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The impact of the length of gemini surfactant spacer on complexation and condensation of calf thymus DNA by
cationic mixed phospholipid/gemini liposomes was investigated by monitoring the conformational changes of
DNA by circular dichroism and the lipid hydration level by the emission characteristics of the fluorescent probe
laurdan included in the lipid bilayer. The length of the spacer was shown to influence, on one hand, the hydration
level and the organization of the corresponding liposomes and, on the other, the variation of lipid hydration level
and the DNA conformation upon complexation. In fact, in correspondence with the longest spacer we observed
more hydrated liposomes, probably organized in domains, a higher extent of dehydration promoted by the addition
of DNA, and a minor extent of DNA conformational change. The physicochemical features of lipoplexes were
shown to depend on the [cationic headgroup]/[DNA single base] ratio.

Introduction induced phase transition of the lipoplex with destabilization of
) ) ) . ... endosomé.Recently we reported that the stereochemistry and
Since the discovery of the potential of cationic lipids in g pstitution of the spacer of a class of gemini surfactants strongly
delivering genes to cells, lipid/DNA complexes have became fect their capability to condense calf thymus (CT) DNsd

one of the most promising tools for a safe gene therapy. pjasmid DN® and, in the latter case, of conveying DNA into
Different formulations can lead to different transfection results, .

?no: it has ?etﬁn establllshed thf?t c{w?'?gets In tfhe f_)hysmf(f)_chemlcal A full comprehension of the parameters responsible for
eatures ot the complexes ariect the transtection etlciency. e 4ctions governing the assembly of components is critical,

Efficient transfection requires optimal phospholipid and sur- because a successful contact between the components may yield

factant architecture and the best potential nonviral vectors to 5 compact structure that protects DNA from enzymatic degrada-
date were obtained empirically by modulating phospholipid and ti

surfactant structures. The most studied systems are lipid/cationic
surfactant mixtures with the natural phospholipids 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine, 1,2-dimyristesdglycero-
3-phosphocholine (DMPC), 1-palmitoyl-2-olecy-glycero-3-
phosphocholine  with N-[1-(2,3-dioleyloxy)propyl]N,N,N-

The colloidal behavior of gemini surfactants is controlled by
the length of the spacer, because it controls head group charge
separation and chain packifddence it is anticipated that the
length of the structure between the two charged headgroups also

trimethylammonium chloride, arfs-[1-(2,3-dioleoyloxy)propyl]- might C(_)ntrol the complexation of DNA driven by electrostatic
N,N,N-trimethylammonium chloride (DOTAF)Lately, besides Interactions, _ _ o )

these conventional amphiphiles, gemini surfactants have been Here we report a study aimed at investigating the influence
taken into consideration as promising transfecting age@ise of the spacer length of a gemini series in the complexation
of the advantages of using gemini surfactants is that they feature® calf thymus (CT) DNA by liposomes formulated with
a wider possibility of structural modification with respect to DMPC® and any of the three cationic gemini surfactar@, (-
single head/single tail surfactants, because it is possible to:N'-dihexadecylN,N,N',N'"-tetramethylethane-1,2-diammoni-
modulate the various segments of the surfactant, that is, one oM bromide G2), N.N'-dihexadecyN,N,N',N'"-tetramethylpro-
both headgroups, one or both hydrophobic chains, and thePane-1,3-diammonium bromidég), and N,N'-dihexadecyl-
spacer. Modulation of the molecular structure of a gemini N:N:N',N'-tetramethylbutane-1,4-diammonium bromid&4j.
yielded a transfecting agent that, once internalized by endocy- 1€ conformational variations of DNA, induced by complex-

tosis, allows release of DNA into the cytoplasm because of pH- ation, were followed by circular dichroism (CD). Because,

usually, lipoplex formation decreases the extent of hydration
* Corresponding author: tel 00390649913078; fax 003906490421; e-mail Of the lipid double layef, we followed this process by

giOTvanna-mahcini@_uniromal-it._ o _ - fluorescence spectroscopy utilizing laurdan (6-dodecanoyl-2-

Rea(;i’c\)‘se 'atg;flt:rsﬁhe"gﬁtgﬁ?("?%'ieRgr?]:“‘[tgeggé;ggsa"'\/'gﬁgagE;\?;Nd' dimethylaminonaphthalene), a membrane probe sensitive to the
*Diparfimento di Chimica, Universitdegli Studi di Roma ‘La Sapienza’. polarity of the environment. Gel electrophoresis experiments
§ Istituto Superiore di Sanita allowed us to evaluate the extent of DNA complexation by the
Ilnstitute of Biomedicine/Biochemistry, University of Helsinki. different cationic liposomes.
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e - f\I’CH3 2 Br Table 1. Concentration of the Lipid Components of Lipoplexes
HBC:N/\/(‘:\C]:-II-B Used for CD and Fluorescence Experiments?
3G 16H33
CieHas samples total lipid concn, uM DMPC, uM G, uM
G2 DMPCI/G2 85.0 42.5 42.5
DMPC/G2 170.0 85.0 85.0
H;C. » - .CH; 2Br
e TN DMPC/G3 85.0 425 425
Citss  CieHss DMPC/G3 170.0 85.0 85.0
G3 DMPC/G4 85.0 42.5 42.5
N DMPC/G4 170.0 85.0 85.0
e s (-CH 2Br
NN, aCT DNA = 85.0 uM.
H;C | CigH33
Ci6Hsz

G4

Experimental Section

. o . . Figure 1. CT DNA complexation by cationic liposomes assessed
Materials. CT DNA, DMPC, ethylenediaminetetraacetic acid (EDTA),  py gel electrophoresis. Lanes correspond to lipoplexes formulated

N-(2-hydroxyethyl)piperaziné¥-ethanesulfonic acid (HEPES), ethid-  with G2 (lanes 1, 4, 7, and 10), G3 (lanes 2, 5, 8, and 11), and G4
ium bromide, and laurdan were purchased from Sigma. The gemini (lanes 3, 6, 9, and 12) at p = [cationic headgroup)/[DNA single base]

surfactantsG, N,N'-dihexadecyN,N,N',N'-tetramethylethane-1,2-di- =1landt=0 (lanes 1-3),atp =2 and t=0 (lanes 4—6), atp = 1
ammonium bromideG2), N,N'-dihexadecyN,N,N',N'-tetramethylpro- and t= 24 h (lanes 7—-9), and at p = 2 and t = 24 h (lanes 10—-12).
pane-1,3-diammonium bromid&8), andN,N'-dihexadecyN,N,N',N'- Lane 13 corresponds to free CT DNA.

tetramethylbutane-1,4-diammonium bromid&4j were prepared by
guaternization oN,N,N',N'-tetramethyl-1,4-ethanediamirié,N,N',N'-
tetramethyl-1,4-propanediamine, aNgN,N',N'-tetramethyl-1,4-butane-
diamine (Aldrich) with 1-bromohexadecane in 2-propanol, at room
temperaturé;the surfactants were crystallized from methanol/diethylic
ether. Freshly deionized filtered water (Milli RO/Milli-Q, Millipore

and after 24 h of incubatiort & 24 h). Between the acquisitions the
samples were kept at 303 K.

Fluorescence spectroscopyneasurements were carried out by a
Perkin-Elmer LS 50B spectrofluorometer interfaced to a Pentium PC.
Two milliliters of DMPC/G solution were placed into a magnetically
. : . stirred four-window quartz cuvette held in the sample compartment
Inc., Jaffrey, NH) was used in all experiments and for preparing HEPES thermostated at 288 and 303 K. The spectra were performed 10 min
buffer (5 mM HEPES+ 0.1 mM EDTA, at pH 7.4). L . .

- ! o after the addition of DNA to the liposome suspensions=(0) and

Sample Preparation.DNA concentrations (expressed in micromolar  o¢ar 24 h of incubationt(= 24 h).

single base) were determined by absorbance at 260enm €600 Laurdan is a membrane probe highly sensitive to environment

L/mol-cm). polarity, and it displays a large red shift of the emission in polar solvents
Monodispersed 100 nm liposomes were prepared by extrdsion, with respect to nonpolar solverifsit is possible to follow the interfacial
mixing appropriate amounts of the lipid stock solutions in chloroform  \ater changes in the cationic liposomes upon their complexation with

(DMPC/G in a 1/1 ratio):® Thereafter the solvent was removed by DNA by means of the spectral variations of the laurd@ajculating
evaporation under a stream of nitrogen. For removal of residual amountsthe generalized polarization function (GR)f each investigated sample
of solvent, the samples were further maintained under high vacuum g5 follows:

for at least 8 h; lipid films were then hydrated with HEPES buffer to

obtain a 1.7 mM total lipid concentration, freezthawed and then GP= (340 = 1400/(l 440+ 1490 (1)
extruded by a LiposoFast small volume homogenizer (Avestin, Ottawa,

Canada) extruder by subjecting them to 19 passes through polycarbonatevherel,so and lago are the intensities of the emission at wavelengths
filter (100-nm pore size; Nucleopore, Pleasanton, CA). 440 and 490 nm, respectively.

DNA/DMPCI/G complexes (lipoplexes) for electrophoresis, CD, and The effect of DNA on GP for various cationic liposomes is described
fluorescence experiments were prepared by addition of known volumesas
of an aqueous 2 mM solution of DNA in HEPES buffer to monodis-
persed suspensions of liposomes at the concentrations reported in Table
1. Ata constant 85.0M concentration of CT DNA, both neutrap = Emission spectra were obtained at two different excitation wavelengths,
[cationic headgroup]/[DNA single base] 1) and cationic4 = [cationic i.e. 340 and 410 nm.
headgroup]/[DNA single base} 2) complexes were obtained.

For fluorescence experiments, known volumes of laurdan stock . )
solution in chloroform (1:1000 molar ratio of probe to lipid) were Results and Discussion

included in the indicated lipid mixtures. . | h . | El h .
Complexation Evaluation. Neutral @ = 1) and cationic § = 2) Lipoplex Characterization by Gel Elecrophoresis. CT

lipoplexes were run on 1% agarose gel with ethidium bromide (0.25 D_NA was incubatgd thh the inijicated Iipos_omes at two

mg/mL) for 45 min at 65 eV, both 10 mirt & 0) and 24 h(=24h)  different charge ratioso(= 1 andp = 2) for 10 minand 24 h

after preparation. and run on agarose gel in the presence of ethidium bromide in
Circular dichroism measurements were carried out by a Jasco order to evaluate the complexing capability of liposomes. Free

spectropolarimeter J-715 (Jasco, Easton, MD). Spectra were acquired® VA runs through the gel and bright bands are visible in the
in a 1-cm path length quartz cuvette placed in the sample compartmentcOrresponding lanes (as shown in lane 13 of Figure 1, corre-

AGP= GP of lipoplexes— GP of liposomes (2)

thermostated at 303 K, above the transition temperaflixeof the sponding to CT DNA in the absence of liposomes). The more
studied formulations (th&,, of DMPCI/G, 1/1, being 300 K for the DNA is associated with the I|posomes, the less its fragments
formulation containings3 and 301 K for those containing eith&2 run on the gel. When DNA is completely complexed, the

or G4). Spectra were measured as the average of four scans from 220lipoplexes remain in the starting well, at the top of the gel.
to 350 nm at a scan rate of 50 nm/min. The spectra were performed 10 The results from gel electrophoresis experiments are reported
min after the addition of DNA to the liposome suspensians- (0) in Figure 1. On the basis of what is explained above, the Izas%
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Figure 2. CD spectra of CT DNA/DMPC/G lipoplexes (G2, — blue A {om)
dashed line; G3, — green solid line; G4, — red dotted line) at a charge Figure 3. CD spectra of CT DNA/DMPC/G lipoplexes (G2, — blue
ratio p =1, at t = 0 (A) or t = 24 h (B). The solid black line is the CD dashed line; G3, — green solid line; G4, — red dotted line) at a charge
spectrum of uncondensed DNA (DNA in HEPES-buffered solution). ratio p =2, at t= 0 (A) or t = 24 h (B). The solid black line is the CD
Measurements were carried out, at 303 K, on samples at 85 uM total spectrum of uncondensed DNA (DNA in a HEPES-buffered solution).
lipid and 85 uM DNA single base concentration. Measurements were carried out, at 303 K, on samples at 170 uM

) ] total lipid and 85 M DNA single base concentration.
that show a high extent of DNA complexation are those
corresponding to neutral lipoplexes formulated w@B (both  increase of the negative band, that is, the typical features of the
att= 0 andt = 24 h; lanes 2 and 8, respectively) and all cationic ¢ form of DNA (C-DNA),13 both att = 0 (panel A) and at =
lipoplexes at =0 (lanes 4, 5, and 6, corresponding to lipoplexes 24 h (panel B). Conformational variations induced ®g are
formulated withG2, G3, andG4, resPectlve_Iy) and dt= 24 h more significant than those induced by the other two geminis.
(lanes 10, 11, and 12, corresponding to lipoplexes formulated therefore, both neutral and catior®2-containing lipoplexes
with G2, G3, and G4, respectively). These results underline popaye differently with respect to the others: the neutral ones
that the length of the gemini spacer as well as the charge ratio e |ess effective in inducing conformational variations of DNA,
may substantially modulate the capability of DMRClipo- whereas cationic ones are the most effective.

somes to bind DNA. A M ts] inciole. fl
CD Investigations.In Figure 2 the CD spectra of lipoplexes luorescence ieasurementsin principie, tiuorescence
formed by CT DNA/DMPCG at ap = 1 charge ratio are emission spectra s_hould be independent of excitation wave-
reported, at = 0 andt = 24 h (panels A and B, respectively). !ength; hqwever, this may n.o.t be true for fluorescent probes
In each panel of Figure 2 we also reported the spectrum (solid :ncl?ded In systenlls contﬁlnlnlg tv(\j/o or more components.
line) of a buffered solution of CT DNA that shows the typical n '?‘Ct' '.t was_shown t_at aurdan excngnon .spect.rum.
obtained in gel-phase vesicles features a higher intensity in

chiroptical features of DNA in the B form (B-DNAY The
P ( 9 the red edge, with respect to the excitation spectrum

spectra of neutral lipoplexes formulated Wi#t8 andG4 show . . o X . h
att = 0 very small variations with respect to the features of obtained in the liquid crystalline phase. The behavior of this

B-DNA (Figure 2A, solid line); the same formulations precipi- quoregcent probe in t.he pure phase allows, in the presence of

tate either completelyd3) or partially (G4) after 24 h (Figure domains, a prefer(_-:tnn_al excitation of laurdan molecules in the

2B). CD spectra relative to neutral lipoplexgs= 1) containing gel phase, by excitation at the red ed§&Ve have therefore

G2 did not show any relevant variation at either= 0 ort = used two excitation wavelengthgetg), 340 or 410 nm, for

24 h, as expected on the basis of the results obtained in the ge[€Vealing the possible presence of domains in our mixed

electrophoresis experiments that showed, in this case, a limitedliPosomes.

complexation. Because laurdan is a membrane probe sensitive to the phase
In Figure 3 we reported the CD spectra of lipoplexes at a  of the lipid bilayer, and the transition from gel to liquid

= 2 charge ratio, at = 0 andt = 24 h (panels A and B, crystalline phase depends on temperature, we carried out our

respectively). CD spectra of all cationic lipoplexes show a experiments at two temperatures, that is, at 303 K, under the

decrease in the intensity of the positive band and a modestsame conditions of CD experiments (above Taeof DMPC/ CDV
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Table 2. GP Values of DMPC/G Liposomes at 303 K?

total lipid

concn, GPliposomes GPIiposomes

samples uM (t=0) (t=24h)
DMPC/G2 liposomes 85.0 0.260 +£ 0.026  0.314 + 0.015
DMPC/G2 liposomes  170.0 0.273 £0.032 0.310 £+ 0.019
DMPC/G3 liposomes 85.0 0.002 +£ 0.010 0.139 + 0.021
DMPC/G3 liposomes  170.0 —0.002 +£0.009 0.103 £+ 0.010
DMPC/G4 liposomes 85.0 —0.083 +0.021 —0.003 + 0.009
DMPC/G4 liposomes  170.0 —0.076 + 0.018 —0.003 + 0.008

a Excitation wavelength was 340 nm; CT DNA = 85 uM.
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-0.2 T T T

G2 G3 G4
Figure 4. AGP values at 303 K. Excitation wavelength was 340 nm.

G, 1/1), and at 288 K, well below th&, of our mixed
liposomes, where all possible domains should be in the gel
phase.

Luciani et al.

containingG3, whereas the addition of CT DNA to liposomes
containingG2 induces hydration.

Both CD and fluorescence experiments show that the length
of gemini spacer influences the complexation process; in fact,
G2-containing liposomes have different features with respect
to liposomes containing geminis with a longer spacer (namely,
G3 andG4), and behave differently in the complexation of CT
DNA. GP values reported in Table 2 show tl@-containing
liposomes are less hydrated than the other mixed liposomes.
This lower extent of hydration could be explained by the
formation of a salt bridge between the phosphate group of
DMPC and the quaternary nitrogen of the gemini. This is in
analogy to what was suggested previolsty explaining the
lower hydration observed in DOTAP liposomes formulated with
either 1,2-dioleoyknglycero-3-phosphocholine or 1,2-dioleoyl-
snglycero-3-phosphoethanolamine with respect to 100% DOT-
AP liposomes. In principle, the ion pairing with the formation
of a salt bridge could be possible in the presence of each of the
geminis investigated, but it probably occurs only in the case of
G2 because it reduces the repulsion of the two ammonium head
groups due to their vicinity. This ion interaction would reduce
the coordination of water by charged groups; at the same time
this would reduce, as well, the possibilities for DNA to be
complexed afp = 1, because of the strong reduction of the
available cations. The formation of a salt bridge betw&h
ammonium groups and DMPC phosphate group could also
account for the absence of segregation in domains observed in
liposomes formulated with this gemini. At the same time the
high charge density featured l§y2 could be responsible for
the highest conformational change toward a C-DNA observed
upon complexation of the biopolymer by cationic liposomes
containingG2 at p = 2 (Figure 3). In fact, a recent investiga-

The emission spectrum of laurdan shows a dependence ofyi,is has identified the C-form of DNA as a Bll-rich B-form

the excitation wavelength in the measurements carried out at

303 K for the formulations containinG3 and G4, whereas it

is independent of excitation wavelength in the experiments
carried out at 288 K on all formulations and at 303 K on those
formulated withG2 (as an example, the spectra relatives?-

and G4-containing formulations are reported as Supporting
Information). Hence, the variation of laurdan emission spectrum

as a function of excitation wavelength suggests the presence o

domains in liposomes formulated witd3 and G4. This
confirms the different behavior d62 when compared t&3
andG4, observed by CD. However, the results obtained at 303
K by excitation at either 340 or 410 nm show a similar trend;
consequently, here we report only results relative.d@ 340
nm (Table 2 and Figure 4) while all other result are reported as
Supporting Information.

On the basis of the definition of GP, a negative value
corresponds to a higher intensity of the emission at 490 nm

and indicated that BlI nucleotides are stabilized by complexation

of DNA phosphate groups via densely charged cations.
Fluorescence experiments also indicate that the complexation

of DNA induces dehydration of the double layer in the presence

of G4, negligible variation in the presence @B, and hydration

of the lipid double layer in the presence @R. It is probable

fthat, in the case 062, the complexation of the DNA b2

cationic head groups, by breaking part of the above-mentioned
salt bridges, would render DMPC phosphate groups available
for water coordination. We have previously reported that the
surface charge density of binary membranes of cationic and
zwitterionic lipids affects the molecular level organization of
the airwater interface. At low surface charge density the
P~—N™ dipoles of PC headgroups reorient after electrostatic
pairing with cationic headgroug8and subsequently, at higher
surface densities, a transition to interdigitated phase was
observed’

and thus to a more polar environment, whereas a positive value
corresponds to a less polar environment. Results of fluorescence
experiments reported in Table 2 (as the average of three
independent experiments and three measurements for each
experiment) show that the medium sensed by laurdan depends A rationalization of the parameters controlling the complex-
on the spacer length of the gemini used in the formulations; ation of DNA is fundamental to the success of lipid systems as
actually, the polarity of the medium increases in correspondencenucleic acid vehicles, and we believe that knowledge of the
with a longer spacer of the gemini, demonstrating that hydration physicochemical properties of liposomes and of the correspond-
of the lipid double layer increases by increasing the length of ing lipoplexes is imperative for understanding their behavior

Conclusions

the spacer.

Histograms relative taAGP values are shown in Figure 4.
Upon addition of DNA, there is a clear correlation between the
length of the spacer andGP values. In fact the dehydration
induced by the addition of CT DNA to liposomes containing
G4 is higher with respect to the dehydration shown by lipoplexes

in the biological milieu.

We have investigated the role of the length of gemini
surfactant spacer on the complexation of calf thymus DNA, a
model system that can give valuable information on the
physicochemical features of lipoplexe®¥ The obtained results
demonstrate that the length of the spacer ianuencesCtBQ/
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complexation of DNA and the physicochemical features of
lipoplexes. A lower hydration level of liposomes, a higher
hydration of lipid double layer upon addition of DNA, a higher

extent of DNA conformation changes toward a C-form, and the

absence of segregation in domains were observed in cor-
respondence to the presence of the gemini featuring the shortest

spacer.
The rationalization of these findings demonstrates for the first
time, as far as we know, that ion pairing between cationic gemini

and the phosphate of the PC headgroup is dependent on the

spacer length of the gemini. This is an interesting finding
because it clearly points out that interactions between lipid

headgroups affect the interaction with DNA and should be taken

into account when designing lipofection systems.
The results of our investigations underline the importance of

a rational approach to the design of the major components of

transfecting formulations and of exploring the physicochemical
features of the resulting complexes.
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