; Lee, D.J.; Schwake, G.; Wagner, E.; Radler, ].O. Microfluidic Self-Assembly of Folate-Targeted Monomolec-
ular SiRNA-Lipid Nanoparticles. Nanoscale 2017, 9, 7442-7453. [CrossRef] [PubMed]

Khalil, I.A.; Younis, M.A ; Kimura, S.; Harashima, H. Lipid Nanoparticles for Cell-Specific in Vivo Targeted Delivery of Nucleic
Acids. Biol. Pharm. Bull. 2020, 43, 584-595. [CrossRef] [PubMed]

Semple, S.C.; Akinc, A.; Chen, J.; Sandhu, A.P; Mui, B.L.; Cho, C.K,; Sah, D.W.Y.; Stebbing, D.; Crosley, E.J.; Yaworski, E.; et al.
Rational Design of Cationic Lipids for SiIRNA Delivery. Nat. Biotechnol. 2010, 28, 172-176. [CrossRef] [PubMed]

Arteta, M.Y.; Kjellman, T.; Bartesaghi, S.; Wallin, S.; Wu, X.; Kvist, A.J.; Dabkowska, A.; Székely, N.; Radulescu, A,
Bergenholtz, J.; et al. Successful Reprogramming of Cellular Protein Production through MRNA Delivered by Functionalized
Lipid Nanoparticles. Proc. Natl. Acad. Sci. USA 2018, 115, E3351-E3360. [CrossRef]

Polack, FP,; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ]J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 MRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603-2615. [CrossRef]
Baden, L.R; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the MRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403-416. [CrossRef]

Gillmore, J.D.; Gane, E.; Taubel, J.; Kao, J.; Fontana, M.; Maitland, M.L.; Seitzer, J.; O’Connell, D.; Walsh, K.R.; Wood, K.; et al.
CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis. N. Engl. J. Med. 2021, 385, 493-502. [CrossRef]

Kreiss, P.; Mailhe, P.; Scherman, D.; Pitard, B.; Cameron, B.; Rangara, R.; Aguerre-Charriol, O.; Airiau, M.; Crouzet, J. Plasmid
DNA Size Does Not Affect the Physicochemical Properties of Lipoplexes but Modulates Gene Transfer Efficiency. Nucleic Acids
Res. 1999, 27, 3792-3798. [CrossRef]


http://doi.org/10.3390/pharmaceutics13091365
http://doi.org/10.1016/j.ijbiomac.2021.05.192
http://doi.org/10.3390/pharmaceutics13081292
http://doi.org/10.3390/pharmaceutics13050729
http://doi.org/10.3390/pharmaceutics13040589
http://doi.org/10.1016/j.bbamem.2013.09.008
http://doi.org/10.1002/jbio.202000200
http://www.ncbi.nlm.nih.gov/pubmed/32827206
http://doi.org/10.1016/S0006-3495(03)70055-1
http://doi.org/10.1002/jgm.717
http://www.ncbi.nlm.nih.gov/pubmed/15685706
http://doi.org/10.1016/S0006-3495(04)74190-9
http://doi.org/10.1021/la301181b
http://doi.org/10.1016/j.biomaterials.2012.03.038
http://doi.org/10.1016/j.ijpharm.2011.07.013
http://doi.org/10.1016/j.biomaterials.2014.03.007
http://doi.org/10.1016/j.addr.2013.11.009
http://doi.org/10.1039/C7NR01593C
http://www.ncbi.nlm.nih.gov/pubmed/28530287
http://doi.org/10.1248/bpb.b19-00743
http://www.ncbi.nlm.nih.gov/pubmed/32238701
http://doi.org/10.1038/nbt.1602
http://www.ncbi.nlm.nih.gov/pubmed/20081866
http://doi.org/10.1073/PNAS.1720542115
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2107454
http://doi.org/10.1093/nar/27.19.3792

Pharmaceutics 2022, 14, 1087 16 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ribeiro, S.; Mairhofer, J.; Madeira, C.; Diogo, M.M.; da Silva, C.L.; Monteiro, G.; Grabherr, R.; Cabral, ].M. Plasmid DNA Size
Does Affect Nonviral Gene Delivery Efficiency in Stem Cells. Cell. Reprogram. 2012, 14, 130-137. [CrossRef]

Sendergaard, ].N.; Geng, K.; Sommerauer, C.; Atanasoai, I; Yin, X.; Kutter, C. Successful Delivery of Large-Size CRISPR/Cas9
Vectors in Hard-to-Transfect Human Cells Using Small Plasmids. Commun. Biol. 2020, 3, 319. [CrossRef]

Hofland, H.E].; Shephard, L.; Sullivan, S.M. Formation of Stable Cationic Lipid/DNA Complexes for Gene Transfer. Proc. Natl.
Acad. Sci. USA 1996, 93, 7305. [CrossRef] [PubMed]

Bouxsein, N.E; McAllister, C.S.; Ewert, KK.; Samuel, C.E.; Safinya, C.R. Structure and Gene Silencing Activities of Monovalent
and Pentavalent Cationic Lipid Vectors Complexed with SiRNA. Biochemistry 2007, 46, 4785-4792. [CrossRef] [PubMed]

Chan, C.-L.; Ewert, K.K.; Majzoub, R.N.; Hwu, Y.-K,; Liang, K.S.; Leal, C.; Safinya, C.R. Optimizing Cationic and Neutral Lipids
for Efficient Gene Delivery at High Serum Content. J. Gene Med. 2014, 16, 84-96. [CrossRef] [PubMed]

Chen, J.; Ellert-Miklaszewska, A.; Garofalo, S.; Dey, A K.; Tang, |.; Jiang, Y.; Clément, F; Marche, PN.; Liu, X.; Kaminska, B.; et al.
Synthesis and Use of an Amphiphilic Dendrimer for SIRNA Delivery into Primary Immune Cells. Nat. Protoc. 2021, 16, 327-351.
[CrossRef]

Ewert, K.; Ahmad, A.; Evans, H.M.; Schmidt, H.W.,; Safinya, C.R. Efficient Synthesis and Cell-Transfection Properties of a New
Multivalent Cationic Lipid for Nonviral Gene Delivery. J. Med. Chem. 2002, 45, 5023-5029. [CrossRef]

Koltover, I; Salditt, T.; Radler, J.O.; Safinya, C.R. An Inverted Hexagonal Phase of Cationic Liposome-DNA Complexes Related to
DNA Release and Delivery. Science 1998, 281, 78-81. [CrossRef]

Leal, C.; Ewert, K.K; Shirazi, R.S.; Bouxsein, N.F.; Safinya, C.R. Nanogyroids Incorporating Multivalent Lipids: Enhanced
Membrane Charge Density and Pore Forming Ability for Gene Silencing. Langmuir 2011, 27, 7691-7697. [CrossRef]

Silva, J.PN.; Oliveira, LM.S.C.; Oliveira, A.C.N.; Lucio, M.; Gomes, A.C.; Coutinho, PJ.G.; Oliveira, M.E.C.D.R. Structural
Dynamics and Physicochemical Properties of PDNA /DODAB:MO Lipoplexes: Effect of PH and Anionic Lipids in Inverted
Non-Lamellar Phases versus Lamellar Phases. Biochim. Biophys. Acta-Biomembr. 2014, 1838, 2555-2567. [CrossRef]

Ran, FA.; Hsu, PD.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome Engineering Using the CRISPR-Cas9 System. Nat.
Protoc. 2013, 8, 2281-2308. [CrossRef]

Hassan, P.A.; Rana, S.; Verma, G. Making Sense of Brownian Motion: Colloid Characterization by Dynamic Light Scattering.
Langmuir 2015, 31, 3-12. [CrossRef]

Bramson, ].L.; Bodner, C.A.; Graham, R.W. Activation of Host Antitumoral Responses by Cationic Lipid/DNA Complexes. Cancer
Gene Ther. 2000, 7, 353-359. [CrossRef] [PubMed]

Ewert, KK.; Evans, HM.; Zidovska, A.; Bouxsein, N.F.; Ahmad, A.; Safinya, C.R. A Columnar Phase of Dendritic Lipid —Based
Cationic Liposome—DNA Complexes for Gene Delivery: Hexagonally Ordered Cylindrical Micelles Embedded in a DNA
Honeycomb Lattice. . Am. Chem. Soc. 2006, 128, 3998—-4006. [CrossRef] [PubMed]

Schuh, R.S.; Poletto, E.; Pasqualim, G.; Tavares, A.M.V.; Meyer, ES.; Gonzalez, E.A.; Giugliani, R.; Matte, U.; Teixeira, H.F,; Baldo,
G. In Vivo Genome Editing of Mucopolysaccharidosis I Mice Using the CRISPR/Cas9 System. J. Control. Release 2018, 288, 23-33.
[CrossRef] [PubMed]

Hosseini, E.S.; Nikkhah, M.; Hosseinkhani, S. Cholesterol-Rich Lipid-Mediated Nanoparticles Boost of Transfection Efficiency,
Utilized for Gene Editing by CRISPR-Cas9. Int. |. Nanomed. 2019, 14, 4353. [CrossRef]

Zhen, S,; Liu, Y; Lu, J; Tuo, X,; Yang, X.; Chen, H.; Chen, W.; Li, X. Human Papillomavirus Oncogene Manipulation Using
Clustered Regularly Interspersed Short Palindromic Repeats/Cas9 Delivered by PH-Sensitive Cationic Liposomes. Hum. Gene
Ther. 2020, 31, 309-324. [CrossRef]

Zidovska, A.; Evans, HM.; Ahmad, A.; Ewert, KK,; Safinya, C.R. The Role of Cholesterol and Structurally Related Molecules in
Enhancing Transfection of Cationic Liposome—DNA Complexes. J. Phys. Chem. B 2009, 113, 5208-5216. [CrossRef]

Zuhorn, L.S.; Kalicharan, R.; Hoekstra, D. Lipoplex-Mediated Transfection of Mammalian Cells Occurs through the Cholesterol-
Dependent Clathrin-Mediated Pathway of Endocytosis. J. Biol. Chem. 2002, 277, 18021-18028. [CrossRef]

Pozzi, D.; Marchini, C.; Cardarelli, F; Amenitsch, H.; Garulli, C.; Bifone, A.; Caracciolo, G. Transfection Efficiency Boost of
Cholesterol-Containing Lipoplexes. Biochim. Biophys. Acta (BBA)-Biomembr. 2012, 1818, 2335-2343. [CrossRef]

Cardarelli, F,; Pozzi, D.; Bifone, A.; Marchini, C.; Caracciolo, G. Cholesterol-Dependent Macropinocytosis and Endosomal Escape
Control the Transfection Efficiency of Lipoplexes in CHO Living Cells. Mol. Pharm. 2012, 9, 334-340. [CrossRef]

Elouahabi, A.; Ruysschaert, J.-M. Formation and Intracellular Trafficking of Lipoplexes and Polyplexes. Mol. Ther. 2005, 11,
336-347. [CrossRef]


http://doi.org/10.1089/cell.2011.0093
http://doi.org/10.1038/s42003-020-1045-7
http://doi.org/10.1073/pnas.93.14.7305
http://www.ncbi.nlm.nih.gov/pubmed/8692988
http://doi.org/10.1021/bi062138l
http://www.ncbi.nlm.nih.gov/pubmed/17391006
http://doi.org/10.1002/jgm.2762
http://www.ncbi.nlm.nih.gov/pubmed/24753287
http://doi.org/10.1038/s41596-020-00418-9
http://doi.org/10.1021/jm020233w
http://doi.org/10.1126/science.281.5373.78
http://doi.org/10.1021/la200679x
http://doi.org/10.1016/j.bbamem.2014.06.014
http://doi.org/10.1038/nprot.2013.143
http://doi.org/10.1021/la501789z
http://doi.org/10.1038/sj.cgt.7700143
http://www.ncbi.nlm.nih.gov/pubmed/10766341
http://doi.org/10.1021/ja055907h
http://www.ncbi.nlm.nih.gov/pubmed/16551108
http://doi.org/10.1016/j.jconrel.2018.08.031
http://www.ncbi.nlm.nih.gov/pubmed/30170069
http://doi.org/10.2147/IJN.S199104
http://doi.org/10.1089/hum.2019.312
http://doi.org/10.1021/jp809000e
http://doi.org/10.1074/jbc.M111257200
http://doi.org/10.1016/j.bbamem.2012.05.017
http://doi.org/10.1021/mp200374e
http://doi.org/10.1016/j.ymthe.2004.12.006

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Liposome Preparation 
	Lipoplex Preparation and Characterization 
	Cell Culture 
	In Vitro Transfection and Gene Expression Analysis 
	In Vitro Cytotoxicity Assay 
	Cellular Uptake and Intracellular Distribution 
	GFP Gene Disruption Assay 
	Statistical Analysis 

	Results and Discussion 
	Lipoplex Size and Zeta Potential 
	In Vitro Transfection 
	Cytotoxicity of Monovalent and Multivalent CL-DNA Complexes 
	Cellular Uptake and Intracellular Distribution of Monovalent and Multivalent CL-DNA Complexes 
	GFP Disruption Mediated by Multivalent CL-DNA Complexes 

	Conclusions 
	References

