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ABSTRACT

Fluorinated cationic lipids could be a sound option for efficient gene expression in biological fluids
containing hydrogenated interfering surfactants, e.g. when genes have to be delivered to the
respiratory or to the biliar epithelium. This is an essential requirement, for instance, in the treatment
of cystic fibrosis and cystic fibrosis-associated diseases. Biological and thermodynamic properties
of'a new homologous series of highly fluorinated bispyridinium cationic gemini surfactants,
differing for the length of the spacer bridging the pyridinium polar heads in 1,1’ position, are here
reported. Interestingly, it results that gene delivery ability is strictly connected with the spacer
length, due to a structural change of the molecule in solution, allowed when the spacer is of the
right size and suggested by the trends of apparent and partial molar enthalpies vs. molality. Results
from agarose gel electrophoresis mobility shift assay (EMSA), MTT proliferation assay and
Transient Transfection assays on RD-4 cells, derived from a human nasty cancer, for the biological
assessment of the compounds, and from Atomic Force Microscopy for the morphological
characterization of DNA nanoparticles, are discussed. Dilution enthalpies, measured at 298 K,
allowed for the determination of apparent and partial molar enthalpies vs. molality. All the tested
compounds (except FGP12), in different amount, can deliver the plasmid, when co-formulated with
DOPE. The compound with spacer formed by eight carbon atoms gives rise to a gene delivery
ability comparable to that of the commercial reagent. The compound with the longest spacer
(FGP12) compacts DNA in loosely condensed structures by forming a sort of bows, not suitable for
transfection. Therefore fluorination of gemini surfactants could produce new valuable compounds
for biomedical applications. The trends of partial molar enthalpies vs. m. could provide the keystone

for a deep understanding of their structure-activity relationships.

KEYWORDS: DNA nanoparticles; gene delivery; gemini surfactants; heterocyclic gemini cationic
surfactants; synthetic vectors for gene delivery; atomic force microscopy; phase transition in
solution; DNA-fluorinated surfactant interaction



INTRODUCTION

It is well known that perfluorinated compounds show peculiar properties, among which the most
interesting for biomedical applications are the chemical and biological inertness, due to the strength
of the C-F bond and their high hydrophobic and lipophobic characters.! These originate mainly
from the structure of the fluorine atoms having a larger van der Waals radius and a lower
polarizability than the hydrogen atoms.! As a consequence, the fluorocarbon chains show a rigid
rod-like shape with a period of twist of 13 carbon atoms, while the hydrocarbon chains adopt the
well known zig-zag structure. Fluorocarbon surfactants are much more surface active and stable
against acidic, alkaline and oxidoreductive agents and elevated temperatures than their
hydrogenated counterparts. These unique properties account for their practical relevance.?® Several
new fluorinated surfactants have been recently synthesized and studied in particular as drug carriers
and as gene delivery systems with very promising results.”'? The introduction of highly fluorinated
alkyl chains which are both hydrophobic and lipophobic, may also protect the lipoplexes from
unwanted interactions with the biological medium. Fluorinated cationic lipids have been, in fact,
proposed to obtain efficient gene expression in those biological fluids containing surfactants as
pulmonary surfactants or bile salts, when genes have to be delivered to the respiratory or to the
biliar epithelium.”"'° This is an essential requirement, for instance, in the treatment of cystic fibrosis
and cystic fibrosis-associated diseases.® At the same time also partially fluorinated surfactants
(otherwise called “hybrid surfactants) appear to be interesting for biomedical applications,
because in general, they show low to moderate acute toxicity and low haemolytic activity
compared to their hydrogenated analogues.'*"!* Reverse water-in-fluorocarbon emulsions stabilized
by a semifluorinated amphiphile have been proposed as drug delivery system for intrapulmonary

administration of many drugs (insulin, pain killers, antibiotics, vaccines, etc.).!!

In recent years, the interest in cationic gemini surfactants - i.e. surfactants in which at least two
identical moieties are bound together by a spacer - has increased, especially in the pharmaceutical
field.'*'° It is well stated that gemini surfactants show very useful chemico-physical properties, in
particular lower critical micelle concentration (CMC) and greater surface activity than the
monomeric ones.'*!® Owing to these properties, enhanced by fluorination'’, they have been
proposed as components of new drug delivery systems and as non-viral vectors for gene delivery.
They are in fact able to compact and encapsulate the DNA into soft nanoparticles of tunable size,
able to protect the DNA from enzymatic degradation and to prevent rapid leakage into blood

capillary but small enough for escaping macrophages of the reticuloendothelial system.'®-2¢



In this field, we have obtained encouraging and at the same time surprising results from the study of
a new class of hydrogenated gemini compounds having two pyridinium groups as polar heads. The
two pyridinium moieties, each of which bears one hydrophobic chain, are bridged together by
aliphatic chains differing for the number of carbon atoms.?’*! We have shown that the measurement
of their solution enthalpies constitutes the keystone for understanding their transfection activity.

The compound with spacer formed by four carbon atoms shows unexpected enthalpic properties vs.
concentration, which was explained by a conformation change of the molecule. When the spacer
reaches the right size, the molecule in solution doubles up, like a book, due to stacking interactions
between the two pyridinium rings, mediated by the counterion. This compound, the only one
giving rise to a transfection activity comparable to that of the commercial reagent, when formulated
with 1,2-dioleyl-sn-glycero-3-phosphoethanolamine (DOPE), behaves like molecular tongs able to
grip basic group near each other. The compound with spacer constituted by twelve methylene
groups, gives rise to loosely condensed structure by forming a sort of bows, not able to give rise to

transfection notwithstanding the double positive charge of the molecule.*°

With the aim of bringing together the properties of gemini pyridinium surfactants with those of
fluorinated ones, we have synthesized a class of highly fluorinated gemini pyridinium surfactants,
whose synthesis and surface activity characterization are reported in ref. 32. In the present paper,
the thermodynamic and biological properties of the aqueous solutions of this new homologous
series of partially fluorinated gemini surfactants are reported for the first time, in comparison with

those of the protiated counterparts.

EXPERIMENTALS
Compounds

The synthesis of the compounds under study (FGPn, where n = 3, 4, 8, 12 indicates the number of
carbon atoms in the spacer), prepared by us, is reported in detail in ref. 32. In the following the
TUPAC names of the compounds studied and in brackets the names in short by which they will be
referred to in the paper are shown: 1,1°-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2'-
trimethylenebispyridinium dichloride (FGP3); 1,1°- bis(3,3,4.,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
2,2'-tetramethylenebispyridinium dichloride (FGP4); 1,1°- bis(3,3.4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)-2,2'-octamethylenebispyridinium dichloride (FGPS); 1,1°-
bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2'-dodecamethylenebispyridinium dichloride



(FGP12). The compounds with chlorides as counterions were obtained by ion exchange, after
having synthesized the corresponding ditrifluoromethanesulfonate.? Purity was checked by NMR,
elemental analysis and TLC: eluent BAW (only the organic phase separated from butanol:acetic

acid:water = 4:1:5 biphasic system phase) on silica gel plate. Their general structure is shown in

Figure 1.
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FIGURE 1. Compounds under study (n=3, 4, 8, 12), n is the number of carbon atoms in the spacer.

Dilution enthalpies measurements

The enthalpies of dilution were measured at 298 K by means of the Thermometric TAM (flow
mixing cell) microcalorimeter, equipped with a 221 Nano Amplifier (Thermometric). The freshly
prepared surfactant solutions, kept before injection at the experimental temperature by means of a
Heto cryothermostatic bath, were diluted into the "mixing" measuring cell of the microcalorimeter
in a ratio 1:1 by using CO;-free water. A Gilson peristaltic pump, Minipuls 2 was used for injecting
solutions and water. Their flows were determined by weight. For the dilution enthalpies
measurements, the solutions were prepared by weight using freshly boiled bi-distilled water, stored

under nitrogen. Solution concentrations were expressed as molality, m (mol kg ™).

DNA preparation and storage

Plasmid DNA was purified through caesium chloride gradient centrifugation. A stock solution of the
plasmid 0.7 uM in milliQ water (Millipore Corp., Burlington, MA) was stored at -20 °C. Linearized
plasmid DNA (pEGFP-C1) was obtained by cutting with EcoRI restriction enzyme (Roche), column
purified (Genomed) and precipitated in alcohol. Linearized plasmid DNA pellet was washed with

70% of ethanol, air dried and dissolved in distilled water at a final concentration of 1 pg/ul.



Cell culture
The human rhabdomyosarcoma cell line RD-4, obtained from David Derse, National Cancer

Institute, Frederick, Maryland, is easy to handle and fast growing. The cells were maintained as a
monolayer using growth medium containing 90% DMEM (Dulbecco's Modified Eagle Medium) ,
10% FBS (Fetal Bovine Serum), 2 mM L-glutamine, 100 IU/ml penicillin, 10 pg/ml streptomycin.
Cells were subcultured to a fresh culture vessel when growth reached 70-90% confluence (i.e. every

3-5 days) and incubated at 37°C in a humidified atmosphere of 95% air/5% CO».

Electrophoresis Mobility Shift Assay (EMSA)

The binding reactions were performed in a final volume of 14 pl, obtained by adding to 10 pl
of 20 mM Tris/HCI buffer at pH 8, 1 ul of plasmid (1 pg of pPEGFP-C1) and 3 ul of FGPn with n =
3,4, 8, 12 at different final concentrations, ranging from 6.5 to 200 uM. Binding reaction was
allowed to take place at room temperature for 1 hour, 5 ul of 1g/ml in H>O of glycerol was added to
each reaction mixture and loaded on a TA (40 mM Tris-Acetate) 1% agarose gel. The gel was run
for 2.5 hours in TA buffer at 10 V/cm, EDTA was omitted from the buffers because it competes
with DNA in the reaction.

MTT proliferation assay
RD-4 cells were plated on 96-well plates (3000 cells per well) and different concentrations (2.5, 5,

10, 20, and 40 uM) of FGPn with n =3, 4, 8, 12 were added. The same experiments were carried out
also by adding DOPE at a surfactant:DOPE ratio of 1:2. At 48 hours post treatment, the relative
number of metabolically active cells was assessed by reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT). Briefly, after 48 hours of treatments, 20 pul of MTT (5
mg/ml) were added to the culture for 4 h. Then, after addition of 100 pl of solubilization solution
(10% SDS in HC10.01 M) cells were incubated at 37 °C overnight. Specific optical density was
measured at 540 nm, using 690 nm as reference wavelength in microreader SLT-Lab (Salzburg,
Austria). For the proliferation studies, each experiment was repeated three times and each treatment
was performed with eight replicates. Statistical differences among treatments were calculated by

Student’s test and multi factorial ANOVA.



Transient transfection assay

Transfections were performed in 6 well plates, when cells were 80% confluent (approximately
3x10° cells) on the day of transfection. 3 ug of plasmid, FGPn with n =3, 4, 8, 12 were added to 1
ml of serum-free medium at final concentration of 15 uM, mixed rapidly and incubated at room
temperature for 20 minutes. Each mixture was carefully added to the cells following the aspiration
of the culture medium from the cells. Lipoplex formulations were prepared by adding 1,2-dioleyl-
sn-glycero-3-phosphoethanolamine (DOPE; SIGMA-Aldrich) to the plasmid-surfactant mixture at a
surfactant: DOPE molar ratio of 1:2 where the surfactant concentration was kept to 15 pM.
GenePORTER transfection reagent, a neutral lipid transfection reagent was used as positive
transfection control.?3°

Mixture and cells were incubated at 37 °C in a humidified atmosphere of 95% air/5% CO> for 5 hours.
Finally, 1 ml of medium containing 20% of FBS was added to each transfected well and left to

incubate for 72 hours.

Transfected cells were observed under fluorescence microscope for EGFP expression. Five
random fields were examined from each well and each experiment was repeated three times. Statistical

differences among treatments were calculated with Student’s test and multi factorial ANOVA.

Sample preparation and AFM imaging

DNA samples were prepared as described in ref. 30. The plasmid DNA was diluted to a final
concentration of 0.5 nM in deposition buffer (4 mM Hepes, 10 mM NaCl, 2 mM MgCl,, pH = 7.4)
either in the presence or in the absence of FGPn with n =3, 4, 8, 12 at the same N/P ratio as
transfection. The N/P ratio is the ratio between the negative charges of the phosphate groups of
DNA and the positive ones carried by the gemini pyridinium surfactants.

DOPE was dissolved in ethanol before addition. The mixture was incubated for 5 minutes at
room temperature, then a 20 pl droplet was deposited onto freshly-cleaved ruby mica (Ted Pella,
Redding, CA) for one minute. The mica disk was rinsed with milliQ water and dried with a weak
stream of nitrogen.

AFM imaging was performed on the dried sample with a Nanoscope IIIA Microscope (Digital
Instruments Inc. Santa Barbara, CA) operating in tapping mode. Commercial diving board silicon
cantilevers (NSC-15 Micromash Corp., Estonia) were used. Images of 512x512 pixels were
collected with a scan size of 2 pm at a scan rate of 3-4 lines per second and were flattened after

recording using Nanoscope software.



RESULTS

The thermodynamics of the solutions of highly fluorinated surfactants under investigation is given in
terms of apparent and partial molar quantities of the solute, assuming the infinite dilution as
reference state. These quantities are derived from the experimental data using methods stated in
detail elsewhere. 283336

For the sake of clarity, we recall that, with reference to the state of infinite dilution, the molar

enthalpy of dilution, AH,, is given by the difference between the apparent relative molar enthalpy in

the final (after dilution) state, Lo rand that in the initial (before dilution) state, Lo

AH,=Los- Lo, (1)

For ionic surfactants in the premicellar region, the apparent relative molar enthalpy can be expressed
by means of a polynomial of m”, in which the coefficients B, and C; are obtained interpolating by a

least squares curve fitting the experimental points in the premicellar region. A, is the limiting

Debye-Hiickel slope for relative enthalpies accounting for the long range electrostatic solute-solute

interactions:

Lo=A,m*+B,m+C,m" )

In the micellar region, the apparent molar enthalpies are evaluated by means of eq. (1) and, when a
value of Lo vs. m not experimentally measured is needed, by graphical interpolation. The trends of
the apparent molar enthalpies for the compounds under investigation as a function of molality, m are
shown in Figure 2.

The partial molar enthalpies L, are determined by drawing the best curve for the apparent molar

enthalpies vs. m and then by calculating the partial molar quantities as A(mLao)/Am from points
interpolated at regular intervals. Results obtained for the fluorocarbon surfactants together with the
same data for hydrocarbon analogs 12-Py(2)-n-(2)Py-12 CI from ref. 29 are given in Fig. 3 for easy

comparison

Dilution enthalpies, apparent and partial molar enthalpies vs. m for the compounds under



investigation, are available as supporting information.
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FIGURE 2. Apparent molar relative enthalpies of FGP3 (full squares); FGP4 (full triangles); FGP8 (full circles); FGP12
(full diamonds) as a function of surfactant molality, m.

FIGURE 3. Comparison of partial molar relative enthalpies of hydrogenated gemini surfactants 12-Py(2)-n-(2)Py-12 Cl
(full symbols, ref. 29) and fluorinated FGPn (empty symbols) with n=3 (squares), n=4 (triangles); n=8 (circles); n=12
(diamonds) as a function of surfactant molality, m.



Biological Assays

The interaction of FGPn with n =3, 4, 8, 12 with plasmid DNA pEGFP-C1 (Clontech) was
monitored by agarose gel electrophoresis mobility shift assay (EMSA, Figure 4). All the
compounds investigated are able to modify the mobility of DNA starting from a concentration of

100 uM, corresponding to a N/P ratio of 1/1.
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FIGURE 4. EMSA experiments showing complexation of FGPn (rn =3, 4, 8, 12) with circular plasmid pEGFP-C1.
Shifting is observable as a function of concentration (uM), at N/P ratios 16/1 (6.5 uM); 8/1 (12 uM); 4/1 (25 uM); 2/1
(50 uM); 1/1 (100 uM); 1/2 (200 uM). As a negative control, only the plasmid was used.

The cytotoxicity of the molecules was also tested by an MTT proliferation assay to explore the
possibility of exploiting their interaction with DNA to deliver DNA plasmid constructs inside the
cells. Results are shown in Figure 5. In general, the cytotoxicity increases with the length of the
spacer and, for spacers 3 and 4, also in presence of DOPE. Given that cytotoxicity has a strong
impact in cell transfection, for each compound the concentration producing the best compromise
between cell viability and transfection efficiency was used. At concentrations lower than those
selected the cell viability was comparable or higher but the percentage of transfected cells was

lower while at higher concentrations cytotoxicity was too high.
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FIGURE 5. Effects of FGPn with n =3, 4, 8, and 12 on RD-4 cell line proliferation measured by MTT test after 48 h of

incubation. Values are the mean +S.D. of three independent experiments (n=8 per treatment, p<0.05).

The ability of the compounds under investigation to deliver DNA inside the cells was tested by a

transient transfection assay. A plasmid carrying an EGFP expression cassette under the control of

the CMV immediate early promoter (pEGFP-C1, Clontech) was used to monitor EGFP expression

under a fluorescence microscope. When used without helper lipid none of the compounds tested
was found able to deliver DNA inside RD-4 cells. We therefore tested in-vitro the transfection

efficiency of FGPn withn =3, 4, 8, 12 (15 uM), formulated with DOPE at FGPn:DOPE molar

ratios of 1:2. The addition of DOPE increased the transfection efficiency of FGP3, FGP4 and FGPS,

but it was ineffective with FGP12 (Figure 6).
In particular, FGPS is the only one able to deliver DNA inside the cells, as shown by EGFP

expression, at an efficiency comparable with that obtained with a standard commercial transfection

reagent (GenePORTER, Gene Therapy System), used as a positive transfection control. FGP12 is
unable to deliver DNA and, when formulated with DOPE, only 1% of the viable cells give rise to

11



EGFP expression. It has been shown that the absence of transfection is observed only for DOPE

transfection control.??
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FIGURE 6. Transfection of RD-4 cells by FGPr (n = 3, 4, 8). For each surfactant, on the left, phase contrast and, on the
right, fluorescence microscope observation of RD-4 transfected cells (as shown by green cells expressing EGFP) are
shown. Pictures marked by a) refers to experiments done only with the surfactants and by b) with surfactant: DOPE ratio
=1:2. Down below: efficiency of transfection obtained by FGPn (n = 3, 4, 8) and positive control by a commercial
reagent. Five random fields were examined from each well and each experiment was repeated three times. Statistical
differences among treatments were calculated with Student’s test and multi factorial ANOVA. FGP12 is not reported
because it is unable to deliver DNA also when formulated with DOPE. Cells are not transfected with DOPE alone (see
refs. 22 and 30).

AFM Experiments
The morphology of the structural changes induced in DNA by the compounds under investigation

was studied by AFM,374 a technique successfully used to study the interaction of synthetic

12



ligands*!, proteins*? and cationic surfactants®® with DNA. AFM experiments were carried out in air

in the tapping mode using circular DNA.

ok

FIGURE 7. AFM images showing the effect induced on DNA plasmid by incubation with FGPr (n =3, 4, 8, 12). Each
image represents a 2 x 2 um scan. All images were obtained with supercoiled 0.5 nM pEGFP-C1 plasmid deposited onto
mica and with the microscope operating in tapping mode in air at the same N/P ratio as transfection.

First of all, the plasmid DNA alone deposited onto freshly cleaved mica was imaged (Figure 7a).
Single plasmids and concatamers are seen in their plectonemic form with several supercoils which
cause the double helix to cross itself a few times. In spite of the topological constraint, plectonemes
appear well extended all over the mica surface. The plasmid DNA after incubation with 15 uM
FGPn with n =3, 4, 8, 12, is shown in Figures 7b-e, respectively. Only FGP8 seems to be able to
condense all DNA in small near spherical nanoparticles (Figure 7d). FGP3 (Figure 7b) gives rise to
larger and less homogeneous DNA nanoparticles. Incubation with FGP4 results in a not complete
condensation of DNA in distinct structures (Figure 7c). AFM images of DNA incubated with
FGP12 show that DNA is only partially condensed and the different structures, looking like bows,

are interconnected (Figure 7e).
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DISCUSSION

Apparent and partial molar enthalpies

We have reported before the apparent and partial molar enthalpies at 298 K of the aqueous solutions
of'the homologous series of protiated cationic gemini surfactants 1,1’-didodecyl-2,2’-
alkylenebispyridinium dimethanesulfonates®® and chlorides®, differing for the spacer length. We
were surprised by their very peculiar behaviour as a function of the spacer length, not allowing for
the determination of a —CH,— group contribution when this group is added to the spacer.?®° The
interest in finding out a group contribution is related to the possibility of predicting thermodynamic
properties in solution of new designed surfactants. The deviation of the properties from those
theoretically predicted could be an indication that something new happens in solutions, may be a
phase transition or a change in conformation of the molecule. We ascribed the surprising behaviour
of protiated gemini pyridinium surfactants, independent on the counterion, to a different
arrangement of the molecule inside the micelle and on the interphase surface, when the spacer is
four methylenes long. 283% On the contrary, the group contribution additivity for the counterion is
respected, independently on the spacer length, analogously to what happens in the case of
monomeric surfactants®*. Because of the great scientific and applicative relevance in gemini
surfactants, it would be very interesting to clarify the effect of the methylene group when added to
the spacer, i.e. to the polar head of the surfactant, at least when the spacer is short. In the case of the
monomeric surfactants, the addition of a —CH»— to the hydrophobic chain causes a lowering of the
partial molar enthalpy curves of about —1.5 kJ mol!,** but, if it is added to the polar head, the effect
is exactly the opposite, close to that obtained by removing one methylene group from the
hydrophobic chain®. This is true for very short alkyl chains bound to the polar head, but, if the chain
length increases, the hydrophobicity effect prevails?®. With the aim of obtaining new information
about this topic, we decided to study the solution thermodynamics of analogous compounds in
which the hydrophobic tail has been modified by partial fluorination. To make a meaningful
comparison, we have taken into account that the hydrophobicity of a —CF»- group is about 1.5 times
that of a —CHa- group, as shown by the values of the respective cmc**. This is why we have
synthesized the corresponding octyl compounds having the last six carbon atoms fluorinated. As
shown in Figure 2 and 3, the curves of the apparent and partial molar enthalpies vs. m, considered
one by one, respect what is generally found for ionic surfactants: after increasing in the premicellar
region, they tend to level off at concentrations above the critical micelle concentration (cmc), where
they are almost parallel. The lowering of the curves in the micellar region is attributed to the

electrostatic interactions in micellar solutions, and is proportional, for the same counterion, to the

14



number of carbon atoms in the alkyl chain or to the global hydrophobicity of the whole molecule.
The trends for the fluorinated compounds with chlorides as counterions, having the same
hydrophobic tail, but different alkyl spacer lengths, still show a very peculiar behavior, but different
from that found in the case of the hydrogenated analogues.’® ?° In fact, the effect of the addition of a
—CH>— to the spacer still does not give rise to a monotonic change in the values of the enthalpies in
the micellar region, not allowing for the evaluation of a group contribution for the —CH»— group for
the shortest spacers. However, the trends are very close for the spacers with 3 and 4 carbon atoms,
but the curve of FGP4 is still lower than that of FGP3: this means that the addition of a methylene
group to the shorter spacer brings about a little increase in the hydrophobicity of the whole
molecule. The inversion of the expected trend is obtained with the eight methylene long spacer: in
fact, FGP8 shows the highest value of apparent and partial molar enthalpies in the plateau region. As
figure 3 clearly shows, this behavior, indicative, in our opinion, of an important change in
configuration of the molecule in solution, is found for the compounds with spacer four carbon atom
long in the case of hydrogenated analogs and for FGP8 for the fluorinated ones. It is worth noting
that the greatest gene delivery ability is just shown by the hydrogenated compound with n=4 and by
the fluorinated one with n=8 (Figure 8), confirming the utmost importance of solution
thermodynamic data for a deeper insight also of the biological data. In the case of the hydrogenated
analogues, we supposed that, when the spacer reaches the right size, the molecule doubles up, like a
book, due to stacking interactions between the two pyridinium rings, mediated by the counterion.
This arrangement is possible neither when the spacer is too short, because of the lack of
conformational freedom, nor when the spacer is too long, because the pyridinium rings are too far

apart.zg'30

The different behaviour of the fluorinated compounds is obviously ascribed to the presence of the
fluorine atoms in the alkyl chains, due both to their greater volume (the volumes of CF> and CF3
groups are ~38 A% and ~ 92 A3; those of CH, and CH3 groups are 27 A3 and 54 A3, respectively)!
and stiffness and to the non-ideality of mixing between fluorocarbons and hydrocarbons. The FGP12
spacer is too long for bending towards the hydrophobic chain and, at the same time, avoiding the
contact with the fluorinated moieties: the minimum of the configurational energy in solution is
obtained when the pyridinium rings are kept away from each other. Biological data afterwards

reported agree with this picture.

In order to obtain the enthalpy change upon micellization, AHmic, we have applied a pseudo-phase
transition model, in which the aggregation process is regarded as a phase transition, taking place at

equilibrium. Therefore the micellization parameters are obtained by extrapolating at the cmc the
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trends of the partial molar properties before and after cmc?® 3235, In Table 1 a comparison of the

thermodynamic parameters for micelle formation between fluorinated and hydrogenated gemini

surfactants is reported.

35

% of 30
transfection

25
20
15

FGP3

10

Pl16-3

abalb

P16-4

FGP4

abalb

control

FGP8

Pl16-8

abab

FIGURE 8. Comparison of the gene delivery ability between between partially fluorinated gemini surfactants (orange)

here studied and P16-n hydrogenated gemini surfactants (blue) from ref. 30: a) experiments done only with the
surfactants (light colours) and by b) with surfactant: DOPE ratio =1:2 (dark colours). In green, positive control by a

commercial reagent.

TABLE 1?
b , c :

Fluorinated <™ Bl Abmic Hydrogenated cne Be Abmic
n

Compound [mmol/L] [kJ/mol] Compound ¢ [mmol/L] [kJ/mol] ¢
3 FGP3 0.28 63 -10.1  12-Py(2)-3-(2)Py-12 CI 1.0 72 -11.2
4  FGP4 0.50 62 -10.5  12-Py(2)-4-(2)Py-12 Cl 1.15 40 -10.4
8 FGP8 0.25 52 -8.9  12-Py(2)-8-(2)Py-12 CI 0.29 57 -16.8
12 FGPI2 0.12 54 -23.0  12-Py(2)-12-(2)Py-12 CI 0.11 57 -25.0

a

n, number of carbon atoms in the spacer; cmc, from surface tension; S, degree of counterion

association, determined from conductivity measurements; AHmic, change in enthalpy upon
micellization for the surfactants under investigation.

b Ref. 32
¢Ref 31
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The micellization enthalpies, according to the data presented in figure 3, confirm the above
considerations. They are all negative, as generally found for ionic gemini surfactants, and the lower
absolute value belongs to FGPS8. The values for FGP3, FGP4 are very near as for the corresponding
hydrogenated compounds, without possibility to extract a group contribution for the —CH»— in the
spacer. The absolute value increases sharply for the twelve carbon atoms spacer in both classes of
compounds, suggesting that, when the spacer becomes long enough, it behaves as a further
hydrophobic chain. Also the values of the cmc, obtained by surface tension measurements, show a
non-monotonic decrease with the number of carbon atoms in the spacer (see Table 1) with a

maximum for n = 4.

Biological properties

We have already studied the gene delivery ability of hydrogenated pyridinium gemini surfactants
and we were able to show for the first time that their transfection activity is strictly related to their
unexpected thermodynamic properties in solution.?° These are explained by a conformation change
dependent on the length of the spacer. In fact, the compound with a four carbon atoms spacer,
having a surprising behaviour as far as the curves of apparent and partial molar enthalpies are
concerned, is the only one giving rise to a transfection activity comparable to that of the commercial
reagent, when formulated with DOPE. We suggest that this compound behaves like molecular tongs
able to grip basic group near each other.*® The compound with a 12 methylenes long spacer, on the
contrary, gives rise to loosely condensed structure by forming a sort of bows, not able to give rise to
transfection notwithstanding the double positive charge of the molecule. We have also shown that

this behaviour is independent on the counterion.?’

The interest for biological applications of fluorinated and partially fluorinated surfactants together
with the above mentioned encouraging results urged us to study the gene delivery ability of the
partially fluorinated analogues. Experimental results show that all the compounds under study are
able to compact DNA starting from a N/P=1/1 ratio, as shown from EMSA results in Figure 4 and
thus they could be employed to obtain DNA nanoparticles. Moreover, we expect that the interaction
with DNA is made easier by the aromatic nature of the polar heads, able to give rise to stacking

22.3% or cationic polymers*® are

interaction with DNA bases by intercalation. In fact, cationic lipids
used to neutralise the anionic charges of the DNA phosphate groups. In this way complexes of
approximately spherical shape, having a small dimension when compared to the naked DNA and

therefore potentially able to penetrate inside the cells, are obtained. The interaction with DNA
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seems not to be hindered by the presence of hydrophobic and lipophobic fluorinated moiety,
because the positive charges are delocalized on the two pyridinium rings, bound together by an
hydrogenated spacer. The fluorinated moieties are bound to the positive nitrogen through two -
CH,-CH>- groups (see Figure 1), so that the positive charges interacting with the phosphate groups
of DNA are in a hydrogenated environment. Results of the gene delivery experiments on RD-4 cells
are reported in Figure 6 and in Figure 8 in comparison with the hydrogenated analogues. The RD-4
cells were chosen among a large panel of several cell lines because they constitute a good
compromise between very difficult to transfect cells and very easy to transfect cells with traditional
methods (electroporation, lipofection and calcium phosphate precipitation). Moreover the results
obtained in the present study could be relevant for oncology gene transfer studies because they
derive from a human nasty cancer. Figure 6 clearly shows that DNA nanoparticles obtained by
using the compounds under study alone, whose structure is shown in figure 7, are unable to deliver
gene inside the cells. The situation changes if transfection experiments are carried out in presence of
the helper lipid dioleoylphosphatidylethanolamine (DOPE). DOPE enhances the transfection

44,45 and facilitates

activity of cationic formulations through the stabilisation of DNA/lipid complex
the transfer of DNA in the context of endosomal escape, owing to its fusogenic property and
significantly affecting the polymorphic features of lipoplexes*. In presence of DOPE, with the
exception of FGP12, all the compounds are able to deliver genes inside the cells, with an efficiency
increasing in the order FGP4< FGP3<< FGPS, the last one giving rise to a transfection efficiency
comparable to that of the commercial reference agent. This behaviour could suggest that the
fusogenic activity of DOPE helps to overcome the repulsion between the fluorinated DNA
nanoparticles and the hydrogenated phospholipids constituting the cell membrane. The non-
monotonic dependence on the spacer length is explained by two experimental facts: a) the trends of
apparent and partial molar enthalpies vs. m; b) the AFM images. The AFM images, obtained in the
same condition as transfection (Figure 7) suggest that FGP8 (Figure 7d) is able to give rise to small,
compact, and quite uniform DNA nanoparticles. DNA condensation by FGP3 gives rise to near
spherical particles, greater than those obtained by FGP8 but more compact than those made by
FGP4. Nanoparticles obtained with FGP3 are able (Figure 8) to transfect about 12% of RD-4 cells
when coformulated with the helper lipid. In the same figure, it is interesting to note that the
hydrogenated analogue P16-3 do not give rise to transfection neither without nor with DOPE. This
finding is explained by the AFM results compared in figure 9 a and b. The fluorinated surfactant
results more efficient in compacting DNA with respect to the hydrogenated one. This observation
is general: fluorinated gemini surfactants give rise to smaller and more compact DNA nanoparticles,

notwithstanding the quite short length of the hydrophobic partially fluorinated chains.
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In fact, it is reported that the biological activity of cationic surfactants increases with the chain
length up to a critical point.*” For instance, in the case of the homologous series of alkanediyl-a.,®-
bis(dimethylalkylammonium bromide), the term with two alkyl chains of 16 carbon atoms is
generally the most biologically active.*® This is way we have chosen to carry out the gene delivery
experiments with the hydrogenated analogues having the hydrophobic chains 16 carbon atoms long. On the
contrary, we have chosen to start our studies on partially fluorinated compounds from compounds
with shorter chains (corresponding approximately to the dodecyl hydrogenated compounds)
showing a value of cmc not too much low to be able to measure thermodynamic properties also in
premicellar region. The efficiency in gene delivery could be probably improved by increasing the

hydrophobic tails length of the partially fluorinated compounds.
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FIGURE 9. Comparison of AFM images of the objects obtained by the interaction of plasmid DNA with a)
hydrogenated gemini P16-3 from ref. 30; b) fluorinated FGP3; c) hydrogenated gemini P16-4 from ref. 30; d)
fluorinated FGP4.
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In figure 9 c and d, are also compared the DNA nanoparticles formed by P16-4 and FGP8, this is to
say the most active in gene delivery of the two classes of compounds: both are able to completely

compact DNA, but the objects obtained by FGP8 are smaller and more uniform.

We have suggested from the results of the hydrogenated analogues that the compound with spacer
formed by four carbon atoms is able to behave like molecular tongs able to grip basic group near

each other, thus allowing the formation of compact and near spherical DNA particles.*

If the hydrophobic chain is modified by partial fluorination, a greater length of the spacer is needed
for the molecular tongs formation, both for the greater steric hindrance and rigidity of the
fluorinated moiety, and because the hydrogenated spacer cannot fold towards the lipophobic
fluorinated tails, in perfect agreement with the trends of the curves of the apparent and partial molar

enthalpies vs. m, shown in Figures 2 and 3.

If the molecule is folded up so that the pyridinium rings bringing the positive charge can look at
each other, they can bind the neighbouring negatively charged groups of the DNA. Then, the
interactions between the tails of the surfactants cause the efficient formation of nanoparticles. When
the length of the spacer increases, this arrangement becomes more difficult and the pyridinium rings
interact with DNA sites far from each other so giving rise to bows not suited for gene delivery, as
shown in Figure 7e. In FGP3, the charged nitrogens are still enough near to give rise to
nanoparticles, but greater than with FGP8 and less efficient in transfection. FGP4, unlike of the
corresponding hydrogenated, has still a spacer too short for an efficient conformational change, due

to the presence of fluorinated moieties, and it gives rise to not enough compact structures.

CONCLUSIONS

The study of thermodynamic and biological properties of the homologous series of partially
fluorinated gemini pyridinium surfactant here presented confirms that pyridinium gemini surfactants
could be a valuable tool for gene delivery purposes, and that their performance is strictly related to
their structure in solution, dependent on the spacer length, as for their hydrogenated analogues.
Their transfection activity and the structure of the DNA nanoparticles, as studied by AFM, result
strictly related to their thermodynamic properties in solution. All the compounds are unable to
transfect RD-4 cells, if used alone for compacting DNA, but they are all able (except FGP12) to
deliver a plasmid carrying an EGFP expression cassette, when coformulated with DOPE. The
compound with spacer formed by eight carbon atoms (FGPS) gives rise to a gene delivery activity

comparable to that of the commercial reagent, when formulated with DOPE, probably because it is
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able to behave like molecular tongs able to grip basic groups near each other. This ability is due to a
structure change in solution, suggested by the trends of apparent and partial molar enthalpies vs. m.
For the hydrogenated analogues we have found the same behaviour when the spacer is 4 carbon
atoms long. If the hydrophobic chain is modified by partial fluorination, a greater length of the
spacer is needed for the folding of the molecule, both for the greater steric hindrance and rigidity of
the fluorinated moiety, and because the hydrogenated spacer cannot fold towards the fluorinated
lipophobic tails. The compound with the longest spacer (FGP12) gives rise to loosely condensed
structure by forming a sort of bows, not able to give rise to transfection notwithstanding the double
positive charge of the molecule, as for hydrogenated gemini surfactants. The comparison with the
hydrogenated analogues of FGP3, FGP4 and FGPS, reveals a greater ability of the partially

fluorinated compounds to compact DNA.
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