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Abstract

The study presents the effects of blending a cationic gemini surfactant into cationic lipid bilayers

and its impact towards plasmid DNA compaction and delivery process. Using nanoDSC, dynamic

light scattering, zeta potential and electrophoretic mobility measurements, together with

transfection (2D- and 3D-) and viability assays, we identified the main physicochemical

parameters of the lipid bilayers, liposomes and lipoplexes that are affected by the gemini

surfactant addition. We also correlated the cationic bilayer composition with the dynamics of the

DNA compaction process, and with transfection efficiency, cytotoxicity and internalization

mechanism of the resultant nucleic acid complexes. We found that blending of gemini surfactant

into the cationic bilayers fluidized the supramolecular assemblies, reduced the amount of positive

charge required to fully compact the plasmid DNA and, in certain cases, changed the

internalization mechanism of the lipoplexes. Transfection efficiency of select ternary lipoplexes

derived from cationic gemini surfactants and lipids was several times superior to transfection

efficiency of corresponding binary lipoplexes, also surpassing standard transfection systems. The

overall impact of gemini surfactants into the formation and dynamic of cationic bilayers was

found to depend heavily on the presence of co-lipids, their nature and amount present into

lipoplexes. The study confirmed the possibility of combining the specific properties of pyridinium

gemini surfactants and cationic lipids synergistically for obtaining efficient synthetic transfection

systems with negligible cytotoxicity useful for therapeutic gene delivery.
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Introduction

Gene therapy has the potential to be a widespread cure for diseases caused by hereditary or

acquired genetic defects, treating the source of the disease rather than its symptoms. It relies

on the transfer and expression (transfection) of foreign genetic material into affected cells of

a patient, either to correct a defective gene or to introduce a new function to the targeted

cells. Within this new therapy, DNA, small interfering RNA (siRNA) and other nucleic

acids are used as “drugs”, but even more important than the drug itself becomes its efficient

and selective delivery to the target cells and the side effects associated with the delivery

process.1–3 Thus, viruses are very efficient gene delivery vectors but their use is associated

with immunogenicity, mutagenicity and safety concerns that make their repeated

administration problematic. A top-down approach is currently underway attempting to delete

or replace the immunogenic structural elements.2 In contrast, chemical methods relying on

the use of self-assembled systems designed bottom up are safer and allow the delivery of

DNA plasmids of practically unlimited size.4 However, their efficiency is relatively low due

to an incomplete adaptation of the structure of the synthetic delivery system to the

transfection barriers in vitro and in vivo.5,6

Synthetic transfection systems rely on the use of cationic amphiphiles (surfactants,7,8

gemini-,9–12 trimeric- and oligomeric surfactants,13 lipids,14,15 dendrons, dendrimers and

polymers16) with different sizes, shapes, and self-assembling properties. Small MW cationic

amphiphiles cooperatively associate and compact nucleic acids through a major structural

rearrangement process entropically-driven by the release of counterions and hydration water

of both species. Safinya’s group revealed the existence of lamellar (Lα
C)17 and inverted

hexagonal (HII
C)18 structures for the lipoplexes, with the later one being more transfection-

efficient than the first one. The preferential formation of one of these structures depends on

the overall packing parameter of the amphiphile (or mixture of amphiphiles) used to

compact the DNA.19–21 Since most of cationic lipids have packing parameters lower than 1,

co-lipids with P > 1 such as DOPE or cholesterol (Chol, C) are blended with cationic lipids

in order to induce an average packing parameter around 1 (and thus generate a lamellar

structure for the lipoplex) or over 1 (when the inverted hexagonal structure is obtained,

usually requiring a larger amount of colipid). The co-lipid also reduces the electrostatic

repulsions between adjacent cationic polar heads and ensures the robustness of the lipoplex

through the strong hydrophobic effect that keeps the individual amphiphiles together. The

ability of lipoplexes to resist the disruptive interaction with serum proteins and figurative

elements of the blood is essential for the success of nucleic acid delivery via IV

administration route. Once the target tissue is reached, the lipoplexes interact with the cells

via multiple mechanisms (clathrin, caveolin, endocytosis/pinocytosis), being internalized

and ending into internal vesicles of various structures and dynamics (clathrin coated pits,

caveolae, endosomes). Once inside the cell, the supramolecular delivery system must be able

to rupture the internal vesicle, disassemble fast and release its nucleic acid cargo into the

cytoplasm, from where it can relocate to the nucleus and be internalized, transcribed and

later translated into encoding proteins. For lipoplexes internalized via endocytosis/

pinocytosis Safinya’s group revealed that endosomal escape is favored by a high charge

density of the lipoplex and a high elastic modulus of the lipoplex membrane-forming
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amphiphiles.22 Other studies emphasized the importance of co-lipid used in liposome and

lipoplex formulation, showing the stabilizing effect of cholesterol on the lipoplex

transfection efficiency even at high cationic lipid/DNA charge ratios and in the presence of

large amounts of serum.23,24

It is thus obvious that for efficient nucleic acid delivery the cationic lipid mixture must be

able to accommodate both processes of DNA compaction and release. Cationic amphiphiles

with a soft cationic charge are particularly suited for accommodating these antagonistic

processes. They also display a reduced interaction with serum proteins which makes them

well suited for in vivo use.25,26 The softer charge can be generated through the use of large

positively charged atoms (e.g. phosphonium, arsonium instead of ammonium26–28) or

through the use of heterocyclic systems where the positive charge is delocalized on several

atoms. Among the heterocyclic representatives the imidazolium29 and pyridinium cationic

lipids have proven their efficiency both in vitro and in vivo for the delivery of DNA and

siRNA.7,13,30–34 Our team successfully generated pyridinium amphiphiles through the

reaction of pyrylium salts with primary amines under Bayer-Piccard reaction

conditions.13,32,33 The procedure is versatile and allows the access to pyridinium lipids,

surfactants, gemini surfactants, and oligomeric amphiphiles.13 Extensive structure-activity

relationship (SAR) studies conducted in recent years allowed us to identify efficient

members within each class of above-mentioned pyridinium amphiphiles, such as lipids

SPYRIT-733 and gemini surfactants SPYRIT-35 and SPYRIT-687,13,33,35,36 (Chart 1),

together with their most efficient formulations.

Thus, cationic lipid SPYRIT-7 co-formulated with cholesterol at 1:1 molar ratio proved

efficient in transfecting reported gene plasmids in several malignant cell lines while

displaying negligible cytotoxicity.33 An even better transfection profile was displayed by

gemini surfactant SPYRIT-68, evolved throughout our synthetic program and SAR studies

within this class of amphiphiles.36 Importantly, lipoplexes based on SPYRIT-68/DOPE (1/2

molar ratio) formulation were able to retain their transfection efficiency even in the presence

of elevated levels of serum in the transfection media, mimicking the in vivo conditions.36

However, the cytotoxicity of these lipoplexes was higher, probably due to the efficient

membrane destabilitation properties of this class of amphiphiles, which is related with their

higher charge/mass ratio, higher curvature and molecular flexibility and lower packing

parameter as compared with their lipid congeners.9, 36 Therefore we decided to investigate

the use of gemini surfactant SPYRIT-68 in mixture with pyridinium lipid SPYRIT-7 seeking

to combine the membrane-destabilization properties of the gemini surfactant, its high

charge/mass ratio and its excellent transfection properties with the good transfection/

cytotoxic profile of SPYRIT-7 based formulations. The cationic gemini surfactant/lipid

blends were expected to have a higher charge density than corresponding pure cationic lipid-

based formulations, while displaying reduced cytotoxicity, thus synergistically combining

the properties of the two classes of cationic amphiphiles for overcoming some of the

intracellular delivery barriers (such as endosomal escape) against gene delivery.
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Materials and methods

Materials

The pyridinium cationic lipid SPYRIT-7, and the gemini surfactant SPYRIT-68 were

synthesized and purified as previously reported.33,35,36 Cholesterol, DOTAP, DOPE were

from Avanti Polar Lipids (Alabaster, AL) and were used as received. Solvents (HPLC

quality) were from Fisher Scientific (Pittsburgh, PA), EMD (Gibbstown, NJ), and VWR

International (West Chester, PA). Chloropromazine hydrochloride, genistein and EIPA were

from Enzo Life Sciences (Farmingdale, NY). Tris Acetate EDTA (TAE) buffer, Lambda

DNA/Hind III markers, Blue juice – Blue/Orange Loading dye were from Promega

(Madison, WI). DNA plasmids - gWiz™ Luc plasmid encoding the firefly luciferase gene

and gWiz™ GFP encoding the green fluorescent protein were from Aldevron (Fargo, ND).

The GelStar Nucleic acid gel stain was from Lonza (Rockland, ME). Agarose (ultrapure)

and Optimem media were from Invitrogen (Carlsbad, CA).

Methods

Preparation of hydrated lipid bilayers—Stock solutions (3 mM) of the cationic lipid

SPYRIT-7 and of gemini surfactant SPYRIT-68 (0.3 mM) were prepared from powder in

glass vials using CHCl3/MeOH (2/1) as solvent (organic stock). For DOPE and cholesterol,

solutions of the same concentration (3 mM) were made in CHCl3/MeOH (2/1) as well. All

solutions were swirled, purged with nitrogen, and capped securely; when not in use they

were stored in the freezer at −20 °C.

Thirteen preparations were done, namely cationic lipid alone, cationic lipid mixed with

cholesterol at 1:1 and 1:2 molar ratio, cationic lipid mixed with DOPE at 1:1 and 1:2 molar

ratio, cationic lipid/gemini surfactant (95/2.5 molar ratio) with cholesterol at 1:1 and 1:2

molar ratio, and cationic lipid/gemini surfactant (95/2.5 molar ratio) with DOPE at 1:1 and

1:2 molar ratio, cationic lipid/gemini surfactant (90/5 molar ratio) with cholesterol at 1:1 and

1:2 molar ratio, and cationic lipid/gemini surfactant (90/5 molar ratio) with DOPE at 1:1 and

1:2 molar ratio. Thus 20 μL of the SPYRIT-7 organic stock (3 mM) was transferred into a

glass vial (total cationic lipid was 60 nmol). An amount of 20 or 40 μL cholesterol or DOPE

organic stock (3mM) was added to the vial for formulations containing colipids. In the case

of gemini surfactant blends, 18 or 19 μL of SPYRIT-7 cationic lipid organic stock (3 mM)

were combined with either 10 or 5 μL of SPYRIT-68 gemini surfactant organic stock (0.3

mM) and 20 or 40 μL of cholesterol or DOPE (3 mM stock) respectively. Each sample was

diluted with CHCl3/MeOH (2/1) to a final volume of 500 μL. The organic solvent was

evaporated to dryness in the SpeedVac for 1 h, and then the samples were further dried

under vacuum in a dessicator for another hour. The dry lipid films were hydrated with 0.6

mL of deionised water yielding a 0.1 mM positive charge-containing suspension. The vials

were purged with sterile nitrogen passed through a 0.22 μm filter, sonicated at room

temperature for 1 min, and then left overnight at room temperature to hydrate.

The next day, each vial was freeze-thawed 10 times (−70°C/65°C).
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Nano-differential scanning calorimetry—For the nanoDSC experiments the same

protocol was followed except specified amounts of organic stock aliquoted out were

amplified 33.3X and the lipid films were hydrated with 1 mL deionized water. DSC

measurements of the hydrates samples were obtained on a TA Instruments (New Castle, DE)

NanoDSC-6300, between 5 and 95 °C, using a heating/cooling rate of 1 °C/min on 0.75 mL

sample (working cell volume). No other transition temperatures except the ones represented

in Figure 1 were observed. Experimental data was worked out using CpCalc software

version 2.2 (Calorimetry Sciences Corp).

Liposome Preparation—The hydrated samples (0.1 mM total positive charge) prepared

as described above were subsequently sonicated twice for 15 minutes at 65°C with a 15

minute pause between cycles yielding homogeneous liposomal formulations.

Liposome Characterization: A volume of 500 μL of each liposomal preparation was

introduced into a disposable Malvern DTS 1060 measurement cell. The size and zeta

potential of the liposomes were measured using a Zetasizer Nano (Malvern Instruments).

The readings were all made at 25°C at normal resolution, using the instrument’s automated

feature. For the size measurements, the volume results were used in all cases, and the results

were reported as the average of 10–20 runs. Zeta potentials were measured in millivolts

(mV) and were the average of 10–20 runs.

Lipoplex preparation and characterization: Solutions of plasmid DNA (gWiz™ Luc

plasmid, Aldevron, 6732 bp), and ladder Lambda DNA/Hind III (Promega), both 0.05

μg/μL, were prepared in sterile conditions, using nuclease-free water.

In six eppendorff tubes, 5 μL of diluted DNA stock were treated with 8 μL, 16 μL, 24 μL, 32

μL, 40 μL, and 64 μL of diluted liposomal preparation (lipid/DNA ratios of 1/1, 2/1, 3/1, 4/1,

5/1, and 8/1). The vials were tapped gently for 1 min to ensure proper mixing, and then

allowed to rest at room temperature for 30 min for proper lipoplex compaction. The volume

of all lipoplex suspensions was adjusted with nuclease-free water to 150 μL. This lipoplex

stock solution was used for both gel electrophoresis and size/zeta potential measurements.

Gel electrophoresis of lipoplexes: In the gel electrophoresis experiment an amount of 15

μL of each lipoplex formulation was aliquoted out in small eppendorf vials and each vial

subsequently received 3 μL of Blue/Orange Loading dye (Promega). A DNA standard was

made by mixing 2 μL of diluted DNA stock with 13 μL nuclease free water and 3 μL of

Blue/Orange Loading dye. The same procedure was used to make a ladder reference

standard using the Lambda DNA/Hind III marker. The final volume in all vials was 18 μL.

The lipoplex/dye mixtures were loaded into a 1% Agarose gel in 1X TAE buffer, pre-stained

with GelStar® (Lonza) nucleic acid stain (10 μL in 50 mL gel suspension). Gel

electrophoresis was carried out at 75 mV for 75 min. DNA bands were visualized with a

Mighty Bright transilluminator (Hoefer), and the gel was photographed with an Olympus

C-5060 digital camera.

Lipoplex characterization: The remaining 135 μL from each lipoplex preparation was

diluted to a final volume of 600 μL with nuclease-free water and transferred into a
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disposable Malvern DTS 1060 measurement cell. The size and zeta potential of the

lipoplexes were measured using a Zetasizer Nano (Malvern Instruments) at 25°C at normal

resolution. Volume results were used for size data, and results were reported as the average

of 10–20 runs. Zeta potentials were measured in millivolts (mV) and the average was taken

of 10–20 runs.

General procedure for transfection and cytotoxicity experiments

Preparation of lipoplexes: In a typical experiment, for each cationic liposomal formulation

to be tested an amount of 3 μL of a 0.5 mg/mL gWiz™ Luc plasmid DNA solution was

aliquoted out in a sterile eppendorf tubes and was diluted with 13 μL nuclease-free water.

The diluted DNA was then treated with 144 μL of the liposomal formulation (0.1 mM total

cationic charge), prepared as indicated above. The vials were tapped gently to ensure proper

mixing, and then allowed to rest at room temperature for 30 min for complete lipoplex

compaction. This lipoplex stock solution was used for transfection, cytotoxicity, size, and

zeta potential measurements.

Transfection and viability experiments: From the lipoplex stock solution, an amount of

135 μL was aliquoted out for each cationic lipid formulation to be tested, and was diluted

with 765 μL Optimem (GibcoBRL).

The lipoplexes were tested for their ability to transfect NCI-H23 cancer cell lines. The cells

were maintained in 10% fetal bovine serum (FBS) enriched medium at 37 °C in a

humidified atmosphere of 95% air/5% CO2. The media RPMI 1640 (CellGro, Houston, TX)

was used for NCI-H23. Twenty-four hours prior to transfection, cells were transferred to 96-

well microtiter plates (Cellstar 655180, Greiner Bio-One) at a density of 20,000 cells/well.

Each well received 100 μL of appropriate medium, and the plate was incubated in the same

conditions as above. All experiments were done in quadruplicate. Two plates were made for

each experiment: one for transfection and one for cytotoxicity. The error bars in figures

represent one standard deviation from the average value.

Immediately before transfection the medium was removed and the cells from each well were

briefly washed with 200 μL sterile PBS. After removal of the PBS solution each well

received 100 μL of lipoplex stock solution, and the plates were returned to the incubator.

After 90 min incubation time with cells the lipoplex suspension was removed, cells were

washed with sterile PBS and then each well received 200 μL of medium. Cell plates were

incubated for further 48 hours, after which the transfection efficacy was determined using

the first cell plate and the associated cytotoxicity was assessed using the second cell plate,

transfected in similar conditions as the first one.

Transfection efficiency: luciferase and protein content assay: Forty-eight hours after

transfection, the medium was aspirated and the wells were washed briefly with 200 μL PBS.

After removal of PBS the cells were lysed by adding 100 μL 1X reporter lysis buffer

(Promega) to each well and incubating the plate at 37 °C for 15 minutes. The cell lysate was

collected and used for luciferase and protein assays.
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For the luciferase assay, 20 μL of cell lysate was transferred to a test tube and assessed

directly by means of BD Monolight 3010 luminometer (BD Biosciences, San Jose, CA)

using a luciferase assay kit (E4030) from Promega.

The protein content was quantified using a bicinchoninic acid (BCA) assay (Thermo

Scientific, Rockford, IL). The BCA assay was prepared as specified in its manufacturer’s

instructions; 40 μL of cell lysate were treated with 1 mL of BCA reagent in an acryl cuvette

and the solution was incubated for 1 hour at 37 °C. The light absorption of the solution was

then read at 562 nm by means of a Hach DR/4000U UV-VIS Spectrometer (Loveland, CO),

and the protein content was estimated by comparison to bovine serum albumin standards.

The luciferase activity was normalized by the protein content and expressed as relative

luminescence units/Ng of protein (RLU/Ng protein).

Viability assay: In order to quantify the relative cytotoxicity of the non-viral cationic

vectors, a WST-1 standard viability method37 was performed along with the luciferase and

BCA assays. Forty-eight hours post-transfection, 20 μL of WST-1 tetrazolium dye solution

(Roche, Mannheim, Germany) was added to each well (still containing 200 μL of medium).

A blank was prepared by mixing 200 μL of medium and 20 μL of tetrazolium dye solution,

and the plate was incubated at 37 °C in the CO2 incubator. After 3 hours the colorimetric

measurement was performed at 450 nm (with a reference wavelength of 650 nm that was

subtracted) by means of a SpectramaxM2 microplate reader (Molecular Devices, Sunnyvale,

CA). The value corresponding to the blank was deducted from the value corresponding to

each well. Viability was expressed as percentage of the control, represented by cells that

underwent the same treatments but did not receive any cationic lipoplexes.

Lipoplex characterization: The remaining 25 μL from each lipoplex preparation was

diluted to a final volume of 500 μL with nuclease-free water and transferred into a

disposable Malvern DTS 1060 measurement cell. The size and zeta potential of the

lipoplexes were measured using a Zetasizer Nano (Malvern Instruments) at 25°C at normal

resolution. Volume results were used for size data, and results were reported as the average

of 10–20 runs. Zeta potentials were measured in millivolts (mV).

3D Transfection—NCI-H23 lung cancer, HT29 and HCT116 colon cancer cell lines were

grown in RPMI-1640 media supplemented with 10% FBS in A-U96 Lipidure® plates (NOF,

Tokyo, Japan) starting with a density of 1000 cells/200 μL. Spheroid formation was

observed in about two-three days, and their growth was followed and imaged. After eighteen

days each spheroid (about 0.7 mm in diameter and containing about 40000 cells) was

transfected by directly adding 14 μL lipoplex suspension prepared in the same way as

described above in the well. The transfection media contained the same amount of DNA as

in the monolayer transfection experiment presented above (0.14 μg/well). Two plasmids,

gWizLuc and gWizGFP were used in parallel experiments. After 3 days each spheroid was

transferred into an eppendorf tube, washed with PBS and imaged for GFP expression via

confocal fluorescence microscopy or lysed with reporter lysis buffer 1X overnight and

assessed for luciferase content, as described above. In the case of GFP measurements the

washed spheroids were placed on a coverslip and GFP expression was visualized by laser

scanning confocal microscopy using a Carl Zeiss 710 two-photon confocal microscope
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equipped with a W Plan-Apochromat 10X air objective, using 0.9X digital zoom, with

excitation at 488 nm. 3D transfection images were generated by z-stacking individual 2D

images using Zen 2010 Software as previously described.38,39

Lipoplex internalization experiments - investigation of mechanisms/routes of

internalization—Twenty-four hours prior to transfection, NCI-H23 cells were transferred

to 96-well microtiter plates (Cellstar 655180, Greiner Bio-One) at a density of 20,000 cells/

well. Each well received 100 μL of RPMI-1640 containing 10% FBS, and the plate was

incubated overnight in the same conditions as above. All experiments were done in

quadruplicate. The next day the media was removed and cells were washed with warm PBS.

After PBS removal each well received 100 μL stock solution of either chloropromazine

hydrochloride (10 μg/mL),40,41 genistein (200 μM)40,42–44 or EIPA 100 μM45,46 in serum

free culture media for 1 hour at 37 °C. Subsequently, 100 μL lipoplexes were added and

typical transfection procedure was conducted as described above. The transfection values

obtained in the presence of cell internalization inhibitors were divided by the transfection

values obtained in the absence of inhibitors (control experiment) and reported as percentage

of these control values.

In a parallel experiment, NCI-H23 cells were cultured as presented above, then trypsinized

and the cell suspension was centrifuged at 1000 rpm for 3 min; the supernatant was

discarded and cells were re-suspended in Optimem at a concentration of 5 × 106 viable

cells/mL. A volume of 0.8 mL cell suspension was mixed with 50 μg plasmid DNA

encoding the GFP-tagged Rab7 protein (Addgene, Cambridge MA) and was transferred into

a 4-mm gap electroporation cuvette. Cells were subsequently electroporated using a Gene

Pulser II electroporator (BioRad) at 350 V, 960 microfarads and infinite resistance. The

transfected cells were allowed to recover for 3h in Optimem, after which cell suspension

was diluted with RPMI-1640 media containing 10% FBS, cells were counted and transferred

onto 12 mm glass coverslips in a 24 well plate at a density of about 105 cells/well. After 48

h incubation time (37 °C, 5% CO2) a confluence degree of about 40–60% was obtained (~ 2

× 105 cells/well). Media was removed and cells were washed with PBS and subsequently

incubated with 0.5 mL lipoplexes in Optimem generated as described above (see

transfection and cytotoxicity experiments). After 90 min incubation time with cells the

lipoplex suspension was removed, cells were washed, fixed with 4% formaldehyde in PBS,

washed again with PBS and imaged for Rab7-GFP using a Carl Zeiss 510 Meta confocal

microscope (Zeiss) with a 40X oil objective using an excitation wavelength of 488 nm.

Images were analyzed using Zen 2010 (Zeiss).

Statistical analysis—Statistical comparisons were performed by analysis of variance

(ANOVA) using GraphPad Prism 6, where *P < 0.05, **P < 0.01, ***P < 0.001 and ****P

< 0.0001 unless specified otherwise.

Results and Discussion

The pyridinium cationic lipid SPYRIT-7, subsequently referred to as “cationic lipid” or

“lipid”, and the gemini surfactant SPYRIT-68, subsequently referred to as “gemini

surfactant, GS” were synthesized and purified as previously reported.33,36
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The cationic lipid or its blends with colipids DOPE or cholesterol at 1:1 and 1:2 lipid/colipid

molar ratio were hydrated with deionized water through repeated freeze/thaw cycles and

subjected to nanoDSC analysis in order to determine the gel/liquid crystalline transition

temperature of the pure lipid and the impact of colipid nature and amount on this transition.

Similar blends in which 5% of the cationic charge brought by SPYRIT-7 was replaced with

the equivalent amount of GS SPYRIT-68 were prepared in parallel and subjected to

nanoDSC analysis in order to assess the effect of GS blending on bilayer fluidity. Results

are presented in Figure 1.

As one may observe in Figure 1, lipid SPYRIT-7 in hydrated form has a transition

temperature around 30 °C. The transition temperature of GS SPYRIT-68 was below 0 °C

(data not shown). Addition of either DOPE or cholesterol colipids to SPYRIT-7 bilayers

lowers substantially the transition temperature of the resulted lipid mixture with

simultaneous broadening of the thermal transition peak, as expected.47–49 The effect is

proportional with the amount of colipid used. On the other hand, replacing 5% of the

positive charge brought by the cationic lipid in the cationic bilayer with the same amount of

charge of the corresponding amount of GS completely wipes out the remaining (broad)

thermal transition of the SPYRIT-7/colipid supramolecular assemblies. Thus, blending of

GS has an additional leveling effect on the gel/liquid crystalline thermal transition of the

lipid mixture, acting synergistically with the colipid towards fluidizing (laterally) the

cationic bilayer. All ternary amphiphile mixtures are perfectly fluid over a wide range of

temperatures (Figure 1).

The above-mentioned hydrated cationic blends were subsequently sonicated to generate

cationic liposomes. Since the gemini surfactant has a lower packing parameter (higher

molecular curvature) than cationic lipid, it was expected that ternary lipid mixtures

containing GS would be able to adapt higher bilayer curvatures and to yield smaller

liposomes as compared with binary mixtures of SPYRIT-7 and colipids with equivalent

positive charge. In order to test the effect of GS on the size/curvature of cationic liposomes,

the ternary mixtures containing either 5% or 10% GS (but the same overall amount of

positive charge) were made, in addition to the binary cationic lipid/colipid mixtures

indicated above. The size and zeta potential of the resulted vesicles are presented in Figure 2

(panels a, c). An analysis of the data of Figure 2 reveals that the size of SPYRIT-7/Chol (1/1

and 1/2 molar ratio) liposomes was generally bigger than the size of SPYRIT-7/DOPE

corresponding liposomes. Importantly, the effect of GS blending into cationic lipid/colipid

formulations also depends on the nature of co-lipid used: for DOPE-based liposomes

addition of 5% GS does not change significantly the size of the vesicles (d ~ 250 nm), while

a significant decrease in size is observed for cholesterol-based liposomes (from 600 nm to

about 250–300 nm). It appears that the more flexible DOPE can accommodate the small

increase of the positive curvature of the bilayer induced by GS while the more rigid

cholesterol cannot do that. Interestingly, doubling the amount of GS blended into bilayers

increases the sizes of the liposomes from ~ 250 nm to 600–900 nm, with the exception of

cationic amphiphiles/cholesterol 1:2 formulation, where the size of the vesicles decreases to

250 nm, as initially expected. We hypothesize that the increase in size of the supramolecular

assemblies at 10 % GS after an initial decrease at 5% GS is due either to different
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amphiphile distribution in the two bilayer leaflets at the two GS concentrations or to a

liposome to worm micelle transition when passing from 5% to 10% GS in the cationic

blend. The results of a parallel experiment of blending DOPE into a 10GS/90lipid cationic

mix (Figure 2, panel b) support the first hypothesis since the size of supra-molecular

aggregates increases monotonously from 400 nm to 900 nm with the increase of colipid

molar fraction in the mix up to 50%, after which it decreases to about 600 nm when the

amount of colipid is doubled. The possible bilayer asymmetry can explain also the variable

results observed for the zeta potential of the 10GS/90lipid assemblies with variable DOPE

content (Figure 2d), which increased from + 45 mV to about + 60 mV. For the other lipid

blends the zeta potential decreased from ~ + 60–65 mV to + 50 mV when the amount of GS

in the blend was reduced. This trend is normal since the charge density of GS SPYRIT-68 is

higher than the corresponding charge density of cationic lipid SPYRIT-7 (the charge per

mass ratio is in favor of GS) (Figure 2c, 2d).

The cationic formulations presented above were tested for their ability to compact plasmid

DNA encoding the luciferase gene (gWizLuc, Aldevron). The compaction process was

followed at different cationic amphiphile/DNA +/− charge ratios (Figure 3) by monitoring

the size (Figure 3a), zeta potential (Figure 3b) and electrophoretic mobility (Figure 3c) of

lipoplexes generated from each cationic amphiphile-based co-formulation used.

When the cationic lipid was formulated alone, no full compaction of the DNA could be

observed (data not shown). This is probably due to the very high positive charge density in

the cationic bilayer that causes strong repulsions between the cationic heads, destabilizing

the bilayer and preventing the formation of stable DNA complexes.47

However, efficient compaction of DNA was observed when SPYRIT-7 cationic lipid was

formulated with either DOPE or cholesterol, as seen in Figure 3 (red bars, and top row of

gels). The compaction process was dependent on the nature of co-lipid used (DOPE or

cholesterol), on its molar ratio to cationic lipid (1:1 or 1:2), and on the cationic lipid/DNA

charge ratio. For lipoplexes obtained from SPYRIT-7/ DOPE (1:1) formulation, full

compaction of DNA occurred at cationic lipid/ DNA charge ratio between 3 and 4, as

revealed by the positive shift in zeta potential and the gel electrophoresis mobility

experiment. At these charge ratios a significant drop in the size of the lipoplexes from 800

nm to ~ 350 nm could also be observed in the majority of cases. At higher charge ratios, the

zeta potential continued to increase to + 25 mV while the size continues to decrease,

reaching a minimum average size for the complexes of 219 nm. Interestingly, the

supercoiled plasmid (lower DNA band) is compacted faster than the relaxed circular DNA

(Figure 3c, upper left panel). A possible explanation is that the supercoiled DNA is

compacted with a larger amount of counterions (thus requiring less cationic amphiphile)

than the relaxed plasmid, similarly with the mechanism proposed recently by Aicart and

Bhattacharya for the compaction of (supercoiled) plasmid DNA versus linear DNA.50 When

the molar ratio of DOPE was increased (cationic lipid/DOPE 1:2 formulation), the additional

co-lipid caused full DNA compaction to occur at a cationic lipid/DNA charge ratio between

2 and 3 but the decrease in lipoplex size after compaction was less abrupt than for lipoplexes

based on cationic lipid/DOPE 1:1 lipid mixtures. The zeta potential was 21.3 mV at the

same charge ratio (3), significantly higher than the zeta potential for the above-mentioned
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lipoplexes. These results are in good agreement with the results obtained recently by Aicart

and Bhattacharya for DNA compaction with cationic gemini surfactants/DOPE

formulations.51

While analyzing the lipoplexes derived from SPYRIT-7/cholesterol formulation (1:1 molar

ratio) one may observe that full DNA compaction did not occur even at high charge ratios.

The zeta potential turned positive around a charge ratio of 5, when the size of lipoplexes

decreases abruptly from 1218 nm to 412 nm. Doubling the amount of cholesterol in the

liposomal formulation leads to (lateral) fluidization of the cationic bilayer (as presented in

Figure 1) and decreases the +/− charge ratio at which DNA is compacted to 4, with a size of

corresponding lipoplexes of 346 nm.

Substituting 5% of the positive charge brought by cationic lipid SPYRIT-7 in above

mentioned formulations with the same amount of positive charge from gemini surfactant

SPYRIT-68 had a significant effect on the corresponding lipoplex properties (Figure 3,

green bars and second row of gels). Thus, DNA compaction occurred at lower charge ratios

(2 for cationic lipid/DOPE 1/1 and 1/2, 3 for cationic lipid/cholesterol 1/1 and 2 for cationic

lipid/cholesterol 1/2) as indicated by zeta potential shifts to positive values and confirmed by

lipoplex electrophoretic mobility. The size of lipoplexes at full DNA compaction decreased

for all formulations, revealing a more compact structure. In the case of lipoplexes generated

from SPYRIT-7/DOPE 1/2 and SPYRIT-7/cholesterol 1/2 the supercoiled DNA was

compacted faster than the relaxed one. We hypothesize that lateral movement of gemini

surfactant in the fluid bilayers allows its concentration in areas where the DNA makes high

curvature loops otherwise difficult to accommodate by the less flexible cationic lipid

congener. This mechanism is probably responsible for the monotonous decrease in size of

lipoplexes while increasing the charge ratio observed for GS-containing lipoplexes, as

opposed to dramatic size contractions observed in the case of lipoplexes derived from

formulations containing exclusively cationic lipid SPYRIT-7.

Increasing the percentage of positive charge brought by gemini surfactant into the cationic

amphiphile blend to 10% has a further beneficial effect: the minimum charge ratio required

for DNA compaction continues to decrease, the lipoplex zeta potential is most of the times

higher as compared with GS/lipid 5/95 blends and the DNA is better compacted (Figure 3

violet bars and third row of gels). DNA in DOPE-containing lipoplexes 10GS_90lipid/

DOPE 1/1 is fully compacted at a +/− charge ratio of 1 for lipoplexes derived from

10GS_90lipid/DOPE 1/1) a feature that is a rather rare in cationic lipid-mediated

transfection. For lipoplexes derived from 10GS_90lipid/DOPE 1/2 the supercoiled DNA is

fully compacted at +/− charge ratio of 1, while a small amount of free circular plasmid still

can be observed at this charge ratio. The same observations are also valid for cholesterol-

containing lipoplexes, where the percent of uncompacted DNA is dramatically reduced

when 10% GS is blended into the cationic amphiphile mixture.

In order to test the effect of GS blending towards the transfection efficiency of the

lipoplexes, we assessed the above-mentioned DNA complexes prepared at the +/− charge

ratio of 3 against the NCI-H23 cell line. This cell line proved very susceptible to be

transfected by pyridinium amphiphiles13,33 thus allowing the fine quantization of the
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differences in transfection efficiency of different formulations. The cytotoxic effect

associated with transfection process was quantified in parallel using a WST-1 viability assay

(Figure 4). Lipoplexes generated from commercial transfection agent Lipofectamine® at the

same charge ratio of 3 were added as reference. The size and zeta potentials of the

lipoplexes were in good agreement with the ones found in the optimization study (Figure 3)

with DOPE-containing lipoplexes having slightly smaller sizes as compared to cholesterol

containing ones (Figure 4a). The zeta potential of all formulations was positive at this charge

ratio within experimental errors (Figure 4c) and in good agreement with the values obtained

in the optimization study (Figure 3). The standard transfection agent Lipofectamine

generated lipoplexes with a size of 250 nm and a zeta potential of 2 mV.

In terms of transfection efficiency it can be observed that cholesterol-based lipoplexes were

more efficient than DOPE-based ones at similar cationic species composition. The molar

ratio of colipid in the formulation proved also important. Increasing the DOPE content of the

DOPE-based lipoplexes had a beneficial effect on transfection efficiency while an increase

of cholesterol molar ratio in the cholesterol-based lipoplexes decreased the transfection

efficiency of corresponding DNA complexes. Lipoplexes derived from SPYRIT-7/chol 1/1

formulation were found to be equal or more efficient than Lipofectamine, confirming the

conclusions of previous studies.33 Importantly, lipoplexes derived from cationic blends

containing 5 % positive charge brought by gemini surfactant SPYRIT-68 were 2–3 times

more efficient than the corresponding lipoplexes generated from 100% cationic lipid,

revealing a significant impact of the gemini surfactant on transfection efficiency. Lipoplexes

derived from 5GS_95lipid/chol 1/1 and 1/2 were several times more efficient than

Lipofectamine, while lipoplexes derived from 5GS_95lipid/DOPE 1/1 and 1/2 matched the

efficiency of this standard transfection system. Interestingly, doubling the charge

contribution of the gemini surfactant in the lipoplexes did not increase further the

transfection efficiency; in fact the efficiency of the lipoplexes containing 10% positive

charge from GS was inferior to the efficiency of lipoplexes derived only from SPYRIT-68

(Figure 4e), with the 10/90 GS/lipid: DOPE formulations being practically devoid of

transfection efficiency. We hypothesize that the GS is favoring the fusion of the lipoplex

with the endosomal membrane due to its high curvature and elastic modulus and high charge

density, as presented by Safinya’s group.22 Similar fusogenic properties are induced into

lipoplexes by DOPE through its ability to adopt an inverted hexagonal phase. However, the

packing parameters of GS SPYRIT-68 and DOPE are quite opposite and we suspected that

the two amphiphiles may cancel each other in terms of fusogenicity. Therefore we tested the

effect of reducing the DOPE amount in the 10/90 GS/lipid blends (Figure 4b, 4d, 4f, 4h).

Data from Figure 4f reveals that the transfection efficiency of 10/90 GS/lipid blends can be

regained by reducing the DOPE amount. Interestingly, the 10/90 cationic GS/lipid blends

were efficient in the absence of any colipid, being able to condense DNA into 400 nm

lipoplexes with positive zeta potential (Figure 4b, 4d, 4f). One may also observe the

excellent cytotoxic profile of the lipoplexes, irrespective of their composition. The

experiment reveals the ability of gemini surfactant SPYRIT-68 to potentiate transfection

without raising the cytotoxicity of the formulation, thus validating the working hypothesis.

We also assessed the ability of the most efficient formulations towards transfecting tumor

spheroids in vitro. Spheroids derived from lung carcinoma cell line NCI-H23 and from two
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colon carcinomas – HT-29 and HCT-116 were grown to ~ 0.7 mm diameter, when they are

thought to contain about 40000 cells (the same amount of cells transfected in a well in the

96-well plate format). We incubated the individual spheroids with lipoplexes generated

under the same conditions as in the 2D experiment and containing the same amount of

DNA/cell. Besides luciferase we also used the gWizGFP plasmid, which allows a better

visualization of the transfected cells in 3D after confocal imaging and reconstruction of the

three-dimensional image from sequential 2D ones (Figure 5). Data from Figure 5 revealed

an interesting trend, with the DOPE-based formulation superior to the cholesterol-based

ones irrespective of the reporter gene plasmid used. Luciferase data (Figure b) mirrored the

results obtained with GFP plasmid. The transfection was cell-type dependent, with the NCI-

H23 spheroids being the most susceptible to be transfected and showing the most significant

transfection differences, followed by HCT-116 and HT-29. Select GS-based lipoplexes

equaled or surpassed Lipofectamine in this experiment too, as revealed by both GFP and

luciferase data.

The major transfection differences observed between lipoplexes containing variable amounts

of GS SPYRIT-68 and between the 2D and 3D transfection experiments prompted us to

assess the implication of GS in another delivery barrier, namely the cellular internalization

of the lipoplexes. Several mechanism of lipoplex internalization are known, including

clathrin- and caveolae-mediated endocytosis and (macro)pinocytosis, which can be

selectively blocked by chloropromazine, genistein, and 5-(N-ethyl-N-isopropyl)amiloride

(EIPA).52–56 We tested the internalization mechanism used by the most efficient pyridinium

lipoplexes using the same NCI-H23 lung cancer cell line and the three above-mentioned

selective inhibitors. Specifically, transfection efficiency of lipoplexes generated from

cationic amphiphile(s)/DOPE (1/2 molar ratio) and cationic amphiphile(s)/cholesterol (1/1

and 1/2 molar ratios) formulations, containing 0%, 5% and 10% positive charge contributed

by GS SPYRIT-68, prepared at a charge ratio of 3 as previously done, was assessed in the

absence and in the presence of (i) chloropromazine (10 μg/mL), (ii) genistein (200 μM), and

(iii) EIPA(100 μM) (Figure 6). Data from Figure 6 revealed that the cellular uptake,

measured as the ratio between the transfection efficiency in the presence of internalization

inhibitors over the transfection efficiency in normal conditions (control experiment), was

strongly dependent on the composition of the lipoplexes. Thus, the DOPE-containing

lipoplexes are internalized primarily through pinocytosis (inhibited by EIPA). Addition of

GS SPYRIT-68 does not change the primary mechanism of internalization, but it may open

an alternative caveolae-mediated endocytosis pathway (inhibited by genistein) which is

dependent on the amount of GS in the formulation (Figure 6A). This availability of this

pathway is controlled by the amount of fusogenic component (either GS or DOPE) in the

lipoplex. On the other hand, cholesterol-containing lipoplexes derived from SPYRIT-7 use

all three internalization pathways. For lipoplexes rich in cholesterol (cationic amphiphile/

cholesterol molar ratio of 1:2) the blending of GS SPYRIT-68 does not have a significant

effect on the internalization pathways.

However, a very different trend emerges for lipoplexes derived from cationic amphiphile/

cholesterol formulated at 1:1 molar ratio: blending of GS SPYRIT-68 causes the

simultaneous suppression of cellular uptake throughout all three pathways, in a dose-

dependent manner (Figure 6a). Taking into account that these formulations were the most
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efficient in 2D transfection experiments, we can conclude that addition of the GS

SPYRIT-68 into the lipoplexes triggers their internalization through another mechanism. A

possible mechanism is through temporary poration of external membranes by the GS [22].

This fact might explain the different transfection trends observed between two-dimensional

and three-dimensional transfection experiments. Consequently, the internal membranes of

endolysosomes should be affected in the same way by the GS-containing lipoplexes still

internalized through classical pathways investigated above. In order to test this hypothesis

we transfected NCI-H23 cells with Rab-7 protein labeled with GFP using the electroporation

technique. This protein (a small GTPase) is specific for endolysosomes and does not exist in

caveolae and in the vesicles internalized from plasmalemma [57, 58]. Forty eight hours post-

transfection with Rab-7 the cells were incubated 2h with lipoplexes that did not contain GS

and that contained 5% charge brought by GS, after which they were washed, fixed with 4%

paraformaldehyde, washed and imaged immediately via confocal microscopy for Rab-7

intracellular distribution against control cells that did not receive lipoplexes (Figure 7).

Analyzing the data from Figure 7 one can observe that NCI-H23 cells that did not receive

lipoplexes display a Rab-7 intracellular distribution limited to endolysosomes (left panels)

and that the transfection with lipoplexes that do not contain GS SPYRIT-68 does not alter

significantly the Rab-7 intracellular distribution. However, the lipoplexes containing 5 % GS

promote endolysosomal membrane rupture and release of Rab-7 (and of DNA cargo) into

the cytoplasm (Figure 7, right panels). The diffuse cytoplasm distribution of Rab-7 supports

the proposed temporary poration of external and internal membrane by GS-containing

formulations.

This study demonstrated that the addition of pyridinium gemini surfactant SPYRIT-68 to

cationic bilayers formed by pyridinium cationic lipid SPYRIT-7 acts synergistically with co-

lipids DOPE or cholesterol towards fluidizing completely the supramolecular amphiphile

assembly. Blending of gemini surfactant into the cationic lipid-based bilayers can impact

substantially the size and, to some extent, the zeta potential of the vesicles formed from

these hydrated bilayers upon sonication. The mixed cationic amphiphile assemblies were

able to fully compact plasmid DNA at lower +/− charge ratios, generate lipoplexes of

smaller size and higher zeta potential as compared with corresponding cationic bilayers of

equivalent positive charge containing only cationic lipid SPYRIT-7. These observations, in

concert with the fluctuation observed for the size of resulting lipoplexes while increasing the

cationic amphiphile/DNA charge ratio in the absence and in the presence of gemini

surfactant, strongly indicate a different compaction mechanism in which the gemini

surfactant concentrates in areas where DNA makes high curvature loops otherwise difficult

to accommodate by the less flexible cationic lipid congener at the same +/− charge ratio.

Moreover, the addition of pyridinium GS can enhance dramatically the transfection

efficiency of SPYRIT-7 cationic lipid-based formulations, surpassing standard commercial

transfection systems while displaying negligible cytotoxicity, as revealed by 2D- and 3-D

transfection experiments. Blending of gemini surfactant SPYRIT-68 into cationic lipid

SPYRIT-7-based lipoplexes can also change substantially the internalization mechanism of

the lipoplexes. The overall impact depends heavily on the presence of co-lipids, their nature

and amount present into the lipoplexes, with most susceptible formulations being the ones

containing cholesterol in equimolar amount to cationic lipids. The study confirmed the
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possibility of combining the specific properties of pyridinium gemini surfactants and

cationic lipids synergistically for obtaining synthetic transfection systems with improved

transfection efficiency and negligible cytotoxicity useful for therapeutic gene delivery.
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Abbreviation list

ANOVA analysis of variance

BCA Bicinchoninic acid

Chol Cholesterol

DOPE Dioleoylphosphatidylethanolamine

DLS Dynamic light scattering

EIPA 5-(N-ethyl-N-isopropyl) amiloride

DNA Deoxyribonucleic acid

DSC Differential scanning calorimetry

FBS Fetal bovine serum

GFP Green fluorescent protein

GS Gemini surfactant

PBS Phosphate buffer saline

RNA Ribonucleic acid

siRNA small interfering RNA

WSTs Water soluble tetrazolium salts
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Figure 1.
Comparative nanoDSC traces of cationic lipid SPYRIT-7 (“lipid”) formulated with DOPE

(a, b) or cholesterol (c, d) at 1:1 (a, c) and 1:2 (b, d) molar ratios, in water, in the absence

(red traces) of in the presence of 5% GS SPYRIT-68 (“GS”, green traces), against the pure

cationic lipid formulation (black traces). Broadening and shifting the thermal transition of

the cationic lipid to lower values by addition of colipid and subsequent complete bilayer

fluidification through GS addition can be observed.
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Figure 2.
The impact of GS on the size (panels a, b) and zeta potential (panels c, d) of liposomes

generated from SPYRIT-7 cationic lipid and DOPE or cholesterol at 1:1 or 1:2 lipid/colipid

molar ratios. Error bars represent s.d. (n = 10–12. P values were determined by two-way

ANOVA within one set of formulations (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P <

0.0001) or one-way ANOVA, comparing the value with the previous one in the series (#P <

0.05, ##P < 0.01, ###P < 0.001 and ####P < 0.0001). Only the statistical significant

differences were shown.
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Figure 3.
The compaction of DNA by pyridinium cationic amphiphiles SPYRIT-7 and SYRIT-68, co-

formulated with DOPE (1:1 molar ratio, first panel column; 1:2 molar ratio, second panel

column) or with cholesterol (1:1 molar ratio, third panel column; 1:2 molar ratio, fourth

panel column) depicting the size (a), zeta potential (b) and electrophoretic mobility of the

lipoplexes against free DNA (c), as a function of the cationic amphiphile/ DNA charge ratio.

The red bars correspond to formulations in which the total positive charge is brought

exclusively by SPYRIT-7 cationic lipid, while the green and violet bars represent

SPYRIT-7/SPYRIT-68 blends of 95/5 and 90/10 charge contribution respectively. Error bars

represent standard deviation (n = 10–12). P values were determined by one-way ANOVA,

comparing the value with the previous one in the series (#P < 0.05, ##P < 0.01, ###P < 0.001

and ####P < 0.0001). Only the statistical significant differences were shown.
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Figure 4.
Size (panels a, b), zeta potential (panels c, d), transfection efficiency (panels e, f) and

cytotoxicity (panels g, h) against NCI-H23 cell line of lipoplexes formed at a +/− charge

ratio of 3 from SPYRIT-68/SPYRIT-7 (0/100 red bars, 5/95 green bars, 10/90 violet bars)

cationic amphiphiles coformulated with either DOPE or cholesterol at 1:1 and 1:2 molar

ratios. P values were determined by two-way ANOVA within one set of formulations (*P <

0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001) or one-way ANOVA, comparing the

value with the previous one (#P <0.05, ##P < 0.01, ###P < 0.001 and ####P < 0.0001). In the

transfection efficiency experiment (e, f) one-way ANOVA was performed relative to
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Lipofectamine formulation (ϕP < 0.05). Only the statistical significant differences were

shown.
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Figure 5.
Transfection of NCI-H23, HT-29, HCT-116 tumor spheroids by select pyridinium cationic

amphiphiles formulations and commercial transfection reagent Lipofectamine®, as revealed

by 3D images of GFP expression (a) and luciferase quantitation (b). Boundaries of spheroids

are indicated by a dotted white line. Bar represents 200 μm. Note the strong cell dependence

of transfection efficiency on cell type. P values were determined by two-way ANOVA

within one set of formulations (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).
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Figure 6.
Cellular uptake (NCI-H23 cell line) of lipoplexes formed from SPYRIT-7/SPYRIT-68

(0/100 red bars, 5/95 green bars, 10/90 violet bars) cationic amphiphiles coformulated with

either DOPE or cholesterol at 1:1 and 1:2 molar ratios (a) or from SPYRIT-7/SPYRIT-68

(10/90) cationic amphiphiles formulated alone or with DOPE at different molar ratios (b) in

the presence of specific internalization inhibitors chloropromazine, genistein and EIPA. P

values were determined by one-way ANOVA, comparing the values with the control set (ϕP

< 0.05) in panels a) and b), by two-way ANOVA within one set of formulations (*P < 0.05,

**P < 0.01, ***P < 0.001 and ****P < 0.0001) in panel a) and by one-way ANOVA,

comparing the value within a series with the previous one (#P < 0.05, ##P < 0.01, ###P <

0.001 and ####P < 0.0001) in panel b). Only the statistical significant differences were

shown.
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Figure 7.
Pyridinium GS promotes endolysosomal escape of the GS-containing lipoplexes: confocal

images of NCI-H23 cells (excitation 488 nm) expressing the endolysosomal protein GFP-

Rab 7 transfected with select lipoplex formulations indicated in each case; Rab-7 protein is

specific for endolysosomes [57,58] as its specific distribution can be observed in control

NCI-H23 cells that did not receive lipoplexes (left panels). Lipoplexes that do not contain

GS do not change significantly Rab-7 intracellular distribution (central panels) while

introduction of GS in the structure of lipoplexes promotes endolysosomal membrane rupture

and consequently a diffuse distribution of Rab-7 in the cytoplasm, irrespective of the co-

lipid used and its molar ratio in lipoplex formulations (right panels).

Sharma et al. Page 26

Mol Pharm. Author manuscript; available in PMC 2015 February 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Chart 1.
Representative cationic lipids used in synthetic gene delivery systems
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