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The Structure of Gemini Surfactant Self-Assemblies Investigated by Energy Dispersive
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Solid-supported multibilayers of the enantiomers of the cationic gemini surfaciaat (2S,3S)-2,3-dimethoxy-
1,4-bis(N-hexadecyIN,N-dimethylammonium)butane dibromidéd) and (2R,3R)-2,3-dimethoxy-1,4-bié(
hexadecyN,N-dimethylammonium)butane dibromid&h), have been studied by means of energy dispersive
X-ray diffraction. The effect of substrate on the orientation of the sample has been investigated. Dehydration/
hydration kinetics of the samples under enviromental conditions has been followed. Furthermore, we have
characterized the structural properties of the meso form, (2S,3R)-2,3-dimethoxy-N4bis{decyN,N-
dimethylammonium)butane dibromidgdj. The reported results indicate that the spontaneous self-assemblies
of the meso form present different physical characteristics.

1. Introduction systems: (i) the stereochemistry of the surfactant itself may play
¢ crucial role as far as interaction with cell membrane and

Gemini surfactants are a class of surfactants characterized® ~'* o - X N
toxicity are concerned,; (ii) chiral recognition may yield selective

by two polar headgroups, connected by a spacer of various kind, ="~ -
and two hydrophobic tails. This structural feature provides Pinding of a chiral drug. It must be noted that health and
gemini unique properties among the surfactants. Gemini, for regulatory authorities such as the FDA have defined strict

example, form aggregates at a concentration almost a 100-fold'€duirements to patent new chiral drugs, demanding a full

lower than the corresponding single chain surfactants and evendocumentation of the separate pharmacological and pharmaco-
kinetic profiles of the individual enantiomers, as well as their

have 1000-fold higher surface activitieBy virtue of their L
combination?

unique properties, gemini surfactants represent an interesting It is well recognized that most of the achievements reached

topic of study, both for industfand academic researéf Of _ ) _ :
particular interest are cationic gemini surfactants and their I 9€ne transfection are based on trial and error, and satisfactory
progress in transfection efficiency cannot leave exclude a

potential for use in transfection for the high binding and h 5
transportation capability of DNA and drugs into living cedls.  detailed comprehension of the roles played by all of the
n Physicat-chemical properties of surfactadfsAmong these, the

Some of them have been found to display high transfectio ) ;
activities4de Considering the many peculiarities of this class manner in which the molecular structure of surfactants affects

of surfactants and because they strictly depend on the nature of1® morphology of the aggregates and their biological activity

the spacer, we have approached the study of a cationic geminiS &n important issue that needs to be clarified. Because it is

surfactant with stereogenic centers on the spacer, 2,3-dimethoxy-Vell recognized that a real enhancement of transfection ef-
1,4-bis(\-hexadecyIN,N-dimethylammonium)butane dibro- ficiency requires a full understanding of their supramolecular
mide? The interest in chiral surfactants and their aggregates structures! a systematic structural characterization of the
meets many perspectives. Chiral aggregates have been used a@ontaneous surfactant self-assemblies should constitute one of
suitable media for enantioselective reactfomsd separation of "€ Main goals in this field in order to improve the biological
chiral substances such as pharmaceuticalbiral recognition ~ Performance of these gene delivery vehicles. Here we report
in self-assemblies is, in general, largely investightnd has ~ @n energy dispersive X-ray diffraction (EDXD) study of the

been observed by different means in micellar aggredageds, ~ €nantiomers of the cationic gemini surfactani.e., (2S,3S)-
It is responsible for the differences observed in assemblies 2:3-dimethoxy-1,4-big¢-hexadecy,N-dimethylammonium)-

formed by either racemic or homochiral surfactd#itsiBecause ~ Putane dibromidela, and (2R,3R)-2,3-dimethoxy-1,4-bis(N-
most biological lipids are chiral, the origin of chiral recognition  n€xadecyN,N-dimethylammonium)butane dibromidh, (Figure
in surfactant self-assemblies is of high interest in biochemical 1)- Moreover, we characterized the structural features of the

meso form, (2S,3R)-2,3-dimethoxy-1,4-shexadecylN,N-

fields, as this is one aspect of molecular recognition responsible”’ ; - s
b d b dimethylammonium)butane dibromidgg.

for cell membrane compartmentalization. Moreover, in many
cases enantiomers display different physiological effects, and
chiral recognition in self-assemblies is of fundamental interest
from two points of view when vesicles are used as drug delivery ~ Surfactantl was prepared by quaternization of the proper
- diastereomer of 2,3-dimethoxy-1,4-BkN-dimethylamino)-
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Figure 1. Structure of the studied cationic gemini surfactarts; 1b, 1c (from left to right).
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Figure 2. Diffraction pattern of fully hydratedamultilamellar oriented q(A )

stack. The noticeable sharp reflections are the first- and second-order,:igure 3. Comparison between the initial (black triangles) and final
Bragg peaks, whereas the diffuse scattering is due to the random(gpen circles) spectra in the dehydration kinetics collectet=an.8°,

stacking disorder. both fitted by Gaussian distributions (solid lines). The structures appear
similar even if differences in the peak position and in their relative
Sample Preparation.A 0.012 M aqueous solution dfwas amplitude are clearly visible.

prepared by adding 1 mL of bidistilled water to 10 mg of
surfactantl and gently heating until completely dissolved. temperature. The intensity of diffraction is great from stacks of
Oriented samples were prepared by spreading few drops of thebilayers because their normal is aligned alongzitemponent
lipid solution onto the oriented surface of cleaned silicon wafers Of the transfer momentuny,. Conversely, in the case of
and onto a glass-made support. The surfaces were gently fluxednultilamellar vesicles, the normal to the bilayers are isotropically
with nitrogen fa' 8 h and, after evaporation of the solvent, the distributed in space, giving rise to weak powder-like diffraction
samples were kept in a vacuum for 12 h to remove any tracesPatterns whose intensity decreases g& The main advantages
of solvent. The lipid films were subsequently hydrated fully ©f nonisotropic samples are a plain discrimination between in-
from a water-saturated atmosphere. This procedure allows toPlane and out-of-plane structures and a remarkable decrease in
prepare fully hydrated solid-supported multibilayers. the acquisition timé? As such, the use of aligned samples is
X-ray Diffraction Experiments. X-ray diffraction experi-  highly auspicious because they present the same physical
ments were carried out by using an EDXD apparatus elsewherecharacteristics as their equivalents immersed in liquid water,
described22b.13An incident polychromatic X-ray radiation was ~ €Specially in view of the recent overcoming of the “vapor
used, and the diffracted beam was energy resolved by a solid-Pressure paradox” by Katsarés!” Thus, oriented membrane
state detector located at a suitable scattering afigle stacks can realistically be used as useful model systems of

The diffractometer operates in vertio®) geometry and is ~ Piological membranes. _ _
equipped with an X-ray generator (W target), a collimating In Figure 2 we observed only two orders of dllffraf:tlon as
system, step motors, and a solid-state detector connected vig'Sual for the major part of ﬂ;“y hydrated samples, i.e., in excess
an electronic chain to a multichannel analyzer. The X-ray source Water, in the fiuid L, phase’® From the pattern, a well-defined
is a standard Seifert tube operating at 50 kV and 40 mA, using 'amellar periodicity of 28.4 A was determined using the Bragg
Bremsstrahlung radiation, and the detecting system is composed€lationD = 27/q. The position of the dlffrgctlon peaks was
of an EG&G liquid nitrogen cooled ultrapure Ge solid-state determined to within an accuracy bof 0.1 A by a Gaussian
detector connected to a PC through ADCAM hardware. Both fit to the data. In contrast to the traditional angular dispersive
the X-ray tube and the detector can rotate around a commonX-Tay diffraction (ADXD), EDXD permits the simultaneous
center where the sample is placed. acquisition of the spectrum points at each valuegdh the

The diffracted intensity was normalized to the incident investigated range. This peculiar characteristic of the technique
polychromatic radiation and to all the parasitic effects. Back- &llOWs us to perform kinetic studié8.To detect the structural
ground scattering from the substrates was subtracted. stability and the degree of hydration of the sample under the

The uncertainty associated withis A6 = 0.00F, and it environmental conditions, a kinetic study was performed by

directly affects the uncertaintxq associated with the transfer collecting a diffraction pattern every 200 s for an overall period
momentumq (q = aE sin 0; a = 1.01354 A1 keV-1) of 40000 s. Structural and dynamical membrane properties can

indeed change dramatically with hydration so that full hydration
is usually a basic requisite in order to associate experimental
findings to the biological stat.

Figure 2 shows the diffraction pattern collectedat 0.8° In Figure 3 we report the comparison between the initial and
from 1la multibilayers aligned on a silicon substrate and fully the final first-order peaks, both fitted by a Gaussian curve. Itis
hydrated using water vapor at 100% relative humidity at room interesting to note that the peaks do not present the same

3. Results and Discussion
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TABLE 1: Fitting Parameters of the Relaxation Curves of
283 4 la Obtained Using Equations 13
. 282 fitting parameters la
< 2814 & De (A) 27.9
28.0 D1(A) 5.4x 107!
Tp1 S_l) 8.47x 17
27.9 4 R R R GO T e G G G S R G % 00( ,1) 6.63x 10°3
27.8 L : : . o1 (A7) 4.97x 1073
0 10000 20000 30000 40000 o2 (AY 7.81x 104
«(s) To1 (s:l) 1.54x 1?
T2(S7Y) 5.50x 10
Ho (a.u.) 1.77
9.0x10 Ha(a.u.) 1.43 .
_ N H. (a.u. 2.30x 10~
e 8.3x10° rHl((S’l)) 2.45x% 10
S 8.0x107 TH2(S7Y) 7 x 10
= 3
z 7x107 1 @ and theD-spacing does not vary anymd¥eThis interpretation
7.0x107 A is also enforced by the evident diminution of the full width at
6.5x107 half-maximum (fwhm) of the Gaussian fit to the first-order
0 10000 20000 30000 40000 diffraction peak as a function of time, which reflects a
(s) progressive stabilization of the multibilayer structure and a
reduction of the “second ordedisorder” in the crystal lattice
18 (Figure 4, panel B). Indeed the water molecules have liquid-
like disorder and fill the space between membranes producing
= 1614 irregular variations of the repeating distari2en the multibi-
= 1.4 4 layer stack. Thus dehydration reduces membrane fluctuations
= 12| and theD-spacings distributio’? The fwhm is the mosaic
8 spread, i.e., the degree of orientation of the bilayers on the
1.0 substrate. Indicating fwhm asand fitting the profile with the
0.8 following temporal evolution law

0 10000 20000 30000 40000

t(s)

Figure 4. Dehydration kinetics oflta as a function of time: the

calculatedD-spacing (panel A), the fwhm (panel B), and the normalized . N - .
height (panel C) of the first-order diffraction peak. we find 751 ~ 154 st andz, ~ 5.7 x 10* s72. In this case a

double-exponential model is the best fit to the experimental data.
features, i.e., height, width, and position. Analyzing all the In the same Figure 4 (panel C) we report the normalized first-
collected spectra, we directly calculated the corresponding order peak height as a function of time. Fitting the raw data by
D-spacings: the starting value of 28.4 A monotonically the following model:
decreases as a function of time until the equilibrium condition
at 27.9 A is reached (Figure 4, panel A). In the present study H(t) = Ho — H; exp(~t/z,;;) — H, expt/zyy)

o(t) = 0y + o, exp(-tiz,,) + o, exp(tiz,,)
(o(t) < oy, te (0,)) (2)

this equilibrium state of the system is considered as reference (H(t) = Hy, te (0, )) (3)
state. To fit theD-spacing time dependency, the follow single-
exponential law was used: we find 71 ~ 245 standty, ~ 7 x 104 sL,

All the fitting parameters are reported in Table 1. Then, the
D(t) = Dg + D, exp(~t/tp) (Dg(t) = Dget € (0,)) (1) samelasample was additionally dehydrated under a gentle flux
of high-purity nitrogen for an overall period of 5 h. Even in

where Dg is the D-spacing in the reference stat®; is the this case we investigated the relaxation process of the sample
amplitude of the decay, ang is the mean decay time. For= for the same period of time (40000 s), and the comparison
0, which is the initial point of the kinetics, the equation yields between the initial and the final diffraction patterns of extra-
maximumD-spacing value. Fitting the experimental data with dehydratedla collected at? = 2.4° is reported in Figure 5.

eq 1, we found time constant valua, ~ 864 s for Upon this extra dehydration, a further reduction of the
dehydration. The degree of hydration of both the initial and D-spacing up to 27.6 A was observed. This value is about 0.3
final state was evaluated by thermogravimetric measurementsA lower than that corresponding to the above-reported equilib-
which provide the number of waters per lipidy,. These rium condition. Regardless, even if the starting point of the
measurements gave a thin water layer of 3.5 water moleculeskinetics refers to a more dehydrated state than that of reference,
per lipid molecule in the fully hydrated state. Each lipid Figure 5 clearly shows that the equilibrium condition is exactly
headgroup has a certain number of water molecules attachedhe same as before.
via hydrogen bonds. The occurred dehydration reduge® Indeed, the uptake of water allowed the lipid film to restore
1.5 waters per lipid, thus accounting for the observed reduction the same hydration shell, resulting in the increase of the
of D-spacing. The observed reduction can be interpreted in termsD-spacing up to the final equilibrium value of 27.9 A. On
of partial dehydration of the sample under the enviromental hydration, water was taken up from the enviroment resulting
conditions, which does not affect the structured first hydration in a reversible behavior. This finding confirm that the reference
shell. At thermodynamic equilibrium, the activity of adsorbed state is effectively the thermodynamic equilibrium condition of
water is the same as the water atmosphere in the sample celthe system, as expected in view of the fact that the chemical
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Figure 5. Comparison between the initial (black triangles) and final
(open circles) spectra after hydration collected at 2.4° (for details
see the text). The solid line is the best Gaussian fit to the data.
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Figure 6. EDXD pattern ofla: black circles indicate glass substrate
and open circles indicate the silicon substrate. We only show data up
to @ = 1.6 AL For higherq values the diffracted intensity remains
constant.

potentials of liquid water and water vapor in equilibrium are
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Figure 7. EDXD pattern ofla (open circles) andb (black triangles).
The diffraction intensity ofLb is divided for clarity by a factor 1.05.

TABLE 2: FWHM of the Six Observed Orders of
Diffraction of Partially Dehydrated 1a Sample Deposited on
Silicon and Glass Substrate a#) = 2.4°

order of fwhm (A™)

reflection silicon glass
I 0.007 0.007
I 0.025 0.030
1l 0.047 0.061
v 0.047 0.055
Y, 0.056 0.065
\ 0.092 0.103

whereas higher order reflections exhibit lower widths in the case
of the silicon substrate (see Table 2).

This finding clearly means that the utilization of the oriented
surface of silicon wafers as substrate causes a better sample
orientation. From a technical point of view, these observations
could also suggest that the mosaicity of the system is below
the instrumental resolution. In both cases, the presence of diffuse
diffraction between Bragg reflections indicates the presence of
random stacking disorder. It is relevant to observe that the curve
between the peaks becomes higher, the farther from the origin.
Diffraction peaks represent interbilayer coherence, whereas
diffuse scattering beneath them arises from diffraction lacking
such coherence. In other words, this area lost from the peaks

exactly the same. The only difference between the final spectrarepresents multibilayer-incoherent diffraction and it is lower in

reported in Figures 3 and 5 is due to a differgniesolution,
which depends on the employment of different diffraction

the case of better oriented samples. Thus, Figure 6 confirms
thatla-supported multibilayers are better oriented when smooth

angles. The time constants for dehydration and hydration kineticssilicon wafers are adopted as substrates. Indeed, the natural
are almost the same (hydration data not reported). Subsequentlyténdency to minimize the energy of interaction with the substrate
the effect of the substrate on the mosaic spread of the samplelets the bilayer next to the surface adopt a flat configuration

was investigated by aligninda multibilayers onto smooth

and maintain a fixed distance from the solid support. This

silicon and rough glass substrates. The samples were pamyconfiguration is more stable in the case of smooth substrates

dehydrated in order improve the experimental resolution of and producesa’

structural data. A suitable diffraction angle= 2.4° was chosen
to cover a wideq range between 0.18 and 2°A enabling the
simultaneous collection of multiple Bragg reflections (Figure
6). The lamellarD-spacing of 27.9 A, calculated as above

explained, ensures that the system is effectively in the reference
state and has the same degree of hydration as revealed b){9

thermogravimetric measurements.
First of all, we note that Bragg peak widths increase with

‘pinning effect” that suppresses the spontaneous
fluctuations of the bilayers and redudesspacing distribution,
whereby rough surfaces weaken this effédRegardless, this
difference is known to become smaller as the sample hydration
is reduced and it is probably the case of the measurements of
Figure 6.

Figure 7 shows the EDXD pattern of samgle collected at

= 2.4 deposited on silicon substrate compared to thdtzof

The diffraction intensity ofib is divided by a factor 1.05 in
order to better discriminate the diffraction patterns. It is

diffraction order, and there is strong evidence that the observedparticularly noteworthy to observe thaa and 1b present the

widths are in effect due to a distribution BDfspacings. A direct
comparison of the diffraction patterns reported in Figure 6 shows

same structural features.
In Figures 6 and 7 the BfK fluorescence lines are

that first-order peak fwhm is almost the same for both substratessuperimposed on the pure diffraction pattern and indicated by
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0 %ﬁ TABLE 3: Fitting Parameters of the Dehydration Kinetics
' ' ' ' of 1c Obtained Applying Egs 2 and 4
0.18 0.19 0.20 0.21 0.22 —
fitting parameters lc
qA™h oo(A™Y 4.11x 10°2
. . I . , o1 (A 2.36x 1072
Figure 9. Comparison between the initial (black circles) and final (open 02 (A0 8.40% 10~%
circles) spectra oflc collected atd = 0.7°. Diffraction profiles are Ince) 3.26 x 102
fitted by Gaussian distributions (dotted lines). Dehydration does not T2 (57 4.85% 10¢
radically modify the peak position, whereas the main difference is due Ho (a.u.) 1.41
to the relative height of the first-order Bragg peak. Hi(a.u.) 2.4x 101
H, (a.u.) 2.3x 10!
arrows. Since the fluorescence lines are produced by the de- TH1 (5:11) 8.12x 1824
excitation of Br atoms when ionized by the X-ray beam and T2(S7) 182x1

each lipid molecule contains two Br atoms, it means that the . _— .
intensity of the fluorescence lines depends only on the number MOVE Over the_ entire acquisition time an_d the calculated
of de-excitation events. As such, they are a useful standard thatD'Sp.aC'ng remains almost unchanged, |mply|n_g that _the_sample
allows to check that the same amount of lipid is effectively was in a condition clqse to the thermodynamic equilibrium.
deposited on the substrates. In the data analysis, eq 2 h_as been used to evaluate the
. temporal development of the first-order Bragg peak fwhm,
To study the influence of the molecular structure on the - S ) X
macromolecular self-assembled morphology, the meso farm whereas t_he foII_owmg equation is used_ to f.|t the temporal profile
was last investigated. Figure 8 depicts the first two Bragg of normalized first-order reflection height
maxima of fully hydratedlc, collected atd = 0.7°, which _
exhibit a D-spacing of 31.9 A. Flowing nitrogen through the H(t) = Ho = Hy exp(=t/zyyy) = Hp exp(-t/zyyp)
sample chamber for abb6 h caused the sample to be partly (H(t) = Hy, te (0,)) (4)
dehydrated.
A series of time-sliced diffraction patterns have been collected The results of the experiments performed are depicted in Figure
to follow the temporal development of the sample (40000 s). 10 and listed in Table 3.
The initial and final spectra are reported in Figure 9, both fitted = EDXD patterns of the partly dehydratekt sample were
by a Gaussian distribution. Peak position does not remarkably collected at two diffraction angle#; = 0.5°> and§, = 2.05".
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Figure 11. Diffraction pattern of partly hydratetic multilayer collected
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ments reveal that, in the full hydration condition, there are 3.5
waters forlamolecule. Then we have studied the dehydration/
hydration kinetics ofia sample. Our analysis of the data shows
that the lipid film evolves, upon dehydration, to a partially
dehydrated state, reaching a plateau over a period of about 3000
s. This more ordered state exhibits six Bragg maxima and a
lower D-spacing of 27.9 A, which remains stable over a week.
Thermogravimetric measurements reveal that, in this state, there
are only 1.5 water molecules féa molecule. Extra-dehydrated
samples evolve under the experimental conditions, coming back
to the same thermodynamic equilibrium condition. We have also
studied the effect of the substrate on Bwspacing of the partly
dehydrated.asample employing smooth silicon and rough glass
supports. Even if the first-order Bragg peak position and width
are the almost same, an accurate analysis of higher order
reflections and of the inter-peaks diffuse scattering in the
diffraction patterns shows that the mosaic spread of the system
is lower when smooth silicon wafers are adopted as substrates
with respect to rough glass-made supports. The chiral fdsm
presents, as expected, the same structural features. We also
characterized the structure of fully hydrateg a stereoisomer

of both 1a and 1b, which results assembled into aligned
multibilayers with aD-spacing of 31.9 A. The dehydration
kinetics of1cwas followed until the equilibrium condition was

A:i whereas the latter covers the range between 0.038 and 1.Geached. Furthermore, we have shown that energy dispersive
A1 The patterns have been connected to reconstruct the wholex.ray diffraction, due to its peculiar characteristics, is a suitable

diffraction pattern (Figure 11).
In the spectrum, a clear maximum is locatedyqat 0.202

A-1 and seven orders of diffraction are observed. The partial

dehydration of the sample caused a reductioDdpacing up
to 31.4 A and, as in the case 4, sensibly improves the quality
of the diffraction patterns.

All these results demonstrate that the meso fdrqpresents
a larger value inD-spacing of abou3 A compared to that
obtained for botHl.a and 1b samples. It is well establish¥d8
that the lamellar periodicitp is the sum of the bilayer thickness
ds and thickness of the water layek, between opposing

bilayers. The bilayer thickness is further subdivided as the sum

technique to characterize the structural features of macro-
molecular self-assemblies and to perform kinetic studies.
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