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Abstract: One of the major challenges in gene therapy (GT) is the efficient and safe introduction of
nucleic acids (NA) into eukaryotic cells. This process requires overcoming various biological
barriers and navigating complex pathways to reach target cells and achieve their biological function.
To address this obstacle, numerous transfection methods have been developed, including physical
techniques and the use of genetic vectors, both viral and non-viral. However, until now, no
transfection method is 100% safe and efficient. Within the spectrum of non-viral genetic vectors,
cationic liposomes formed by cationic lipids (CL), stand out for their ability to protect and deliver
therapeutic NA. These liposomes offer greater biocompatibility and lower immunogenicity
compared to viral vectors, although they still do not match the efficiency of viral delivery systems.
Consequently, ongoing research focuses on synthesizing a wide variety of cationic lipids in the
search for compounds that provide high transfection efficiency with minimal cytotoxicity. This
study aimed to design and synthesize a novel CL (CholCadLys) derived from natural cellular
molecules for transferring genetic material to eukaryotic cells. The lipid was synthesized using:
cholesteryl chloroformate for the hydrophobic region, cadaverine as a linker, and lysine for the polar
region, connected by carbamate and amide bonds, respectively. Identification was confirmed
through thin-layer chromatography, purification by preparative chromatography, and
characterization via infrared spectroscopy and mass spectrometry. The synthesis yielded a 60%
success rate, with stable nanoliposomes averaging 76 nm in diameter. Liposomes were formed using
this CL and commercial neutral lipids, characterized by transmission electron microscopy and
Nanoparticle Tracking Analysis. These liposomes, combined with plasmid DNA, formed lipoplexes
used to transfect Hek-293 FT cells, achieving up to 40% transfection efficiency without cytotoxicity
in the mixture of CholCadLys and CholCad. This novel CL demonstrates potential as an efficient,
safe, and cost-effective gene transfer system, facilitating further development in gene therapy.

Keywords: cationic lipid; lipoplexes; gene therapy; lipofection

1. Introduction

Modern therapeutics have sought to modify the natural course of diseases through
symptomatic, pathophysiological, and etiological approaches, with the latter being the most
desirable. In diseases with a genetic component, the etiology lies in one or more defective genes that
can be repaired or replaced by normal genes, a process known as GT [1-3]. GT has garnered
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significant interest in the scientific community due to its potential to treat genetic diseases by
introducing therapeutic NA, such as DNA, inhibitory RNAs (miRNAs or siRNAs), aptamers, and
targeted editing systems like CRISPR/Cas [4-6].

A key challenge in GT is the efficient and safe introduction of NAs into eukaryotic cells, which
must navigate various biological barriers to reach target cells. Various transfection methods have
been developed, including physical methods and the use of genetic vectors, both viral and non-viral
[7-10]. Physical methods, although operationally simple, are invasive and limited to ex vivo
applications [11]. Viral genetic vectors, while efficient, present immunogenicity issues and limitations
in the size of the transported NAs [12]. On the other hand, non-viral genetic vectors, such as
liposomes, polymers, and nanoparticles, offer greater biocompatibility and lower immunogenicity,
although they have yet to achieve the efficiency of viral vectors [8,13].

Among non-viral genetic vectors, liposomes are notable for their ability to protect and deliver
therapeutic NAs. Classified as either unilamellar or multilamellar based on their structure, liposomes
can be composed of anionic, neutral, or cationic lipids, each with its own advantages and limitations
regarding stability, biocompatibility, and transfection efficiency [7,14]. CL-based liposomes exhibit
acceptably high transfection efficiencies, minimal to no immunogenicity, unrestricted NA cargo
capacity, excellent storage stability, and ease of handling [15-18]. In 1987, Felgner and colleagues
designed and synthesized the first CL used as a transfection agent, N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium chloride (DOTMA), which forms stable lipoplexes with NAs, facilitating
the delivery and bioavailability of therapeutic genetic material in eukaryotic cells [19].

CLs are synthetic amphipathic lipids characterized by one or more positive charges on their
hydrophilic head, which is connected to a hydrophobic tail via a linker [20-22]. The most commonly
observed hydrophilic groups are primary, secondary, tertiary amines, or ammonium salts. The
hydrophobic tails are typically composed of aliphatic chains, cholesterol, or other types of steroids.
Finally, the linkers between the hydrophobic and hydrophilic regions consist of molecules that form
ether, ester, carbamate, or amide bonds, and their nature affects the biodegradation rate [22,23].
Therefore, the structure of CLs is one of the key factors in promoting the transfection process and
determining their cytotoxicity [24]. This is because the effectiveness and safety of these lipids depend
not only on a single domain but on the combination of their entire structure. Consequently, a wide
variety of CLs continue to be synthesized in the ongoing search for those that offer high transfection
efficiency and without cytotoxicity [9].

Accordingly, a wide variety of CLs have been designed and synthesized to form liposomes and
used as vectors to transfer NA to eukaryotic cells in clinical studies, some of which are commercially
available. Among the most popular are DOTMA (Lipofectin) [19], DOTAP [25], DMRIE [26], DOGS
(Transfectam) [27], DOSPA (Lipofectamine) [28], and DC-Chol [29]. Although some of these lipids
are already employed in in vitro studies, these have shown that they can exhibit cytotoxic effects or
induce apoptosis in certain cell lines [15,30]. Consequently, research has focused on synthesizing CLs
with low or no cytotoxicity and high transfection efficiency. Therefore, the primary objective of this
study is to design and synthesize a novel CL derived from a basic amino acid, intended for use in the
transfer of genetic material. This will contribute to the development of gene delivery vectors that
meet the necessary safety and efficacy standards for GT to become a reliable and competitive
alternative to traditional therapies.

2. Materials and Methods

2.1. Design of the Novel CL: Cholesteryl-Cadaverine-Lysine (CholCadLys).

For the design of the CholCadLys lipid, two primary factors were taken into consideration:

1. Structural Conformity: The CholCadLys lipid should conform to the structural scheme
consisting of a hydrophobic region, a linker, and a hydrophilic region; main components of an
amphipathic lipid.

2. Natural Compatibility: The components used to create the CholCadLys lipid should be

molecules that are naturally found as constituents and/or metabolites within eukaryotic cells.
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Taking these factors into account, the lipid needed to have a molecular structure capable of
forming liposomes, associating with DNA, and being non-cytotoxic. Based on these premises, the
components selected for lipid synthesis were:

e A Steroid for the Lipid Bilayer: Cholesteryl chloroformate (Sigma-Aldrich, St. Louis, MO, USA)
was chosen for its ability to integrate into lipid bilayers.

e A Small Primary Amine as a Linker: Cadaverine (Sigma-Aldrich) was selected to function as a
connector between the hydrophobic body and the hydrophilic head due to its small size and
primary amine group.

e A Basic Amino Acid for the Polar Head: L-lysine (Sigma-Aldrich) was selected to confer two
positive charges to the hydrophilic region, enhancing its ability to associate with DNA.

This design ensures that the amphipathic lipid integrates well within biological membranes,
provides effective DNA binding and delivery capabilities, and minimizes potential cytotoxic effects.
The components chosen were carefully selected to fulfill the necessary criteria for forming stable and
efficient liposomal structures for gene delivery in therapeutic applications.

2.2. Synthesis and Purification of CholCadLys Lipid

The synthesis of the CholCadLys lipid was carried out as follows: In a round-bottom flask, 1
mmol of cholesteryl chloroformate (activated cholesterol) dissolved in 15 ml of chloroform ACS
(Fermont, Monterrey, México) was placed with 2 mmol of pyridine (Sigma-Aldrich) as a catalyst for
the reaction. Then, 2 mmol of cadaverine dissolved in chloroform was added dropwise.
Subsequently, 2 mmol of L-lysine dissolved in chloroform was added dropwise. The reaction was
conducted with constant magnetic stirring at room temperature for 2 hours. Next, the organic phase
was separated using a fraction collector and washed with bidistilled water (v/v) to extract the excess
cadaverine, pyridine and L-lysine. Finally, the organic phase was completely evaporated to obtain a
yellow powder. The synthesized CholCadLys lipid was identified using thin-layer chromatography
(TLC) Silica gel 60 F254 (Merck, Darmstadt, Germany). The development system employed was a
mixture of chloroform:methanol:acetic acid:water (Sigma-Aldrich) (65:25:8:4 v/v). The
chromatoplates were revealed using two methods: 1) spraying with 1% ninhydrin in 96% ethanol and
heating to 37°C until a purple coloration appeared, indicating the presence of free amino groups, and
2) immersing the chromatoplate in 5% sulfuric acid (H250s) in absolute ethanol, allowing it to dry for
45 minutes, and then exposing the chromatoplate to a flame, revealing the presence of organic matter.

To purify the synthesized lipid, a Preparative Layer Chromatography (PLC) Silica gel 60 (Merck)
was developed on 20 x 20 cm plates with a thickness of 500 pum. The sample was dissolved in
chloroform-methanol (JT Baker, México) (2:1 v/v) and applied across the entire width of the plate.
The development system employed was mentioned above. The chromatography was developed for
3 hours, after which the plate was dried at room temperature using a fan. To locate the CholCadLys
lipid on the chromatoplate, the leftmost centimeter was developed with 1.0% ninhydrin (Sigma-
Aldrich) in ethanol (Merck). The entire row of the chromatoplate at the height where the CholCadLys
lipid was revealed and then scraped off. The silica gel containing the lipid was washed four times
with the chloroform-methanol mixture (2:1 v/v). The mixture was centrifuged at 2,500 x g for 5
minutes to remove the silica gel, and the supernatants from the washes were collected. The organic
solvents were then evaporated to dryness, yielding the purified CholCadLys lipid in solid form.

2.3. Characterization of CholCadLys Lipid
2.3.1. Infrared Spectroscopy

To confirm the presence of the expected functional groups in the CholCadLys lipid, an IR
spectroscopy test was conducted to obtain and analyze the corresponding spectrum. In a potassium
chloride cell, 50 uL of the test sample was added and the solvent was allowed to evaporate to dryness.
The cell was then placed in the Perkin Elmer FT-IR Spectrum GX2000 spectrophotometer and scanned
over the range of 4000 to 400 cm™.
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2.3.2. Mass Spectrometry

To determine the exact mass of the CholCadLys lipid and evaluate whether it corresponds to the
calculated theoretical mass, a mass spectrometry test was performed. Additionally, this allowed for
an assessment of the sample's purity. The sample was directly introduced into the Bruker micrOTOF-
Q II 10392 mass spectrometer, using the following program: ESI source, positive ion polarity,
nebulizer at 0.4 Bar, active focus, drying temperature at 180°C, scan range from 5 m/z to 3000 m/z,
and capillary voltage at 4500 V. This instrumental determination confirms the existence of the desired
chemical structure and indicates the sample's purity.

2.4. Isolation and Purification of the Plasmid DNA (pDNA).

The strain Escherichia coli Top10, transformed with the pIRES2-EGFP plasmid (BD Clontech,
Mountain View, CA, USA), was used to inoculate a 1 L flask of Luria-Bertani (LB) broth
supplemented with kanamycin (60 pg/mL) and incubated for 12 hours at 37°C with agitation at 150
rpm using a Lab-Line 3590 rotary shaker. Following this, chloramphenicol was added to a final
concentration of 50 ug/mL, and the culture was incubated for another 12 hours at 37°C with agitation.
The bacterial cells were harvested by centrifugation at 4,000 x g for 20 minutes at 4°C. The extraction
and purification of the pPDNA were carried out using the alkaline lysis method with the UltraClean®
Maxi Plasmid Prep Kit (MO BIO Labs, Carlsbad, CA, USA). Following purification, the concentration
of the pDNA was measured using a NanoDrop series UV/visible spectrophotometer (Thermo
Scientific).

2.5. Cationic Liposome Formation

To determine the ability of the CholCadLys lipid to form liposomes, a liposome formation assay
via sonication was performed. The procedure followed the method reported by Oseguera (2015). In
sterile, screw-capped 13 x 100 mm tubes, the CholCadLys and a helper lipid, both dissolved in
chloroform, were added. The  helper lipids used were: Cholesterol or
Dioleylphosphatidylethanolamine (DOPE) in different molar proportions. Chloroform was
evaporated under reduced pressure with rotation until complete dryness, forming a lipid film at the
bottom of the tubes. Based on the total amount of lipids, a specific volume of sterile PBS was added
to achieve a final concentration of 0.3 ug of total lipids/300uL. The mixture then underwent three
cycles of sonication, each lasting 20 seconds, with 45 seconds of rest between cycles, using a
Laboratory Supplies Co. bath sonicator. The formation of liposomes was evidenced by obtaining a
homogeneous turbid suspension without clumps. The liposomes were considered stable if the
suspension remained milky and free of clumps after 3 hours of formation.

2.6. Formation of Lipoplexes

Lipoplexes were formed using stable cationic liposomes at a ratio of 1 ug total lipids (in a volume
of 30 uL D-MEM without serum) using varying amounts of pDNA (BD Clontech, Mountain View,
CA, USA), different total lipids/DNA (w/w) ratios: 1:0.66, 1:0.4, 1:0.28, 1:0.22, and 1:0.18, in 30 uL of
the same medium. The mixtures were incubated for 30 minutes at 37°C. This process resulted in
suspensions of lipoplexes in 60 UL of serum-free medium, ready for transfection into cultured cells.
For comparison of transfection efficiency, a concentration of 0.5 pug of Lipofectamine ™ 2000 (Thermo
Fisher Scientific) was used according to the manufacturer's instructions.

2.7. Characterization of Liposomes and Lipoplexes

2.7.1. Characterization of Lipoplexes by Agarose Gel Electrophoresis

The interaction of DNA with cationic liposomes was characterized by electrophoresis to verify
the electrostatic interaction between these molecules. Agarose gel electrophoresis was performed
using 0.8% agarose gels in 1X Tris-Borate-EDTA (TBE) buffer (89 mM Tris, 89 mM boric acid, 2 mM
EDTA), pH 8.2, at 80 V for 1.5 hours. The gel was stained with ethidium bromide (5 ug/mL) and
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visualized using a High Performance Ultraviolet Transilluminator. Images were captured with a
Kodak Gel Logic 100 gel documentation system.

2.7.2. Transmission Electron Microscopy (TEM)

The structural characteristics of cationic liposomes and lipoplexes were analyzed using TEM
with negative staining technique. Aliquots of 20 uL of cationic liposomes or lipoplexes were placed
on 200-mesh copper grids previously coated with formvar. The samples were incubated for 5 minutes
at room temperature, and excess liquid was removed by blotting with filter paper. The grids were
then stained with a 1% aqueous solution of phosphotungstic acid for 45 seconds. Excess stain was
removed by blotting with filter paper, and the samples were examined using a JEOL JEM 1010
transmission electron microscope at an operating voltage of 60 kV and a magnification of 100,000x.

2.7.3. Nanoparticle Tracking Analysis (NTA)

To determine particle count per mL and verify particle size, cationic liposomes and lipoplexes
were analyzed using the NanoSight NS300. This instrument utilizes NTA to characterize
nanoparticles ranging from 10 nm to 2000 nm in solution. Each particle was analyzed individually
yet simultaneously through direct observation and laser diffraction measurement.

2.8. Transfection Into the Eukaryotic Cell Line

The Hek-293 FT cell line (human embryonic kidney cells) was cultured in 25 cm® Nunc flasks
with DMEM supplemented with 10% fetal bovine serum (FBS, Sigma—Aldrich). Cell cultures at 80%
confluence were used in 96-well plates. The culture medium was removed, and the cells were washed
twice with 1X PBS. Subsequently, 40 pL of the lipoplex preparation was added. For the transfection
process, the cells were incubated with the lipoplexes for 2 hours at 37°C in a 5% CO:z atmosphere. The
medium was removed, and the samples were washed twice with PBS. Then, f resh medium
supplemented with 10% SFB was added to continue incubation for another 36 hours The transfection
efficiency was evaluated by fluorescence microscopy 24 hours post-transfection.

2.9. Determination of Cell Viability Post-Transfection

Eukaryotic cell cultures at 80% confluence were used 24 hours post-passage. The culture
medium was removed, and the cells were washed twice with 1X PBS. Subsequently, 40 uL of the
lipoplex preparation was added. The cells were incubated with the lipoplexes for 2 hours at 37°C in
a 5% COz atmosphere. Following incubation, the lipoplexes were removed, and the cells were washed
twice with 50 uL of 1X PBS. Then, 20 pL of 0.2% trypan blue dye (Sigma-Aldrich) in 1X PBS was
added, and the cells were incubated for 10 minutes at 37°C in a 5% CO2 atmosphere. The vital dye,
which stains only damaged or dead cells, was then removed, and the cells were washed twice with
50 uL of 1X PBS. Cell viability was determined by observing the cells under the Axio Vert.Al
microscope (Carl Zeiss, Oberkochen, Germany) and calculating the percentage of dead or damaged
cells relative to the total number of viable cells.

3. Results

3.1. The Synthesis and Purification of CholCadLys Lipid Enables a High-Yield Formation of Cationic Lipids

The synthesis of the CholCadLys lipid involved the formation of carbamate and amide bonds
between the activated cholesterol, the cadaverine as linker, and the basic amino acid Lysine. The final
CholCadLys lipid obtained is depicted in Figure 1.
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Figure 1. Molecular structure of synthesized CholCadLys lipid. The formation of the carbamate bond
between cholesteryl chloroformate and cadaverine and the amide bond between cadaverine and
lysine is observed. UIPAC name: 10,13-dimethyl-17-(6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-y1 (5-(2,6-
diaminohexanamido)pentyl)carbamate.

The synthesis was carried out using activated cholesterol:cadaverine:lysine molar ratio 1:2:2 to
promote the production of the desired product with a higher yield. The synthesized and purified
CholCadLys lipid exhibited a semi-solid consistency, a light brown color, and a waxy appearance.
The identification of the lipid (unpurified and purified) was performed through analytical
chromatography and it was revealed with 1% ninhydrin in ethanol, where 2 spots were observed, of
which the intermediate one correspond to the cationic lipid, being an amphipathic molecule, while
the amino acid that did not react, being polar, remained at the point of application (Figure 2 (I.A and
II.A)) and with 5% sulfuric acid in ethanol, the steroid used as raw material moved in front of the
solvent, being a highly hydrophobic molecule (Figure 2 (I.B and IL.B)), in both revelation techniques
an Rf of 0.8 was detected (Figure 2). In each chromatogram, the raw materials were applied at
different spots as follows: activated cholesterol (1), the unpurified or purified lipid obtained directly
from the synthesis (2), and the basic amino acid (3) (Figure 2 (I. and I.)). The yield of the reaction was

on average 60%.
“ A & (IL.) X ]

Figure 2. (I.) Identification of the unpurified synthesized CholCadLys lipid. The raw material was
placed in the chromatogram (1: cholesteryl chloroformate, 2: A mixture of raw materials, reaction
intermediates, and the unpurified synthesized cationic lipid can be observed and 3: L-lysine).
Chromatogram A of each lipid was revealed with ninhydrin (presence of free amino groups), while
chromatogram B was revealed with sulfuric acid (presence of organic matter). (II.) Identification of
the purified synthesized CholCadLys lipid. The raw material was placed in the chromatogram (1:
cholesteryl chloroformate, 2: purified synthesized lipid and 3: L-lysine). Chromatogram A of each
lipid was revealed with ninhydrin (presence of free amino groups), while chromatogram B was
revealed with sulfuric acid (presence of organic matter). .
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3.2. Elongation of the Carbonyl (C=0) bond of the Amide and Carbamate Bond are Structural Features of the
Cholcadlys Lipid

Infrared spectroscopy was conducted on the purified synthesized CholCadLys lipid, resulting
in the corresponding spectrum of the molecule. Signals representing characteristic bonds were
observed in all obtained spectra: a signal ranging between 1688.59 and 1641.63 cm! corresponding to
the elongation of the carbonyl (C=O) bond of the amide and carbamate bond. Similarly, signals
corresponding to the elongation of the -NH groups were observed at 3298.84 cm, while signals
corresponding to the C-H elongations of the methyl and methylene groups of the hydrocarbon chains
were observed between 2918 and 2849 cm™. Signals corresponding to the CHs elongations were
observed at 1451 - 1413 cm™ (Figure 3). Thus, these signals confirm the presence of a molecule,
comprising the hydrophobic portion linked to the basic amino acid through an amide bond. This
validates the presence of the expected functional groups of the designed CholCadLys lipid.
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Figure 3. Infrared spectrum of the synthesized CholCadLys lipid. The signal at 1688.59 — 1641.63
cm™ corresponds to the C=O stretching of the carbonyl of the amide bond. The signal at 3298.84 cm-
1 corresponds to the elongation of the -NH groups, the signals at 2918.33 cm-1 and 2849.56 cm™!
correspond to the C-H elongations of the methyl and methylene groups of the hydrocarbon chains,
and the signals 1451 - 1413 cm™, corresponding to the CHs elongations.

The synthesized CholCadLys lipid underwent mass spectrometry, from which the
corresponding spectrum was obtained. In the spectrum, the exact mass of the synthesized lipid was
determined, which coincided with the theoretical mass obtained using the Chem Draw Ultra 8.0.3
program (Informer Technologies, Inc., Los Angeles, CA, USA), amounting to 643.5 g/mol (Figure 4).
Therefore, the identity of this new lipid could be confidently confirmed.
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Figure 4. Mass spectrum of the CholCadLys lipid. A signal with an exact mass of 643.5439 Da,
corresponding to the CholCadLys lipid was observed.

3.3. The Extraction and Characterization of pIRES2-EGFP plasmid DNA Confirm its Molecular Integrity

The pIRES2-EGFP plasmid, sized at 5308 bp, served as the genetic material. It comprises the
Cytomegalovirus CMV promoter for expression in eukaryotic cells, the IRES2-EGFP gene encoding
the green fluorescent protein as a reporter gene, and the kanamycin resistance gene (Kan) (Figure 5).
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NRel Ecoa? Il Bglll xho! “ Hindll EcoRT pgry Sall Kool | Apal |sanﬂl
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Ecinze ll Sacll  Xmal
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Figure 5. Genetic map of the pIRES2-EGFP plasmid. The plasmid components and specific
restriction enzyme cleavage sites are depicted.

The integrity of the pPDNA was determined by electrophoretic mobility in a 1% agarose gel. Two
of the three possible bands for a plasmid (form I or supercoiled circular, form II or relaxed circular,
and form III or linear) were observed. Molecular form I (supercoiled) was obtained at 98%, while
molecular form II (relaxed circular) was obtained at 2% (figure 6). Therefore, the plasmid DNA
exhibited a high degree of integrity, ensuring a high level of confidence in genetic expression.
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Figure 6. Electropherogram of the purified pIRES2-EGFP plasmid integrity. Lane 1: Quick-Load
1Kb DNA Ladder molecular size marker; Lane 2: pIRES2-EGFP control pDNA; Lanes 3-4: 1 and 2 uL
of plasmid DNA extraction and purification.

3.4. Formation of Stable Liposomes with Different Molar Ratios of Cholesterol and DOPE as Helper Lipids

Cationic liposomes were formed using the Felgner sonication method, modified by Ibafez et al.
(1996), incorporating two helper lipids DOPE or cholesterol (Sigma-Aldrich) at different molar ratios.
During the preparation of liposomes with all planned lipid mixtures, it was observed that not all of
them were stable. The stability of liposomes depends on the interaction between lipids, both the
CholCadLys and the helper lipid, to form a stable lipid bilayer in the aqueous medium. Preparations
yielding stable liposomes exhibited a milky appearance characteristic of vesicle suspensions due to
light refraction. The lipid mixtures forming stable liposomes included CholCadLys:cholesterol in
molar proportions of 1:1, 2:1, and the CholCadLys:DOPE in molar ratios of 1:1 and 1:2.

3.5. Electrophoresis Reveals pPDNA Interactions with Liposomes

Electrophoresis was performed on lipoplexes formed with the stable liposomes to determine the
electrostatic interaction between liposomes and pDNA. This assay provides insight into the
interaction between liposomes and genetic material in lipoplexes. Three different behaviors were
observed in the electropherograms: pDNA present in the loading well (lipoplex), free pPDNA without
delay, and free pDNA with delay. The behavior of pDNA in different selected lipoplexes was
compared, using varying amounts of pDNA, i.e., different total lipids/DNA (w/w) ratios: 1:0.66, 1:0.4,
1:0.28, 1:0.22, and 1:0.18. The quantity of pDNA molecules was gradually decreased, while
maintaining a fixed amount of liposomes (1 pg total lipids). For this test, the same volume was loaded
into the wells of the gel.

In the case of free pDNA, the lipoplexes exhibited different behaviors. The CholCadLys lipid
mixed with cholesterol-cadaverine (CholCad) IUPACname ([10,13-dimethyl-17-(6-methylheptan-
2-y1)-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-yl] N-(5
aminopentyl)carbamate) [32] and DOPE as a helper lipid showed pDNA without delay only in the
ratio 1:0.66 total lipids/DNA, while a slight delay was observed in the ratio 1:0.40 total lipids/DNA.
However, there was always free pDNA, indicating two possibilities: not all pDNA interacted with
liposomes, and the ratio of total lipids to pPDNA was not appropriate, suggesting an excess of added
pDNA (Figure 7).
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Figure 7. Electropherograms of lipoplexes formed with CholCadLys and helper lipids at different
w/w ratios (1 pg total lipids/different amounts of pDNA). A) CholCadLys - DOPE 2:1; B)
CholCadLys - CholCad 1:2; C) CholCadLys - CholCad 2:1; D) CholCadLys - CholCad - DOPE
1:1:2; E) CholCadLys - CholCad - DOPE 2:1:1. 1. pDNA control. 2. Ratio 1:0.66 pg DNA. 3. Ratio
1:0.40 ug DNA. 4. Ratio 1:0.28 ug DNA. 5. Ratio 1:0.22 ug DNA. 6. Ratio 1:0.18 ug DNA.

3.6. TEM Analysis Reveals Size and Morphology for Transfection

The total lipids/pDNA ratio 1:0.4 demonstrated optimal electrostatic interaction, which is ideal
for transfection, as it strikes a balance that is neither too strong nor too weak, ensuring efficient
delivery of the genetic material, which was used for the subsequent assays. To characterize the
liposomes, those that were stable were selected for future transfection, including those containing
cholesterol in a molar ratio of 1:1 and 2:1, as well as those containing DOPE in a molar ratio of 1:1 and
1:2. The liposomes appeared spherical and ovoid with a heterogeneous size ranging from 26.4 to 126
nm in diameter in all mixtures (Figure 8). Similarly, lipoplexes were analyzed by TEM, revealing
complexes of various sizes ranging from 110 to 420 nm that formed associations with tubular-shaped
(CholCadLys:Cholesterol 2:1) (figure 8D) junctions (CholCadLys:Cholesterol 1:1) (figure 8B) in all
lipid mixtures (figure 8).
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Figure 8. TEM micrographs of liposomes and lipoplexes (total lipids/pDNA ratio 1:0.4). A)
Liposomes formed with CholCadLys:cholesterol at a molar ratio of 1:1. B) Lipoplexes formed with
CholCadLys:cholesterol at a molar ratio of 1:1. C) Liposomes formed with CholCadLys:cholesterol at
a molar ratio of 2:1. D) Lipoplexes formed with CholCadLys:cholesterol at a molar ratio of 2:1. E)
Liposomes formed with CholCadLys:DOPE at a molar ratio of 1:1. F) Lipoplexes formed with
CholCadLys:DOPE at a molar ratio of 1:1. = G) Liposomes formed with CholCadLys:DOPE at a molar
ratio of 1:2. H) Lipoplexes formed with CholCadLys:DOPE at a molar ratio of 1:2.

3.7. Comparative Analysis of Size and Concentration of Liposomes and Lipoplexes for Transfection
Applications

The liposomes were observed to be spherical with a heterogeneous size ranging from 102 to
136.6 nm in diameter, and the approximate particle count was 2 x10® particle / mL (Table 1).
Similarly, lipoplexes total lipids/pDNA ratio 1:0.4 were analyzed, revealing associations among them
in multiple forms, with a heterogeneous size ranging from 92.3 to 142 nm in diameter, and the
approximate particle count was 2x108 particles / mL. The quantity of liposomes per ml is crucial for
transfection (Table 1).
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Table 1. Size and Count of Liposomes and Lipoplexes.

Molar Ratios Average Size (nm) Concentration
(CholCadLys : Helper (particles/mL)
Lipid)
Liposomes Lipoplexes Liposomes Lipoplexes
1.72x10° 2.53x10°
Cholesterol 1:1 136.6 132
1.35x10° 1.80x10°
2:1 114.8 92.3
3.39x107 2.33x10°
DOPE 1:1 102.4 142
2.16x107 3.04x10
1:2 116.7 107.2

3.8. Lipid Mixtures Containing DOPE as a Helper Lipid Increase Transfection Efficiency

The highest transfection efficiencies were achieved when using lipoplexes with w/w ratios total
lipids/pDNA 1:04. In general, transfections were carried out with lipoplexes containing the
CholCadLys and CholCad lipids, in combination with cholesterol or DOPE in different molar
proportions. Very few transfected cells were observed with the CholCadLys lipid containing
cholesterol, resulting in a transfection efficiency of 2% (Figure 9 C, D). However, when transfection
was performed with lipoplexes formed with the CholCad and DOPE (Figure 9 E, F, G), and the
CholCadLys lipid and DOPE (Figure 9 1, ]), a transfection efficiency of up to 10% was achieved.

Given that the best transfections were obtained with the CholCadLys and the CholCad lipids,
and these lipids mixed with DOPE, a mixture of these lipids was prepared to observe the effect on
transfection efficiency. Stable liposomes were formed with the lipid mixture as follows: CholCadLys
- CholCad in a molar ratio of 1:2; CholCadLys - CholCad in 2:1; CholCadLys - CholCad - DOPE in
1:1:2; CholCadLys - CholCad - DOPE in 2:1:1. Lipoplexes were then formed, and the Hek-293 FT cell
line was transfected.

An increase in transfection efficiency was observed with the mixture of CLs in different
proportions. Using the CholCadLys - CholCad in 1:2 and the CholCadLys - CholCad in 2:1, a
transfection efficiency of up to 30% was achieved (Figure 9 K, L). Meanwhile, mixing the CholCadLys
- CholCad - DOPE in 1:1:2 and the CholCadLys - CholCad - DOPE in 2:1:1 resulted in a transfection
efficiency of up to 40% (Figure 9 M, N), which was superior to the Lipofectamine™ 2000 (Thermo
Fisher Scientific) used as comparison method for this transfection system in this cell line.
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GFP Bright field GFP Bright field
expression expression

Figure 9. Transfection in Hek-293 FT Cell Line. Different lipoplex mixtures were prepared using the
synthesized lipid and a helper lipid in various ratios. A) Untransfected control cells; B) CholCadLys;
C) CholCadLys - Cholesterol 1:1; D) CholCadLys - Cholesterol 2:1; E) CholCad - DOPE 1:1; F)
CholCad -DOPE 1:2;G) CholCad -DOPE 2:1;1) CholCadLys - DOPE 1:1; J) CholCadLys - DOPE
1:2; K) CholCadLys - CholCad 1:2; L) CholCadLys - CholCad 2:1; M) CholCadLys - CholCad
-DOPE 1:1:2; N) CholCadLys - CholCad - DOPE 2:1:1; N) Lipofectamine 0.5 pg - 0.400 ug DNA.

3.9. Lipid mixtures containing CholCadLys do not exhibit cytotoxic effects in cell culture

The cytotoxic effect of lipoplexes formed with the helper lipids cholesterol or DOPE in different
molar ratios was evaluated using the trypan blue exclusion dye. The test was conducted after
completing the transfection period. No blue-stained cells (dead or damaged cells) were observed in


https://doi.org/10.20944/preprints202410.2546.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2546.v1

14

the cultures of cells treated with various CholCadLys lipoplexes. In contrast, when cells were
transfected with Lipofectamine™ 2000 (Thermo Fisher Scientific), approximately 50% of cells were
observed to be non-viable (stained). Untreated cells were used as a negative control (Figure 10).
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Figure 10. Viability Effect on Hek-293 FT Cell Line. A) Negative control cells; B) Lipoplexes formed
with cholesterol as a helper lipid; C) Lipoplexes formed with DOPE as a helper lipid; D) Lipoplexes
formed with: CholCadLys - CholCad - DOPE 1:1:2; E) Lipoplexes formed with: CholCadLys -
CholCad - DOPE 2:1:1; F) Lipofectamine 0.5 ug.

4. Discussion

Genetic carriers enable the transport and protection of genetic material for transfection, as the
uptake of naked genetic material by eukaryotic cells is challenging and inefficient [33,34]. Therefore,
genetic carriers that facilitate the transfection process are commonly required. Currently, the most
common and safe genetic carriers are cationic liposomes; however, their main drawback is low
transfection efficiency [35-37]. In this study, a CL derived from cholesterol, cadaverine linked by a
carbamate bond, and lysine linked by an amide bond were synthesized to enhance transfection
efficiency and avoid cytotoxicity. These molecules were chosen as they are normally part of cells,
making them potentially innocuous for in vitro and in vivo applications.

It's important to note that CLs derived from cholesterol have been previously used for gene
delivery to eukaryotic cells with acceptable transfection efficiencies. However, most of them
exhibited some degree of cytotoxicity due to the polar region they contain, preventing their
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establishment as effective non-viral gene delivery vectors [38,39]. Studies have shown that cells can
hydrolyze CLs used for transfection, with units linked by carbamate bonds, without causing
cytotoxicity [39-41]. Additionally, the amide bond formed in this newly synthesized CL is highly
recognized by the cell, as it links the amino acids constituting peptides and proteins, making its
hydrolysis non-problematic for the cell.

The purification of the CholCadLys lipid was achieved through differential solubility using
liquid-liquid extractions with chloroform and water. In the aqueous phase, excess polar molecules
(pyridine, cadaverine, and lysine) were separated, while the complete lipids and cholesterol
chloroformate remained in the organic phase. Although, preparative chromatography was also
employed to obtain a purer lipid, separating it completely from excess raw material. The yield of the
reaction was around 60%, which is considered acceptable [42]. However, this could be improved by
modifying certain parameters such as temperature and the amount of raw material used, favoring
the formation of the final product. Increasing the amount of raw material is a viable option due to the
low synthesis cost, using economical reagents and not requiring any sophisticated equipment, both
for synthesis and purification, considering it as an advantage.

Monitoring the synthesis and identifying the CholCadLys lipid was carried out through thin-
layer chromatography on silica gel (TLC), which is essential for the analysis of lipids and other small
molecules like amino acids, nucleotides, and vitamins, among others [43]. TLC is a sensitive and
precise identification tool, reliable for initial correct identification. It does not require complex
instrumentation, making it simple to use, providing advantages for its application. For the elution of
the chromatographic plate, a solvent mixture suitable for amphipathic molecules was used as the
mobile phase. Therefore, an Rf value between the point of application and the solvent front (0.8 > Rf
> 0.3) indicates the presence of amphipathic molecules, such as cationic lipids. It was observed that
cholesteryl chloroformate, which is highly soluble in organic solvents, migrates with the mobile
phase on the chromatographic plate. In contrast, L-lysine, due to its two functional groups capable of
forming hydrogen bonds (the amino and hydroxyl groups, both acting as hydrogen bond donors and
acceptors) and its short hydrocarbon chain, remained at the application point. Furthermore, the
majority of lysine was eliminated in the aqueous phase. The presence of an intermediate spot with
an Rf of 0.8 confirmed the presence of an amphipathic compound, corresponding to the cationic lipid.
This chromatography also allowed a rough assessment of the lipid's purity after chromatographic
elution. Note that two developing reactions were used to identify the molecules, as they indicate two
different characteristics: the ninhydrin development indicated the presence of free amino groups,
which provide the positive charge to the cationic lipid and form its hydrophilic part; the sulfuric acid
development indicated the presence of organic matter in the hydrophobic region and the general
presence of organic contaminants, both in the crude reaction mixture and after purification.

To confirm the presence of the CholCadLys lipid, other techniques such as infrared spectroscopy
(IR) and mass spectrometry were necessary. IR spectroscopy identified the functional groups of the
molecules, confirming the nucleophilic substitution between the cholesterol and the cadaverine and
the amidation between the cadaverine and the lysine. Mass spectrometry identified the exact mass of
the compounds and indirectly indicated their purity, showing the signal of the synthesized lipid
along with other signals that could correspond to unreacted compounds or secondary compounds
formed during the synthesis such as a lysine molecule attached to a cholesteryl chloroformate
molecule, a cadaverine molecule attached to a cholesteryl chloroformate molecule, and two lysine
molecules (polymerized) attached to a cholesteryl chloroformate molecule. This suggests that the
synthesized lipid is not completely pure. However, it is also known that the same method used for
analysis can fragment the evaluated molecule, which could account for the signals detected prior to
those of the molecule of interest.

Cationic liposomes were formed from amphipathic CLs mixed with colipids, mainly providing
stability to the liposome's lipid bilayer. The most used helper lipids are DOPE, cholesterol, or
dioleoylphosphatidylcholine (DOPC). In this study, liposome stability was tested using the
synthesized CL and helper lipids. Not all lipid mixtures tested formed stable liposomes. Liposome
stability depends on the molecular structure of the CLs and helper lipids for the lipid bilayer to form
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properly. The study found that the CL formed liposomes with both cholesterol and DOPE. However,
not all molar ratios used formed stable liposomes, yet all liposomes were tested in the transfection
process. The lipid size, determined by the size of the hydrophobic and hydrophilic parts, is the major
parameter for liposome stability. The geometry of the synthesized CL appears to be a thin cylinder,
and DOPE's molecular geometry is conical [44,45]. Despite DOPE being a neutral lipid, its interaction
with the synthesized CL could provide stabilization through electrostatic interactions, making
liposomes more stable when formed with DOPE as a helper lipid [46,47].

With stable cationic liposomes, lipoplexes were prepared for transfecting the Hek-293 FT cell
line. To perform transfection, the first step involved obtaining pDNA with high integrity and purity
to ensure proper gene expression and avoid cytotoxicity due to bacterial contaminants (RNA and
proteins), focusing solely on liposome-induced cytotoxicity. Lipoplexes result from the electrostatic
interaction of the positive charges of the hydrophilic region of CLs with the negative charges of the
phosphate groups in the genetic material (pDNA). The DNA-liposome binding is crucial for efficient
GT, as electrostatic interaction determines the release and intracellular delivery of genetic material
[48,49]. Additionally, liposomes, besides acting as genetic carriers, allow the condensation of genetic
material on their surface, preventing degradation by nucleases [50,51], and participate in the
interaction with target cells for efficient internalization or delivery of genetic material [52,53].

Using the lipoplexes formed from stable liposomes, the Hek-293 FT cell line was transfected.
Clear differences in gene transfer efficiency were observed based on the helper lipid used, with higher
transfection efficiency achieved when DOPE was employed. In vitro studies have shown that DOPE
is more efficient for gene transfer [54-56], a finding confirmed by the results of transfections with
CholCadLys lipid.

Furthermore, in vitro transfection assays have shown that cholesterol is the most effective helper
lipid for forming lipoplexes, likely due to its role in stabilizing lipid bilayers within cellular
membranes [57,58], however, in this work transfection efficiency significantly decreased when
lipoplexes were formed with cholesterol as a helper lipid. This may be since, as the hydrophobic
portion of the synthesized CholCadLys lipid is a cholesterol molecule, it cannot interact effectively
with cholesterol. Cholesterol stabilizes the phospholipids and glycolipids in the plasma membrane,
but two cholesterol molecules cannot associate correctly in the lipid bilayer [59,60], resulting in less
stable and less efficient lipoplexes for genetic material transfer.

Since both the CholCadLys and the CholCad lipids showed good transfection efficiency, a
mixture of these two CLs with DOPE was prepared to assess if efficiency could be increased. The
transfection efficiency was found to be up to 40%, which was very similar to that obtained with
commercial liposomes Lipofectamine™ 2000 (Thermo Fisher Scientific) (used as a comparison
method). This outcome may be attributed to stabilizing the liposome bilayer surface through
electrostatic interactions between DOPE and the synthesized CLs, leaving two positive charges on
the surface, enhancing electrostatic interaction with DNA, and improving the transfection process.

Viability assays revealed that cells showed no damage with any of the mixtures containing
CholCadLys lipid. Therefore, it can be asserted that the synthesized CholCadLys lipid, being
composed of molecules naturally found in the cell, is not cytotoxic. Once the lipoplex is taken up by
the cell, and the pDNA can migrate to the cell nucleus, the next step would be the hydrolysis of the
amide and carbamate bonds by nonspecific enzymes [61-63], generating cell-native molecules
(lysine,cadeverine, and cholesterol). Lysine can be used for protein synthesis, or the cell can utilize it
to oxidize it to CO2 and water plus ATP. The primary amine can be used in the cell for polyamine
production, and the activated cholesterol, which can serve as a precursor for bile salts, steroid
hormones, vitamin D, and as a structural component of cell membranes [64]. Therefore, these CLs,
lacking cytotoxicity, can be considered safe for gene transfer, both in vitro.

Characterizing the lipoplexes allowed the comparison of their structural and physicochemical
characteristics with TEM using negative staining. All liposomes were observed to have spherical or
ovoid shapes, with heterogeneous sizes ranging from 26.4 to 126 nm. This size is considered suitable
for gene transfer, as studies have shown that small unilamellar liposomes (~70 nm) are more efficient
for gene transfer compared to larger ones (~135 nm) [65,66]. In the case of lipoplexes, there was no
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variation in size when genetic material was added. However, lipoplexes formed with the mixture of
lipids containing DOPE exhibited associations between them with tubular connections, resembling a
beaded necklace, which has been described with other CLs [67].

Agarose gel electrophoresis was performed to determine the interaction between liposomes and
PDNA, using a lipid/DNA (w/w) ratio of 1:0.4 as a reference, as this ratio resulted in the best
transfection efficiency with the tested CLs. Increasing the amount of pDNA relative to the amount of
liposomes resulted in free or weakly associated pDNA on the liposome surface (retarded pDNA),
saturating the positive charges on the liposome surface and hindering interaction with the cell
membrane, consequently reducing transfection [68,69]. Conversely, decreasing the amount of DNA
relative to the amount of liposomes allowed better interaction and uptake by the cell, as surplus
positive charges remained for interaction during transfection. The lipid/DNA ratio of 1:0.4, which
showed the best transfection efficiencies, implies that this ratio is ideal to allow the amount of pPDNA
used to associate with the positive charges on the liposome's surface without saturating it completely.
This ensures there are remaining positive charges on the lipoplex surface for interaction with the cell
membrane during transfection. Modifying this ratio altered transfection efficiency accordingly.

This study demonstrated the effectiveness of the CholCadLys mixed with different helper lipid
ratios for gene transfer in Hek-293 FT cells. However, further studies are needed to enhance its
effectiveness in transfection across different cell lines, primary cultures, and experimental animals,
with the goal of eventually using them as safe and efficient genetic carriers in humans.

5. Conclusions

The CL amphipathic nature was confirmed through the Rf value. When the CholCadLys lipid
was mixed with helper lipids in various molar ratios, it formed stable liposomes and lipoplexes with
heterogeneous sizes, depending on the lipid mixture used. Additionally, it was demonstrated that
the CholCadLys lipid is capable of transfecting eukaryotic cells in culture with low cytotoxicity. The
transfection efficiency was found to depend on the lipid mixtures used, with the most efficient
transfections occurring with mixtures containing DOPE as a helper lipid. Therefore, the mixture of
CholCadLys and CholCad enhances the transfection efficiency lipid shows potential as a genetic
vector for the delivery of NA to cultured cells, offering new possibilities for developing more
compatible and efficient gene delivery systems for future in vivo gene therapies. However, further
testing with different cell lines is recommended to confirm its efficiency and cytotoxicity.
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