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Abstract Langmuir monolayers of dioctadecyldimeth-

yammonium bromide and its interaction with the natural

mucopolysaccharide hyaluronic acid are studied using

thermodynamic methods and X-ray diffraction at grazing

incidence. The 2D crystalline lattice parameters of differ-

ent phases are determined. The monolayer compressibility,

the linear crystalline compressibility components and the

thermoelastic expansion coefficient are evaluated. The

biopolymer stabilises the monolayer structural properties,

increases the collapse pressure and the correlation length of

the 2D crystalline domains. The results show that this lipid

has a potential for developing of stabilised drug delivery

systems of anionic biopolymers like hyaluronic acid,

oligomers and genes.
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Introduction

Cationic lipids are of major interest as drug delivery sys-

tems of negatively charged drugs, proteins, biopolymers,

genes and vaccines (Olsen et al. 2001; Vangala et al. 2007;

Brishall et al. 1999). They can be formulated as liposomes

or as nano-objects (Rosenecker et al. 1996; Ahmed et al.

2002; Li et al. 2006; Zeisig et al. 1998; Scholer et al. 2002).

Dioctadecyldimethyammonium bromide (DODAB,

Fig. 1a) is an interesting cationic lipid with both lamellar

and nonlamellar properties that can form different bilayers

or monolayer systems (Rosenecker et al. 1996; Ahmed

et al. 2002; Li et al. 2006; Zeisig et al. 1998; Scholer et al.

2002; Ionov and Angelova 1996; Wang et al. 2006; Gouard

et al. 2007; Engelking et al. 1999). Charged lipid interfaces

are relevant to the biological membranes, where the

charged lipids may appear because of the lipid metabolism.

In our previous study (Ionov et al. 2004a, b), we have

shown that the electrostatic, hydrogen and van der Waals

interactions at the membrane interface can dramatically

change its properties. The state of the membrane depends

on the physico-chemical characteristics of both the lipids

and the membrane-bound proteins. Negatively charged

biopolymers like hyaluronic acid are able to induce struc-

tural reorganisation of cationic lipid monolayers.

Hyaluronic acid (Fig. 1a) is a natural high molecular

weight unbranched polysaccharide found throughout con-

nective tissues. In some tissues, like vitreous humour,

synovial fluid, it is the primary component responsible for

the function and the physical characteristics associated
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with these substances (Dea et al. 1973; Flowers et al. 1992;

Shard et al. 1997; Arnott et al. 1983). In other tissues such

as skin, cartilage and aorta it is found as a minority com-

ponent which acts as a stabilising and organising agent on

the structure of some proteins (Dea et al. 1973). Hyaluronic

acid (HYA) and its derivatives are broadly used in phar-

macy and medicine, especially in segment surgery, wound

and burn therapy, drug matrices, HIV-antibody (Hume

et al. 1994; Zheng et al. 1994; Ruiz-Cardona et al. 1996;

Joshi and Topp 1992). Many of the functions of the hyal-

uronic acid are related to its physico-chemical and

structural properties as well as to its interactions with

membrane lipids (Sung and Topp 1995; Artzner et al. 2000;

Ruponena et al. 1999; Nitzan et al. 2001; Herslof-Bjorling

et al. 1996). For example, the vitreous humour is consti-

tuted of 99% water and 1% mixture of collagen and

hyaluronic acid. HYA is an active pH dependent biopoly-

mer, which may influence the state of the neighbour Burch

membrane. In concentrated solutions, due to the hydrogen

bonds, various conformations of this mucopolysaccharide

are probable; from double helices to compact states of

densely packed chains (Dea et al. 1973; Atkins and Shee-

han 1973; Lee et al. 1992; Mitra et al. 1983; Sheehan and

Atkins 1983; Sheehan et al. 1975). At the charged lipid

interface, its structure differs from the bulk state (Ionov

et al. 2004a, b).

Our previous study (Ionov et al. 2004a, b) showed that

HYA interacted actively with single chain octadecylam-

monium cationic monolayers, stabilised and reorganised

them. In this study, we use DODAB that forms Langmuir

monolayers at the air/water interface of higher stability due

to its double chain structure. Langmuir monolayers are

suitable systems to study the interactions at the membrane

interface (Ionov et al. 2000; Petty 1996; Nakazawa et al.

2004; Patino and Fernandezs 2004; Loste et al. 2003; Ionov

and Angelova 1995; Ionov et al. 2004a, b; El Abed et al.

2001). We investigate the role of electrostatic interactions

and the effects induced by hyaluronic acid on DODAB

monolayer organisation as well as the adsorption kinetics

by using thermodynamical and structural approaches.

Materials and methods

Dioctadecyldimethyammonium bromide (DODAB) and

hyaluronic acid (HYA) sodium salt from bovine tracheae

were Fluka products. HYA mean molecular weight was of

about 80,000 Da. The salts and solvents were high purity

Merck, Fluka, Prolabo, and Sigma products. The physio-

logical aqueous solution contained 0.1 M NaCl of pH 7.0,

which was adjusted by means of 1.10-3 M phosphate buffer

(Na2HPO4/NaH2PO4 of 1/1 molar ratio, p.a. grade, Merck).

Deionised pure water of resistivity 1.8 9 107 X cm was

used (ELGA filter system). The temperature of the subphase

was controlled with precision of 0.1�C.

The adsorption was performed by injection of 10-3 M

water solutions of hyaluronic acid under the pure air/water

interface or under lipid/water interface.

An automatically controlled Langmuir trough (Ionov

et al. 2004a, b, 2000) was used to study the lipid monolayers.

Surface pressure was measured by means of the Wilhelmy

plate method with precision of about 0.1 mN m–1. The

monolayer compression speed was about 0.01 nm2 per

molecule per min. The temperature region of the trough

operation was from 0 to 70�C. DODAB chloroform solutions

of 1 9 10-3 M were used. A chloroform evaporation period

of 1,800 s was allowed prior to compression of monolayers.

The 2D monolayer isothermal compressibility was

determined by using linear fitting procedure for corre-

sponding liquid expanded–liquid condensed LE and LC

phase regions of stable DODAB monolayers at physiological

Fig. 1 a Structure of DODAB and HYA. b Langmuir monolayer

isotherms of DODAB and DODAB ? HYA at 20�C and different

subphases. The arrow indicates the injection of HYA under DODAB

monolayer. The inset shows adsorption kinetics of HYA under

DODAB monolayer
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conditions (0.1 M NaCl of pH 7.0) and in presence of HYA.

At pure water subphase, the monolayer instability does not

allow to obtain reproducible compressibility values.

Synchrotron X-ray diffraction experiments from lipid

monolayers were performed at LURE, Orsay, France using

the experimental equipment (Fontaine et al. 2004) at the

beam line D41B.

The adsorption kinetics was analysed using non-linear

least square fit procedure of the Origin software (Microcal.

Inc. USA).

Results

The surface pressure/area isotherms of the cationic DO-

DAB Langmuir monolayers at 20�C are shown on Fig. 1.

The collapse pressure is at 48 mN m–1. The surface area at

35 mN m–1 is 0.53 nm2. At physiological conditions

(0.1 M NaCl of pH 7.0), the monolayers show clear tran-

sition region from 0.9 to 0.6 nm2 with slight surface

pressure rise from 8.5 to 11.5 mN m–1. This region is more

smeared at pure water subphase with steeper rise of surface

pressure from 10 to 22 mN m–1. At pure water subphase

the isotherm is not very stable: for example the surface area

at 35 mN m–1 decreased with 0.04 nm2 for a time period of

900 s. Monolayer equilibrium surface pressure (ESP) is

determined to be 42.5 mN m–1.

Hyaluronic acid volume concentration of 1 9 10-6 M

was injected in the subphase under the lipid monolayer

compressed to about 1 mN m–1 at physiological condi-

tions. Due to the surface activity of hyaluronic acid, the

pressure rises to hyaluronic acid ESP steady state value of

about 8.2 mN m–1. Thereafter, the film was compressed.

The isotherms at higher surface pressure values coincide

with those of the pure DODAB monolayers in absence of

hyaluronic acid. The DODAB monolayers are stable in

presence of HYA in the subphase and the collapse pressure

rises to about 58 mN m–1.

The adsorption kinetics of HYA under DODAB is a fast

one-step process with relaxation time of 46 s (Fig. 1,

inset).

Grazing incidence X-ray diffraction (GIXD) patterns

were detected from the monolayers in the LC regions

above 18 mN m–1. Figure 2a shows DODAB monolayer

X-ray diffraction patterns obtained at 35 mN m–1 and

physiological conditions at air/water interface. The three

peaks at 1.204 (very diffuse); 1.346 and 1.406 Å-1 in Q

vector space are assigned to Q11, Q01 and Q10 components,

respectively. They are Lorenz peaks with full widths at half

maximum (FWHM) of 0.034, 0.036 and 0.042 Å-1,

respectively. Rod scans on Fig. 2b show that these peaks

are planar. Similar types of rod scans are obtained from all

monolayers in this study.

Figure 3 presents the variation of the diffraction patterns

with the surface pressure for both DODAB and DO-

DAB ? HYA monolayers at room temperature of 20�C.

The inset shows the variation of the main peak Q10. DO-

DAB peak follows a linear dependence, while the peak

position in presence of HYA is approximately constant in

the limits of the experimental error.

The temperature dependence of the diffraction patterns

at 35 mN m–1 are shown on Fig. 4. The peak intensity

increases and FWHM narrows for DODAB monolayers,

while they remain unchanged for DODAB ? HYA mon-

olayers with decreasing the temperature. Q10 peak position

follows approximately the same linear dependence for both

Fig. 2 a GIXD patterns of DODAB monolayer compressed to

35 mN m–1 at 20�C and at physiological conditions (0.1 M NaCl of

pH 7.0). The spectrum is decomposed on three Lorenz peaks. Err
indicate the error bars. The oblique lattice is indicated on the inset. b
Rod scans are presented as contour plots of Qz as a function of the

planar wavevector Qxy
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monolayers (Fig. 4, inset). A single Lorenz DODAB

monolayer peak at about Q10 = 1.390 Å-1 is detected for

temperatures below 10�C.

Discussion

DODAB isotherm (Fig. 1) presents a liquid expanded-

liquid condensed (LE–LC) phase transition region. This

region is better expressed at physiological condition (0.1 M

NaCl of pH 7.0) in comparison to pure water subphase. It is

well known that the electrostatic interactions between 2D

domains cause variations of the slope of the plateau region

that may explain the difference of the pure water and

physiological condition monolayer isotherms. Surface

potential isotherm analysis based on Gouy Chapman theory

shows that the effective surface charge density of DODAB

monolayers increases with the electro-negativity of the

counterions in the subphase (Cavali et al. 2001; Dyna-

rowicz-Latka et al. 2001; Taylor et al. 1989). The pressure

area isotherms change from condensed to expanded

monolayer with the increase of the surface charge density

and corresponding electrostatic repulsion between head

groups. In the framework of this analysis, the presence of

HYA reduces the effective surface charge density of DO-

DAB monolayers and the isotherms become more

condensed.

Monolayer isotherm may depend on the presence of

solvent traces as well. For a good solvent like chloroform

used in our experiments, a minimum evaporation time of

about 900 s should be allowed. Our waiting time was

doubled to avoid this problem. Our DODAB monolayer

isotherms at pure water subphase fit to the literature data

(Wang et al. 2006; Gouard et al. 2007). DODAB molecular

areas reported at pure water subphase vary from 0.50 to

0.66 nm2 and are higher than the area of about 0.44 nm2 of

two aliphatic chains. The area differences originate from

monolayer instability at pure water subphase. Participation

of water molecules in lateral DODAB structural organisa-

tion may be speculated as well.

DODAB monolayer instability at pure water surface

arises from the DODAB intramolecular misbalance of

hydrophobic and hydrophilic interactions. The head group

cation that is favourable to water hydration is buried in a

hydrophobic-like methyl shell that has an opposite tendency

to repel the water. This reduces the strength of head group–

aqueous subphase interactions, results in misbalance of the

hydrophobic/hydrophilic distribution of the lateral intra-

layer pressure and correspondingly increases the monolayer

instability. Upon compression, the molecules have the

tendency to escape in the 3D air region due to the misbal-

ance induced vertical force component. The phenomenon is

similar to the head group misbalance shape origin of

Fig. 3 GIXD patterns of DODAB and DODAB ? HYA monolayers

as a function of the surface pressure at 20�C and physiological

conditions (0.1 M NaCl of pH 7.0). The open symbols are

DODAB ? HYA data. Err indicate the error bars. The inset shows

the surface pressure dependence of the strongest wavevector

component

Fig. 4 Temperature GIXD patterns variation of DODAB and

DODAB ? HYA monolayers at 35 mN m–1 at physiological condi-

tions (0.1 M NaCl of pH 7.0). Circles 20�C, open squares 10�C and

triangles -0�C. Err indicate the error bars. The inset shows a lattice

temperature variation of oblique and hexagonal structures. The open
symbols are DODAB ? HYA data
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nonlamellar lipid phases like in dioleolylphosphatidyleth-

anolamine (DOPE). However, DOPE monolayers show

good surface stability (Ionov et al. 2000) due to the presence

of additional hydrophilic intramolecular phosphate buffer in

the head group region that increases the head group

hydrophilic interactions with the aqueous subphase.

The introduction of additional electrostatic interactions

with the aqueous subphase at physiological conditions

results in better DODAB monolayer stability. The elec-

trostatic interactions of the cationic DODAB monolayer

and the negatively charged biopolymer HYA prevent the

DODAB molecules to escape in 3D phase, stabilise the

monolayer isotherm and the collapse surface pressure rises

to a higher value. This stabilisation is without other

noticeable structural reorganisation that influences the

monolayer isotherm. Such more pronounced monolayer

stabilisation effect was observed for single chain octadec-

ylamine monolayers in our previous study (Ionov et al.

2004a, b). DODAB monolayer properties are influenced by

the stronger double chain van der Waals lateral interactions

and are more stable in respect to octadecylammonium

monolayers. The molecular area of 0.53 nm2 determined at

physiological conditions is higher than the area of two

aliphatic chains. Having in mind the water structural data

(O–H bond length of 0.096 nm, HOH angle of 104.45� and

hydrogen bond length of 0.197 nm), one may speculate

that between 1 and 2 water molecules participate in the

lateral structural organisation of DODAB monolayer. This

may explain the origin of the negative thermoelastic linear

expansion coefficients reported below.

The 2D monolayer isothermal compressibility

b ¼ � 1

A

oA

op

� �
T

ð1Þ

(where, A is the molecular area and p is the surface pres-

sure) of LE and of LC phase regions are 36.7 and 8.7 m N-1

respectively. They are determined for stable monolayers in

presence of HYA and at physiological conditions. These

values are typical for LE and LC phase regions reported in

the literature for amphiphilic monolayers (Petty 1996; Io-

nov et al. 2000). In LE phase, the lipid chains are in fluid-

like expanded state that results in higher compressibility.

The small compressibility of LC phase indicates that the

lipid chains are organised in 2D crystalline state.

The adsorption kinetics of HYA under DODAB is a fast

one-step process (Fig. 1, inset). It could be described in

terms of first order equation (Jones and Chapman 1995).

pt ¼ ps � ps � p0ð Þe�t
s ð2Þ

where s is the relaxation time, p0, pt and ps are the surface

pressures at time t = 0, t and steady state conditions. This

process is determined by the balance between the adsorp-

tion/desorption events, molecular rearrangements and

structuration at the interface. At low concentrations of HYA,

the role of desorption is important. At higher concentrations,

the desorption flux is lower because of higher probability of

hydrogen bond formation and molecular reorganisation. The

fast relaxation time of 46 s of HYA under DODAB mono-

layer is related to reduced role of the desorption process due

to the electrostatic interactions between the positively

charged monolayer and the negatively charged biopolymer.

The relaxation process differs from the two-step process

observed previously with octadecylammonium monolayers

(Ionov et al. 2004a, b). The second octadecylammonium

monolayer reorganisation step is not observed with DO-

DAB-HYA monolayer. This could be due to higher

monolayer stability because of stronger lateral van der

Waals interactions between double chained molecules.

GIXD results of DODAB monolayers on Fig. 2a permit

to determine an oblique 2D unit crystalline lattice with

parameters a = 5.683 ± 0.002 Å; b = 5.931 ± 0.002 Å

and c = 128� for aliphatic chains of the chiral LC phase.

The scheme of the unit cell is shown in the inset in Fig. 2a.

The molecular area determined from these parameters fits

to area of 0.53 nm2 determined from monolayer isotherm.

Two-dimensional crystalline domains have a correlation

length of about 60 Å calculated from the peak FWHM. The

rod scans (Fig. 2b) show that the aliphatic chains are ori-

ented perpendicularly to the air/water interface.

While the pure DODAB monolayer peak positions vary

with the surface pressure (Fig. 3), the monolayers stabi-

lised by HYA presents peaks that are not essentially

influenced by monolayer compression. The electrostatic

interactions of DODAB and HYA also contribute to higher

2D crystalline domain size. The Lorenz peaks are narrow

with correlation length of about 140 Å, while for pure

DODAB monolayer the correlation length is about two

times shorter 60 Å. On approaching ESP values at

40 mN m-1 the DODAB ? HYA peak position remains

stable but its FWHM increases that determine a reduced

correlation lengths of about 70 Å. Pure DODAB mono-

layers at these pressures are not very stable, they show a

progressive collapse and peak intensities drop down.

The linear isothermal elastic compressibility can be

related to the elastic tensor (Fradin et al. 1998). For 2D

crystal, they are in general anisotropic with characteristic

values ba and bb along the unit cell axes. 2D DODAB linear

crystalline compressibilities are ba = 0.36 and

bb = 0.21 m N-1. The DODAB ? HYA compressibilities

are very small and fall within our experimental error. We

shall notice that the compressibility determinations by

GIXD and by monolayer isotherms are different. While

GIXD is sensitive only to large scale 2D crystalline

parameters, the monolayer isotherms depend on both the

crystalline and the noncrystalline phase behaviour as well as

influenced by slow collapses and 3D molecular transitions.
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The electrostatic interactions of HYA and DODAB

contribute to maintain the domain size unchanged with

decreasing the temperature (Fig. 4). In pure DODAB

monolayers, FWHM narrows at lower temperatures and

correspondingly the correlation length increases from 60 to

85 Å in the temperature range between 20 and 0�C,

respectively. These monolayers undergo a phase transition

at about 10�C from 2D oblique to 2D hexagonal phase

aliphatic chains with a = b = 5.218 ± 0.002 Å and

c = 120�. The aliphatic chains remain upright as detected

by rod scans (Fig. 2b).

The linear isobar thermoelastic expansion coefficient is

related in general to the elastic tensor (Lifshitz et al. 1993).

It is anisotropic for crystals and its linear components can

be determined along the crystal axes. For the axis a it is

determined as

aa ¼
1

a

oa

oT

� �
p

ð3Þ

where, a is the length along a, T is the temperature and p

the pressure.

Our results (Fig. 4, inset) show that the oblique lattice

data of both DODAB and DODAB ? HYA monolayers

follow linear dependence with negative linear expansion

coefficients along the axis a aad = -1.5 9 10-4 K-1 and

aadh = -5.7 9 10-4 K-1, respectively. It is well known

that water has negative isobar thermoelastic expansion

coefficient. HYA is strongly hydrated. Both, the steric and

electrostatic interactions (discussed above) require the

hydration of DODAB head group region to ensure mono-

layer stability. Monolayer areas indicate a participation of

water molecules in the lateral structural organisation of

DODAB monolayers. Water molecules are present in the

2D crystalline lattice and they influence the monolayer

linear isobar thermoelastic expansion coefficient. These

results indicate the importance of DODAB head group and

HYA hydration on monolayer structural organisation.

In this work, we have studied the structural organisation of

cationic DODAB monolayers and the induced effects as a

result of electrostatic interactions with the negatively charged

HYA biopolymer. The results show that biopolymers interact

with membrane interface and they are able to stabilise and

alter the membrane properties. DODAB ? HYA system

may be interesting for developing stable vectors of active

molecules. DODAB liposomes may be useful to deliver

negatively charged drugs like genes and biopolymers.
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