
Introduction

In recent years, glycolipids have gained much interest

in biophysics and physical chemistry. The biological

interest focuses on their role in cell membranes and

cell fusion processes. Simple alkyl glycosides can be

found as membrane components [1], whereas more

complex glycolipids are reported to serve as second

messengers [2], pathogens [3–7] and some are sub-

structures of complex endotoxines [8–10]. Especially,

the type of carbohydrate headgroup plays an important

role in cell recognition and membrane fusion pro-

cesses [11–16].

From the industrial point of view, the surfactants

from renewable sources are important ingredients for

consumer health, and care products. Especially, alkyl

glycosides and alkyl polyglucosides are the major

group of this new natural surfactants [17–20].

Furthermore, many of the features of the self-ag-

gregation of ionic and PEO-based surfactants are diffi-

cult or impossible to apply to alkyl glycosides in a di-

rect and meaningful manner. More specifically, alkyl

glycosides carry no charge but still have rigid carbohy-

drate headgroups. Therefore, they share features with

PEO-based and ionic surfactants. In addition, the

chirality of carbohydrate head groups has a great influ-

ence on the self-assembly in solutions [21].

Generally, the calorimetric effects of the dilute

glycolipid–water systems are hardly detectable [22]. In

this issue the concentrated endotoxine/phospholipid/wa-

ter is described by Urban et al. and showed that in the

case of the abundance of endotoxine the calorimetric ef-

fects are vanished (the temperature range of the phase

transition is extended extremely and the change in

enthalpy is reduced drastically) in spite the fact that sig-

nificant structural changes occur during the increasing

temperature [23]. We have intend to show that the

thermotropic behaviour of the dilute glycolipid system

with minor thermotropic effect is accompanied with

complex structural formation which are observed by us-

ing scattering technique. The thermotropic properties of
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Fig. 1 Chemical structures of the investigated lipids

Gen-β-C18 and Mel-α-C18
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both compounds were already investigated by polariz-

ing microscopy [24]. Mel-α-C18 shows only thermo-

tropic Smectic A phase whereas Gen-β-C18 shows

thermotropic Smectic A and cubic phases. The structure

of the slightly wedge-shaped Gen-β-C18 is subject to

the conflict between the hydrophilic and hydrophobic

moiety, where the carbohydrate head favours the forma-

tion of columnar structures and the lipophilic tail fa-

vours the formation of lamellar structures which results

in the formation of cubic phases besides the smectic

phase. This structural conflict also destabilises the phase

range of the liquid crystalline phase compared to the

melibioside Mel-α-C18, which shows liquid crystalline

phase behaviour over a temperature range of 122°C

whereas the Gen-β-C18 shows a liquid crystalline phase

only over a temperature interval of 98°C.

Small angle neutron scattering data were col-

lected for solutions of Gen-β-C18 at 25°C and for

Mel-α-C18 solutions at 50°C in D2O. The higher tem-

perature for second compound is applied with purpose

to increase the solubility of Mel-α-C18 and to improve

signal/noise ratio in scattering experiments.

In this work, we investigated the lyotropic aggre-

gation behaviour in dilute solutions of synthetic glyco-

lipids with different molecular shapes: slightly wedge-

shaped (Gen-β-C18), and significantly tilted

(Mel-α-C18). We found that a rich thermotropic phase

behaviour of Gen-β-C18 is connected with formation of

complex aggregates already in dilute solution, whereas a

lipid Mel-α-C18 showing a simple thermotropic phase

behaviour forms only small micelles in dilute solution.

Experimental

Materials and methods

Compounds

Synthesis of the compounds is described elsewhere [24].

Purity of the compounds was estimated to be >99%.

Shortcuts are used to describe the compounds within the

text: Mel-α-C18 for stearyl 6-O-(α-D-galacto-

pyranosyl)-α-D-glucopyranoside, and Gen-β-C18 for

stearyl 6-O-(β-D-glucopyranosyl)-β-D-glucopyranoside.

Small angle neutron scattering

Small angle neutron scattering experiments were

performed with the SANS-1 instrument at the FRG1

research reactor at the GKSS Research Centre,

Geesthacht, Germany [25]. Four sample-to-detector

distances (from 0.7 to 9.7 m) were employed to cover

the range of scattering vectors q from 0.005

to 0.25 �
–1

. The neutron wavelength, λ, was 8.1 �

with a wavelength resolution of 10% (full-width-at-

full-maximum). The solutions were prepared in D2O

(Deutero GmbH, purity 99.98 %). The samples were

kept in quartz cells (Hellma) with a path length

of 5 mm. The samples were placed in a thermostated

holder, for isothermal conditions: T=25.0±0.5 and

50.0±0.5°C. The raw spectra were converted to an

absolute scale and corrected for the backgrounds [26].

Results and discussion

Compounds

The chemical structures of the investigated compounds

are shown in Fig. 1. The slightly wedge-shaped com-

pound, Gen-β-C18, is a disaccharide with β-linkage of

the alkyl chain and a glucopyranoside moiety linked

β1→6 to the first sugar ring. On the other hand, the

tilted compound, Mel-α-C18, bears a galactopyranoside

moiety linked α1→6 to the first sugar ring. In this lipid,

the alkyl chain is linked via an α-glycosidic bond to the

disaccharide headgroup.

Analysis of SANS data

SANS data were collected for solutions of Gen-β-C18

(c=1.0⋅10
–4

, 5.0⋅10
–4

, 1.0⋅10
–3

g mL
–1

) at 25°C, and

Mel-α-C18 (c=6.3⋅10
–4

g mL
–1

) at 50°C in D2O, these

concentrations are near the CMC (CMC<1⋅10
–5

g mL
–1

for both compounds).

The obtained scattering curves are very different

for the two glycosides (Fig. 2). Compound Gen-β-C18

shows a significant and rapidly decreasing scattering

(dΣ(q)/dΩ~q
–α

, α=1–2) at the low and intermediate in-

tervals of the scattering vector (q<0.1 �
–1

). At large val-

ues of the scattering vector, q, a diffraction maximum
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Fig. 2 Scattering curves and model fits for solutions of

Gen-β-C18 (� – c=1.0⋅10
–3

g mL
–1

) and Mel-α-C18

(� – c=6.3⋅10
–4

g mL
–1

) in D2O. The curves are normal-

ized to the concentration of the surfactant in micelles.

The solid lines represent fits by the IFT method



(q≈0.15 �
–1

) can be observed. In contrast to the scatter-

ing curve of the Gen-β-C18 solution, the Mel-α-C18

scattering curve shows a small and approximately con-

stant scattering at the low and intermediate intervals of

q. It can be assumed that the two lipids form different

aggregates in aqueous solution: i) Gen-β-C18 forms

large aggregates with well-ordered plane or disc-shaped

substructures; ii) Mel-α-C18 forms small and near

spherical aggregates.

We started the analysis of the scattering data by ap-

plying the indirect Fourier transformation (IFT) method

developed by Glatter [27] in the version of Pedersen

[28]. This independent model approach needs only mi-

nor additional information about the possible aggregate

structure: dimensions (sphere-like, rod-like or disc-like),

and a maximum value of the diameter, cross section di-

ameter or thickness, respectively. The IFT routine for

spherical-like aggregates was applied to the whole q

range of Mel-α-C18 scattering data. Only the low and

intermediate (q<0.1 �
–1

) q range of the scattering data

of Gen-β-C18 were analysed. In the latter case, we have

tried to exclude the diffraction maximum from our anal-

ysis (qmax=0.15 �
–1

).

The scattering intensities (dΣ(q)/dΩ) of the

studied solutions are written via the pair distance

distribution function p(r). This is connected with the

distribution of the scattering length density within the

particles as an autocorrelation function [29]:

p(r)~∫∆ρ(r’)∆ρ(r+r’)dr’ (1)

where ∆ρ(r) represents the contrast (difference

between the scattering length density of aggregates at

the point r, ρ(r), and the averaged scattering length

density of the solvent, ρs, ∆ρ(r)=ρ(r)–ρs.

In the IFT approach, the pair distance distribution

function is expressed as a sum of N b-splines, evenly

distributed in the interval [0, Dmax]. The values of the

coefficients are calculated numerically by a least

square fitting of the IFT model curve to the experimen-

tal data. In the present study, the values of Dmax were

carefully chosen to give both, good fits to the experi-

mental data and smooth p(r) functions. In the investi-

gated q range the experimental data and the fitted

curves coincide very well (Fig. 2).

The gaussian shape (Fig. 3) of the pair distribu-

tion function is characteristic for an almost spherical

aggregate formed by compound Mel-α-C18. From the

maximum distance of the p(r) function a first estima-

tion of the diameter (~70 �) is possible. The shape of

the p(r) function of compound Gen-β-C18 on the other

hand side is determined in a significant larger interval

of r (~1000 �) and suggests a slightly non-symmetrical

shape of aggregates. The measured q-range is limited,

therefore, it is not possible to investigate the whole size

of the aggregates, the diameter of the formed aggre-

gates is larger than 1000 �, and the system can be

polydispersed and/or non-spherical.

After determination of the pair distance distribu-

tion function, the radius of gyration of the cross section

of the aggregates, Rg, can be calculated. The radius of

gyration is written in the form:

R
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The radii of gyration were calculated: i) compound

Mel-α-C18 – Rg=25.0±0.8 � (the corresponding radius

of the homogeneous sphere is 32±1 �); ii) Compound

Gen-β-C18 – Rg=320±8 � (the corresponding radius of

the homogeneous sphere is 410±10 �).

The analysis was continued by fitting of the

Mel-α-C18 scattering data to a spherical model [29].

For the radius of the sphere a value of 31±1 � was

obtained, which agrees with the value obtained from

the IFT analysis.

The diffraction maximum at a large q region

points on some well-ordered substructures formed by

Gen-β-C18 in the concentration range from 10
–4

to 10
–3

g mL
–1

. An increase of the concentration of

Gen-β-C18 by a factor of 10 does not change the shape

of the scattering curve at a low and intermediate q

range (q<0.1 �
–1

) as can be seen from Fig. 4. There is

no shift of the peak position of the maximum but the

peak becomes sharper with increasing concentration.

From the position of the peak it is possible to calculate

the distance d between the layers using qmaxd=2π
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Fig. 3 Pair distance distribution functions obtained for

Mel-α-C18 aggregates (� – r-scale is in the top,

Dmax=70 �) and for Gen-β-C18 (� – r-scale is in the

bottom, Dmax=1000 �)



(d~43 �). The length of Gen-β-C18 molecules can be

calculated from the value of d. The length for one mol-

ecule in the layer (21.5 �) points on a flexible confor-

mation of the alkyl chain. This way of determination of

molecular length can be considered only as maximum

value of molecular length due to presence of hydrated

water. Actually length of molecule is smaller and this

supports more our conclusion on flexible conformation

of alkyl chain of Gen-β-C18.

The other thermotropic properties of both com-

pounds were already described [24]. Mel-α-C18 shows

only thermotropic Smectic A phase whereas Gen-β-C18

shows thermotropic Smectic A and cubic phases. Also

the lyotropic structures at a concentration of 0.1 g mL
–1

were investigated for both compounds by small angle

X-ray scattering (SAXS) [28]. At this high concentra-

tion, both compounds form lamellar structures in a

broad temperature range. SANS-experiments were per-

formed at a concentration near the CMC that is about

10
2

to 10
3

times lower than the concentrations that were

used for the SAXS-measurements. At this low concen-

tration where the interaction between aggregates can be

neglected a strong influence of the molecular shape on

the aggregation behaviour is observed. The significantly

tilted melibioside Mel-α-C18 is packed into spherical

micelles, here the imbalance between the hydrophilic

and hydrophobic moiety is large, whereas in the pure

state this imbalance is small, as can be seen from the

thermotropic phase behaviour. On the other hand, the

slightly wedge-shaped gentibioside, Gen-β-C18, is sub-

ject to the conflict between the hydrophilic and hydro-

phobic moiety, where the carbohydrate head favours the

formation of columnar structures and the lipophilic tail

favours the formation of lamellar structures. From the

thermotropic properties, this can be seen in the forma-

tion of a cubic phase besides the Smectic A phase. In di-

lute solution, this effect decreases resulting in the forma-

tion of large disc-like aggregates, because a wedge-

shaped structure would favour spherical or cylindrical

structures and a rod-like structure the formation of

bilayers. Hence large bilayer structures (discs) are

formed as a tribute to the slightly tilted structure. With

increasing concentration the interaction between the ag-

gregates will be superior and besides other phases the

lamellar phase with its bilayer structure dominates the

lyotropic phases.
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