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ABSTRACT

PEG stearates are extensively used as emulsifiensany lipid-based formulations. However,
the scheme of the principles of the lipid-surfatt@olymer interactions are still poorly
understood and need more studies. A new phaseadiagf lecithin/ PEG 40 monostearate/
water system at 30 °C is reported. Firstly, we habaracterized the binary PEG 40
monostearate/ water system, by the determinatiothefcritical micelle concentration (CMC)
value and the viscous properties. Then, the terpaase behavior and the influence of phase
structure on their macroscopic properties are stutdy a combination of different techniques,
namely, optical microscopy, small-angle X-ray smatig, differential scanning calorimetry and
rheology. The phase behavior is complex, and scmgpkes evolve even at long times. The
single monophasic regions correspond to miceli@ojlsn lamellar, and lamellar gel phases. The
existence of extended areas of phase coexisteneeadbnal, cubic and lamellar liquid
crystalline phases) may be a consequence of thenisaibility of S40P in the lecithin bilayer,
as well as, of the segregation of the phosphofppigdisperse hydrophobic chains. The presence
of the PEG 40 monostearate has less effect inréimsformation to the cubic phase for lecithin

than that found in other systems with simple glgtéased lipids.



INTRODUCTION

Phospholipids and fatty acids are models to mire liological membranes because of the
formation of lamellar lyotropic liquid crystal. Likin is a well-tolerated and non-toxic
amphiphile that constitutes the lipid matrix of npasological membranes. The phase behavior
in lecithin/ water and related systems have beg¢ensively studied by Luzzati and co-workKers
2. However, until today, it is difficult to explawhy solid and liquid-like chains coexist in the
same bilayer over a range of temperatures. Thisiesdifferences in the thickness of different
regions in the same bilayein view of the interest of this kind of amphigbibilayer structure,
the interactions between surfactants and fattysawith lipids have been broadly studied.

Amphiphilic substances can be dissolved in thellgggregates and have the ability to destroy
the lipid membranes and transform them into suafatctlipid micelles (with surfactants) or into
hexagonal and cubic phase (with fatty acidsipids with cationic surfactants manifest exteesi
swelling of the lipid’s lamellar phase, with a stgpdependence of lipid-surfactant electrostatic
interaction effects on the lipid phase statehile, in the presence of non-ionic surfactamishs
as Triton X-106, there is no detectable swelling of the lamellaage. Interaction of lipid with
anionic surfactant results in a breakdown of teeliar structure’s®,

In the literature, ternary phase diagrams and ppasgerties of systems with lecithin, water

and different oils have been studied, in partictitar cyclohexang decan®, isooctan& and



different esters derivatives of fatty acids suctisapropyl myristat€, ethyloleate or isopropyl
palmitaté?. Those systems are of great interest due to deeasons: i) the water-rich region is
an example of the effect of hydrophobic molecules lkipid bilayers, which phase
transformations are involved in some biologicalgesses as membrane fusion and budding; and
i) in the water-lean region occurs the formatidng@nt cylindrical reverse micelles upon the
addition of small water amounts (organogels) witoelastic properties. Moreover, through the
critical analysis of the different ternary phasagilams, the fatty acid esters behavior is markedly
different from that of hydrocarbons. In particular,the presence of fatty acid esters there is a
large portion of the phase diagram occupied by raetphase coexistence (water, oil, and
lamellar phase) instead of microemulsion such ass@fiequilibrid > *2 The differences in the
behavior have been explained by the different @hif the oils to swell the lecithin taifs In
addition, phosphatidylcholine/ fatty acid mixtuiasvater may also form inverse hexagonal and
cubic phasé's The longer the chain length of a homologous sethee greater the preference of
inverse hexagonal phase at the expense of thesmvgicontinuous cubic structtte Other
aqueous systems based in lecithin and biocompatiti#&’, in the presence of alcohols as
emulsifiers, form microemulsions and emulsiGiié The addition of alcohol decreases the
rigidity of the lipid bilayer structures and leadsthe formation of the microemulsion.

The interactions between lipid and polymer havsoabeen studiéd The presence of
polyethylene glycol (PEG) (PEG-6000 or PEG-200089dnot affect the binding of water to the
choline groups of lecithin significant} In the phase diagram, 18 wt% of polymer may be
solubilized easily in the lamellar phase with ab@0t wt% water, and the solubility of the
polymer increases upon further reduction of watertent. However, other authors have reported

that the presence of PEG-8000 induced dehydrafidgheophospholipid polar head that caused



changes in the vesicle size and form in lipid lel@ye.g. dipalmitoylphosphatidylcholine
(DDPC) and dimyristoylphosphatidylethanolamine (DEJB. The inclusion of phospholipids
with grafted PEG chains also greatly increasessthbilization of liposomé& In the case of
simple glycerol-based lipids, the presence of glylcetearate and PEG monostearate promotes
higher and faster transformation into the viscoubic phase of glyceryl monooleate (GMO),
which is used as favorite drug release matrikloreover, the emulsifier and surface modifier
properties of a series of PEG stearates favoelarigroemulsion regions (mainly water-in-oil)
for the glyceryl monocaprate/ Tween 80/ water syéteThis effect is more pronounced as the
PEG chains get longer Microemulsions also occur in several aqueousesystwith glyceryl
monostearate (GMS), oleic acid (OA) or GMS/ OA dspbases, in the presence of PEG 40
monostearate/ polyoxyethylene-b-polyoxypropylené8jFas complex emulsifiets and for
systems with glycerol monostearate (GMS) or vedetald using nonionic emulsifiers (F68,
PEG 40 monostearate, Brij 78, soybean phosphalidijfee and Tween 20) and ionic emulsifier
(deoxycholic acid sodium, DAS) PEG 40 monostearate is considered as a non-ionic
emulsifying surfactant used for the formulationcometic O/W emulsions (HLB of 16.9), and

it has been also used as surfactant modifiers kiohlggid nanoparticle€ 2’

Lipid-PEG bilayers are biologically friendly and ysically stable. These facts are very
interesting for drug delivery applicatidn$* The advantages of using a PEG derivative are the
hydrophilicity, high specificity to its target, armological inertness to other parts of the B3dy
For all those, PEG stearates are extensively usednaulsifiers in cosmetic applications or
proposed as additive in drugs cardéfé but, in return, there are only few studies ofeffect of
PEG stearates on the phase transformation of pietbiased formulatiod$2* In our opinion,

there is a lack of a sufficient number of comprednem phase diagrams outlining the principles



of the lipid-polymer surfactant interactions. Fhistreason, in this paper, we focus on the phase
behavior of the lecithin/ PEG 40 monostearate/ msystem. Firstly, we have characterized the
PEG 40 monostearate/ water system, by the detetioninaf the critical micelles concentration
(CMC) value and the viscous properties. Then, teeugdoternary phase behavior and the
influence of phase microstructure on their macrpsc@roperties (optical, and calorimetrical)
are studied at a constant temperature. The visstelaharacterization of this system is of
significant interest because the industrial praogs$or the manufacture of the commercial

products with PEG stearate and/or lecithin involhesapplication of stress.

Materials and Methods

Sample Preparation.Soybean lecithin (Epikuron 200) was obtained froegllssa and was
used without further purification. This lecithin & mixture of phosphatidylcholines with acyl
chains of different lengths and degree of unsatmaifhe main component (at 68-70 wt%.) is
linoleic acid, which has C-18 with two double bondike presence of high unsaturation (>84%)
in the acyl chains brings down the melting tempearmbelow 25 °C. The lecithin contains about
0.8 wt%. water, according to Degussa. PEG 40 menoate, designed commercially as TEGO®
Acid S 40 P (and named S40P for short in this papas a kind gift from Evonic Goldschmidt
GmbH (Essen Germany). Its chemical structure £(FH,)16CO(-OCHCH,)4-OH) shows that
it is a hydrophobically modified PEG polymer (HM-BEwith surfactant properties due to a
hydrophobic tail of seventeen carbons (stearatel) the large hydrophilic head with forty

poly(oxyethylene) groups. The presence of freeletigyoxide groups is negligible (<1 ppm).



All the samples were prepared by weighing the gmpate amounts of each component in
small screw-cap vials. In order to mix the sammesl remove bubbles, each mixture was
centrifuged inverting the tube many times per dayskeveral days at 4000 rpm until it was seen
to be macroscopically homogeneous. If the samplddcoot be mixed very well at room

temperature, it was heated at 5 during the homogenization process to facilitatbetter

mixing of the components. Once the samples wedyreéhey were stored in a water bath at 30.0
+ 0.1 °C. All samples are labeled in this papercastent of lecithin/ S40P (at wt%.). Water

composition is determined by the remaining up taiob100 wt%.

Surface Tension.The surface tensions of the agueous S40P solugiowarious concentrations
were determined using the ring method with a LAUDE-1C tensiometer. All measurements
were carried out at 30.0 = 0.1 °C, and each exmarinvas repeated several times and a good

reproducibility was achieved.

The critical micelle concentration (CMC) value wietermined as the sharp break point in the
surface tension as a function of the logarithm 40FS concentration. The slope of the linear part
below the CMC was determined by the method of Is@sares. The excess concentralipmwas
estimated from the Gibbs adsorption isotherm eqoafEq. 1) and the hydrophilic area per

molecule at the air/water interface by equation 2.
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where R is the Gas constant, is the absolute temperaturg,is the surface tensioma is
Avogadro’s numberC is the concentration of the S40P surfactant iutgmi, anda is the

hydrophilic area per molecule expressed irf/mmolecule.

Optical Microscopy. Birefringent textures of lyotropic liquid crystalgere investigated by
using a Nikon ECLIPSE 50i optical microscope eqaippvith crossed polarizers and a Nikon
Coolpix 8400 digital camera. Lyotropic liquid crgbtstructures were assigned to the different
samples according to the textures observed. Thiesenations were pursued at least for two
months as the aggregation state of the sample imayge with time. Selected samples in the

single phase regions were considered for furtharatterization.

SAXS. Small-Angle X-ray Scattering (SAXS) measurementsewearried out using a S3-
MICRO (Hecus X-ray systems GMBH Graz, Austria) dedpto a GENIX-Fox 3D X-ray source
(Xenocs, Grenoble), which provides a detector fedusray beam witihA=0.1542 nm Cu K-
line with more than 97% purity and less than 0.3%. Kransmitted scattering was detected
using a PSD 50 Hecus. Temperature was controlleanégins of a Peltier TCCS-3 Hecus.
Because of their high viscosity, the samples weserted between two Mylar® sheets with a 1
mm separation.

The SAXS scattering curves are shown as a fundtidine scattering vector modulus (Eq. 3),
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where@ is the scattering angle. Thevalues with our set-up ranged from 0.08™hta 6.0 nnt.
The system scattering vector was calibrated by orews a standard silver behenate sample.
Because of the use of a detector focused small {@athx 400um) the scattering curves are
mainly smeared by the detector width. This, mapmigduces a widening and distortion of the
peaks without strong effects on the peak position.

Liquid crystal assignation was made primarily frpegak position pattern. Lamellar structures
(peak position pattern 1:2:3:4...) were furtheeetitto the Modified Caillé Gaussian madet’ to
gather complementary information about bilayer abtaristics. This model comprises the use of
a structure factor for a stack of lamellae andlaybr form factor, which describes the electronic
density profile as the combination of a low elestcoGausian corresponding to the methyl
groups contribution and two high electron densigu8an centered aZy describing the polar
heads. The correlation distance between bilayeds tee number of correlated layers forming
the stack is N and the Caillé parametgris inversely related to the elastic constantshef t
lamellar phas&. The Caillé parameter decreases as the bendingbalidelastic modulus
increase, that is, a small parameter implies adrimgnd ordered phase. The instrumentally
smeared experimental SAXS curves were fitted toerigally smeared models for beam size
and detector width effects. A least squares roubiased on the Levenberg-Marquardt scheme

was usetf.

Differential Scanning Calorimetry (DSC). The DSC measurements were carried out by
using a DSC 6 Thermal Analysis System (Perkin-Eli@erporation U.S.A.). 10 mg of the

sample were inserted in aluminum pans for each umneaent in a temperature range from 8 °C



to 90 °C, with a constant heating rate of 1 °C/.rBiefore each measurement, the sample was
carefully set at the bottom of the pan in ordemvoid bubble formation, and then kept at 8 °C for
10 min to get uniform temperature in the systeme Thase transitions temperatures and
transition type were determined from the peak maxmmand the shape of the calorimetric

curves.

Rheology. Flow and oscillatory behavior have been measusdgua Rheometer Carrimed
CSL 100. Cone-plate geometry with a cone radiuslof mm and an angle of 4:0:31
(deg:min:sec) was used. All the measurements haea done at 3@ 0.1 °C controlled by a
Peltier system attached to the plate. A chamberusad in order to prevent the evaporation of
the samples during measurement. All results shayeoed reproducibility in different runs and
different replicates.

Flow curves were measured by applying a logarithttyicspaced series of increasing stress for
2 min. The viscosityr() was calculated as the ratio of shear stressdarghte.

Oscillatory experiments were performed under lingacoelastic conditions, and the angular
frequency of oscillatione{=2xf) was varied from 0.1 to 20 Hz at constant strésshe analysis
of the micellar samples, we have applied the Makwelddel. The dynamic properties of the
Maxwell element (a spring and a dashpot conneatederies) can be represented by linear

differential equations. The solutions of these ¢iqua give the desired material functions:
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wherew is the angular frequency,is the relaxation time. The storage modulus (@9 te loss
modulus (G™") are the two components of the compiexiulus G* (ratio of stress amplitude to

strain amplitude) and are connected to the comykeosity {1*) through equation 6:

S [CRACT -

The Maxwell model predicts that, at high angulagtrency, the storage modulus attains a
plateau value while the loss modulus passes oveaxamum with the angular frequency. The

inverse of the frequency at which G’ and G” intetsgives the value of the relaxation time.

RESULTS AND DISCUSSION
Binary S40P/ water system

PEG 40 monostearate in water forms micelles fromvalthe critical micelle concentration
(CMC) up to a value of 70 % (wt.) S40P in wates.@MC value, obtained from surface tension
corresponded to 51 uM, at 30 °C (Fig. S1, givesupplementary Information). From Gibbs
adsorption equation (Eq. 1), the surface excessertration was found to be 1.24 “1fol/nt,
with an area per molecule of 1.4 fincalculated by Eq. 2. Those values are similathtise
obtained for the same system at 23 °C at the veatenterface measured by a fluorimetric
method with a neutral fluorescent probe, and byiaapipet technique for interfacial tension
measurements developed by the autfiofEhe relatively large area per molecule is corsist
with the large PEG molecule exerting a lateral gues and is the consequence of the large

hydrophilic head with forty poly(oxyethylene) graip
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We have also studied the viscosity of the micedmnples by flow experiments. The behavior
was Newtonian in all cases, with viscosity indepandf the shear rate. In Fig. 1, we can see
that the zero-shear rate viscosity increases dirdmgincreasing the S40P content up to 50%
(wt.). The existence of a maximum can be attributedhe presence of a greater number of
aggregates followed by their increase in size. itfeffes are large enough (at the maximum) to
be very flexible, the viscosity decreases. The saobservation has been found in

microemulsions with HM-PEG polyméPsand for micelles in systems with surfactafits

2 phases

o 20 40 60 80
S40P (wt%)

Figure 1 Logarithmic plot of zero-shear-rate visggoas a function of the S40P content, at 30 °C
(micellar phase). Series at constant lecithin/ S@@P%.) ratio: ©), 0.05; ), 0.11; and W),

binary S40P/ water system. The lines are a guidlect@ye.

Ternary lecithin/ S40P/ water phase behavior.

In general, if the research wants to give a congmsive interpretation of the system in terms
of attraction/repulsion forces, free energies,cocreate a theoretical model that may permit the

interpretation of the phase diagram, all the coneptsiof a system should be pure. This allows
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reducing and controlling the number of variabledermstudy. We note here that we focus on a
real system since lecithin and S40P are widely usedveryday life as surfactants, and/or

mixtures adopted in human and animal food, medja@onemetic and pharmaceutics. Therefore,
it is more difficult to extract scientific informanh from such complex phase behavior.

Nevertheless, the results improve the knowledg@lafse behavior of commercially applied

systems.

The pseudo-ternary phase diagram of lecithin/ Sd@®er system at 30 °QGJetermined by a
combination of different techniques such as opticairoscopy with crossed polarizers, SAXS,
DSC, and rheology, is given in Figure 2. Phase Hatias are delimited with error smaller than
3 wt%. The ternary system shows a fluid isotrofiage and several lamellar liquid crystalline

phases, separated by multiphasic regions, wheez bdjuid crystalline phases coexist.

13



OI+Lam

0 | ecithin

Lam gel
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Figure 2. Phase diagram for the soybean lecithbPS#ater system at 30. L;, isotropic

micellar region; Lam, lamellar phasej,Heverse hexagonal phase; I, inversed micellarccub
phase; S, S40P; L, lecithin; w, water. Solid limedicate fixed ratio compositions of measured
samples by different techniques. Circles corresponithe experimental points discussed in the

data analysis.

The lecithin/ water system forms a lamellar phas@&3awt % lipid. Below this lipid content,
there is a biphasic region consisting of the laandifuid crystal dispersed in wat&rA narrow
area of micelles (1) is formed along the binary S40P/ water axis wiith maximum uptake of

about 7 wt % lecithin, at equal proportions of S40#d water (Fig. 2). This is a clear, yellowish
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isotropic and fluid solution. In the water-rich ner, there is an emulsion region that separates
by ageing in less than one week in two macroscppa@ses: white precipitate (bottom) and
isotropic solution (up). None of them was furtheerdéed in detail. With increasing S40P content,
there is a region of undefined milky fluid disperss, where lamellar domains dispersed in
isotropic bulk are clearly identified by optical erdscopy textures. Besides, a further increase in
S40P content, between the isotropic regiqramd the denoted lamellar region (Lam), samples
have the macroscopical appearance of isotropiédgdls. They do not show phase separation,
even if the samples are centrifuged at 4000 rprimdwan hour.

In the region of the phase diagram given by the pmsition range of 0.04 < S40P/water
(Wt%) < 1, which contains higher amount of watespect to the S40P, there are two different
lamellar structures, according to textures by @btmicroscopy with crossed polarizers (Fig. 3),
SAXS, and DSC studies (discussed at the followegisns). A typical Maltese crosses texture
of lamellar phase (Fig. 3a) is appreciated for dampf the liquid crystalline lamellar region
while a “white” birefringence texture (Fig. 3b) agaps for samples with more than 60 wt %
lecithin content in the lamellar gel region (sesodFig. 2). The latter is similar to the texture of
the lamellar gel phase of the binary lecithin/wadgstem. In the upper-region of the phase
diagram, with composition S40P / water (wt%) >alypical mosaic texture of a “concentrated”
lamellar phase is detected (Fig. 3c). Neverthelasslyses with complementary techniques
always detected coexistence with other phases.uBedae samples were prepared with amounts
that differ less than 2 wt% in composition, thegénphase region must be very small. Those

results are discussed in the following sections.
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Fig. 3. Photomicrograph of the samples labeleaashin/ S40P (wt%): (a) 35/ 30; b) 68/ 10; c)

55/ 30; d) 75/ 18.

The maximum swelling capacity of the pure lecithithayer increases enormously by the
addition of S40P. Even with low amounts of S40P2att%), the bilayer swells to 80 wt%
water, and the stability of the lamellar phase mo$eto lower lecithin content, from 63 wt% of
lecithin in binary lecithin/water system to 20 wibé the ternary system (see Fig. 2). Completely
different behavior is found for the lecithin/ TnitX-100 / water system at 305K, where only an
isotropic solution L phase exits. It can solubilize a maximum of 10 wa#decithir’. This
nonionic surfactant has shorter ethylene oxiderclfa 9-10). In the case of lecithin/ PEG/
water systems, no significant change in the stgoli the lamellar phase was detected, nor any
effect on the chain length of the ethylene oxideuge®. Remarkably, the extent of swelling in
presence of S40P is more comparable to the addifieonic surfactants to the lecithin/ water
system than other PEG or PEG-based surfactantewAnliscibility of the S40P in the lipid
bilayer and a large hydration of the 40-ethylenedexgroups could favor the extent of the

swelling. The different behavior could be due te ttoexistence in the same molecule of an

16



appreciably large S40P head group and a still ilmpohydrophobic chain, which still anchors
the molecule to the bilayer.

At water content lower thanll6 wt%, the lamellar gel phase is in equilibriunthnva cubic
liquid crystalline phase in the proximity of theill corner of the phase diagram. Besides, a
reverse hexagonal liquid crystalline phase)(Ebexists in equilibrium with a “concentrated”
lamellar phase and isotropic matrix, in a quitegéaregion extending along the lecithin/ S40P
axis (Fig. 3d). The area of occurrence of thoseophbasic liquid crystalline regions (cubic and
H,) could not be precisely delimited. Areas whereiagbt microscopy technique shows
coexistence of those phases (Lam + I; Lamy} hve been marked on the phase diagram (Fig.

2).

SAXS

We have studied the SAXS patterns of several coitipos in the ternary phase diagram at 30
°C. All samples are labeled as % lecithin/ % S4@Ren in wt%. The measurements were
performed after six months from sample preparatiih.of the studied samples show the
presence of lamellar phases characterized by ddraglg peaks at positions 1:2:3... with respect
to the beam center. Some of the samples show thastence of the lamellar phase with other
structures at smaller g than the main peak of agdr. The scattering patterns have been fitted
to a modified Caillé model with a bilayer electrodiensity model based in three Gausian; one of
them describing the methyl groups and the two aflescribing the polar heads. The fit has been
restricted to the region where the stacked bilég/ére main contribution to the scattering curves.

The Scattering curves together with the fitted esrare shown in figure 4.
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For samples in the lamellar region (see dots in Ejga small peak at smaller g values than
that of the main peak of the lamellar phase (pdirtg an arrow in the Fig. 4) is clearly
identified for sample 35/ 10. The same peak coelgresent in the form of the broadening of the
main peak also in samples 55/ 23 and 23/ 10. Tauddcdndicate the coexistence of a separated
highly-swollen lamellar phase with a repeating atise of 142 A. In our opinion, this could be
more related to the sedimentation of lamellar ldfayby ageing, or segregation of domains
consequence of the chain heterogeneity of the?ligitthough the possibility of agPphase is
plausible, the presence of this phase is not coefir by the presence of WAXS peaks in the
expected positions. The WAXS spectra of these sssnghild not show any distinct features. On
the other hand, the high level of unsaturationhia lecithin chain, favor a lower chain melting

temperature, which is below 25 °C.
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Fig 4. SAXS scans for different samples. Compasit{as lecithin/ S40P, wt%.) and the
corresponding phase assignation are given in theesuSymbols: {, isotropic micellar region;
Lam, lamellar phase; gel, lamellar gel;, Heverse hexagonal phase; I, inversed micellaiccub

phase; multiph: multiphase region. Lines corresgotal the fitting to the Modified Caillé

Gaussian mod#& ?”. The arrows correspond to specific features coneakin the text.

The SAXS diffractograms for samples of compositexithin/ S40P (wt%) of 68/ 10 and 83/ 0
(in the lamellar gel region) show several Braggkseeorresponding to a relatively condensed
lamellar structure with the same repetition diseaot49 A (Fig. 4). They correspond to a similar
composition of the bilayer, although not identicdlhe lamellar repeat distance results

significantly shorter than the one obtained for wreplecithin-water g bilayer (64 A¥*
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therefore, the fitting of the lamellar model maylizate partial interdigitation of the bilayers.
This has to be attributed to the low hydration lesethe pure lecithin sample with only 17%
water content because a fully hydrated bilayer setambe achieved only for water contents
above 40%. Indeed, the fitting of the curve showeswater layer to be reduced with respect to
fully hydrated DPPC samples with a minor thinninspaof the bilayer thickneds The sample
83/ 0 was expected to be pure lamellar gel. Howeatershoulder on the right of the main peak
(marked by an arrow) shows the remaining of a wbfie peak appearing short after the sample
insertion in the sample holder. This peak slowlyidishes and is related to other two peaks also
diminishing at relative positions“®"11” which would correspond a cubic pha&8m This
reverse cubic phase is formed by inverse miceliés o different radii and is usually thought
to be produced only in the presence of two diffdyemydrophobicity molecules, like in mixtures
diglyceride/ phosphatidylcholin® The sample evolves with time and, two phases véfeat
distances of 57 A and 48 A are detected after @ae (results not shown). This aging effect, as
other authors proposed in different lipid strucgfifemay involve the acid hydrolysis of the ester
linkage present in the phospholipid chains, resglin the formation of a fatty acid and a single-

chain lipid that produce bilayer fragments.

Regarding to the sample 68 % lecithin/ 10 % S40Paddition to the lamellar repeating
distance, there is an extra band at smaller qtfs=arrow in Fig. 4), which could be related to
the structure of S40P in solution with the hydrboar chain in the melt-like state. In this case,
the scattering seems to correspond to the mixthitbese two structures: the water partitions

between the two phases in similar proportions & tf sample 83 /0 and sample 5/ 47 (in the
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micellar region). The incorporation of the S40P acole to the system would distort the bilayer
repeating distance and, therefore, change thiardistand affect the peak sharpness.

Similar observations are made for the sample ofpasition 23 % lecithin/ 55 % S40P, where
the lamellar repeat distance is a little bit sho@ A), and in addition, a similar broad peak to
the samples in the micellar region (5/ 47) is apigted at q = 0.027 A(Fig. 4). The bilayer
may be dehydrated because of a favorable interautith the PEG 40 monostearate. However,
notably, the position of the maxima of the bandgnaled by arrows in Fig. 4, corresponds to
1:3:6, which, to the best of our knowledge, doe$ carrespond to any described liquid
crystalline phase.

Samples of composition of % lecithin/ % S40P cotstenof 90/ 5 and 50/ 45 present a
scattering shoulder at lower-q values of the #8sigg lamellar peak at nearly the same position
(Fig. 4). This could be indicative of structuralfeiets of the bilayer, or of the coexistence of
another type of bilayers corresponding to a reipetitlistance of 70 A. Closer inspection of the
pattern reveals that the first strong correlaticrakp and several weaker reflections can be
indexed according to a body-centered structure, (ppace groupm3m v2: V4: v6: V8: V10:
V12:V14:V16) for a cubic liquid crystalline phase. It agreesfeetty with our observations by
optical microscopy of sample 90 % lecithin/ 5 % B4@sotropic matrix) and its calorimetrical
analysis at the end of the whole temperature-up (discussed later). Higher proportion of
lamellar phase exists in the sample 90/ 5. The biguous identification is helped by optical
microscopy inspection, where a reverse hexagonakttste is detected in the sample of
composition 50/ 45, which could also be supportgdhe sequence of peaks at positions q of

0.039, 0.0675, 0.078 and 0.103 that corresponkedéxagonal diffraction pattern with g values
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in the relationship 1v¥ 3: 2:V7. Pure cubic or reversed hexagonal liquid cryisilphases have

not been detected during the observation time.

The main parameters extracted from the CailléofiBAXS patterns (see Fig. 4) as a function
of composition are given in Table 1. In case of glas with constant ratio of SP40/ water = 1
(see Fig. 2, marked by dots), both the repeatistadce (d) and Caillé parametgr)(decrease
with increasing lecithin concentrations, while thember of correlated layers (N) increases.
However, the distance between the polar head<ibitayer (4;) does not have a definite trend.
Therefore, the addition of S40P/ water mixtureh® phospholipid bilayer increases fluidity and
decreases interbilayer correlation. In this seti®s,jump to the 90/ 5 sample is stronger because
the amount of interbilayer solvent is very limitadd, in addition, the coexistence with a cubic

phase has been postulated above.

Table 1. Parameters of the Caillé fits of the multilayerustures corresponding to SAXS

patterns of figure 4.

Sample
% Lecithin/ % S40P/ % water d(A) N1 N Zy
S40P / water (wt%.)= 1
05 /47/ 48 (L) 91.9 0.35 4 17.8
26/ 37/ 37 (Lam) 89.0 0.0996 18 15.Q
53/ 23/ 24 (Lam) 82.7 0.083 16 15.6
90/ 5/ 5 (I+Lam) 47.0 0.0016 107 17.8
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S40P = 10 wt%.
23/ 10/ 67 (Lam) 83.9 0.10 7 16.3
35/ 10/ 55 (Lam) 93.9 0.15 53 16.1
68/ 10/ 22 (gel) 48.0 0.029 150 16.¢
Lecithin 024 wt%
23/ 10/ 67 (Lam) 83.9 0.10 7 16.3
26/ 37/ 37 (Lam) 89.0 0.0996 18 15.Q
23/ 55/ 22 (multph) 46.2 0.035 54 15.2
Other studied samples
83/ 0/ 17 (gel) 48.2 0.016 28 17.5
50/ 45/ 5 (H+Lam) 47.0 0.016 14 15.4

Symbols: d, correlation distance between bilayeys; Caillé parameter; N, number of
correlated layers forming the stacky,Zcorrelation distance between the polar headshén t
bilayer. L, isotropic micellar region; Lam, lamellar phasesl,glamellar gel; H reverse
hexagonal phase; I, inversed micellar cubic phemdtiph: multiphase region.

For swollen lamellar samples at constant conteritGof SP40 (samples 23/ 10 and 35/ 10,
marked on figure 2), exchanging phospholipid by evadoes not have a strong effect on
elasticity of the bilayerr(;), although it seems to have some effect on bilagerelation (N).
The stronger effect corresponds to the change fileenswollen lamellar to the rather dry
lamellar gel phase (sample of composition 68 %Hati10 % S40P) where the Caillé parameter
n. decreases one order of magnitude and the repetiigiance halves, while the number of
correlated lamellae (N) increases significantly.

At nearly constant phospholipid content (&4 wt%., see phase diagram in Fig. 2), the

number of correlated lamellae (N) and bilayer iigidinversely related to the Caillé parameter
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value) increase as the water is exchanged by S4Q&n, the effect on Caillé parameter is
stronger when the lamellar phase becomes dryafopte 23% lecithin/ 55 % S40P. This sample
presents repetition distance corresponding to appedely half the repetition distance of the
swollen samples. It is located in the multiphasigion because, in addition to the lamellar phase,

present also some bands corresponding to an unkpbase, as was mentioned above.

DSC

A mapping of the phase diagram was performed terdwhe the phase transitions induced by
temperature by differential scanning calorimetryhefimograms were recorded with good
reproducibility regarding the transition temperagjrand the presence of S40P causes decrease
of the phase transitions sharpness (Fig. 5a). hemibtropic behavior of the self-assembling
lipid depends on the initial phase of the sampleweler, asymmetry broad peaks are observed
for all samples and the different phase transitidie nature of the structures formed after the
whole up-temperature-run was identified by polatizgptical microscope during the cooling
process (Fig. 5b). Previously, we checked by optigaroscopy that the microstructures formed

in the up-temperature ramp were the same than tbased in the down-temperature ramp.
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Fig. 5. Up: DSC thermograms of different samplesm@osition (as lecithin/ S40P, wt%.) and
the corresponding phase assignations are givdmeicurves. Bottom: Photomicrographs during
the cooling process after the up-temperature 3%/ 30 (Lam); (b) 5/ 47 ¢b; (c) 66/ 10 (gel
Lam); (d) 83 /0 (gel Lam). Arrows point isotropialiic region and “K’ point reverse hexagonal

structure.

At 30°C, sample 35/ 30 (given as lecithin/ S40®%\W corresponds to a sample build up
mainly by swollen bilayers, according to SAXS dafaseveral samples located in the same
region, such as 35/ 10; 23/ 10 or 55/ 23 (see Rigsd 4). It's thermogram shows three heating
endothermic transitions, which could correspondfltad lamellar (ll, aprox. 42 °C), cubic
(shoulder I11, aprox. 65 °C) and reverse hexag@ialaprox. 77 °C) phase transitions in order of
increasing temperature, respectively. This couldubeexpected sequence in comparison to the
binary soybean lecithin/ water systeffi. The Ly-to-H; transition has been detected at 61.6 °C

for phosphatidylethanolamiffe but in case of lecithin, a cubic structure folemwby a reverse
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hexagonal seems to be prefefrethe transition temperature value of 42 °C (pdalslin the
same temperature range that the reported for th-gleiid lamellar transition in the system 1,2-
dipalmitoyl-sn-3-phosphocholine (DPPE)*. However, we can not assert this transition of gel
(Lg or B)-to-fluid (Ly) lamellar bilayers because, we have not detectedgahtype bilayer by
SAXS spectra either WAXS reflections for the sammple the same Lam region of the phase
diagram at 30 °C. Our experimental results agréle tive high unsaturation of the acyl chains in
the used lecithin (Epikuron 200) that results wahmelting temperature below 25 °C.
Concerning the peak at the highest temperature i'¢éhould correspond to the cubic-to-reverse
hexagonal phase transition according with the phatmgraph taken during the cooling process
after the DSC up-temperature run (Fig. 5b, bottdrhg high viscosity and the black domains in
the polarized microscopy photograph could indichteexistence of the cubic liquid crystalline
phase, and there is probably an overlapping of dvfferent structures since, in addition, we
detected broad peaks. In this case, there is aimgenf the lamellar-cubic (1) and cubic-
hexagonal (IV) transitions. Both hypotheses arefoeced by the DSC thermograms of samples
in the isotropic solution phase (sample 5/ 47, Blybottom) where there is isotropic matrix in
the photomicrograph up to 70 °C. For that samplke peak (1) at ~33 °C could correspond to the
transition from the isotropic fluid solution to #dyer structure. The peak (I) is sensed in the
sample of composition 66 % lecithin/ 10 % S40P tfie lamellar gel region), where SAXS
analysis fits better, considering the existenc&40P in solution with the gel bilayer structure.
Furthermore, for sample 83% lecithin without S40Rgere micelles are absent, the peak (l) is
not present. The different heat flow ratio betwpeak (l11) and (IV) for samples 66/ 10 and 83/

0 may be due to of different proportion of the dsérg phases.
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The fact that the onset transition temperaturesakgl) remains less affected with the content
of S40P, and the asymmetry of broad peaks mayatelithe presence of the S40P-rich and —
poor domains in the bilayer, consequence of the haacibility of the S40P in the lecithin

bilayer. Similar effect is reported for other phbsfipid bilayers containing ceramid€s.

RHEOLOGY

Micellar region

Samples behave as pseudoplastic, with the excepfithe samples with 3 wt% lecithin and
65% or 70% of S40P (near the phase boundary) teaNawtonian (micellar flow curves are
given in the Supplementary Information as figure. F2r pseudoplastic samples, the high
values of viscosity, as well as the dependenchef¥iscosity with shear rate, are signs that these
mixed micellar aggregates in aqueous solution dwagated® ** *¢ Initially, the value of

viscosity, o, is constant, due to the non-spherical aggregatshdited randomly, but above a
critical shear rate ;{ ) these aggregates tend to orient in the direafdiow causing a decrease

in viscosity. In particular, the value (y[ tends to decrease as the lecithin content incsedse

viscosity values at zero-shear ratg) (for the series at constant lecithin/ S40P ratidlgough a
maximum by increasing the S40P content in the saragplit was clearly observed in the binary
S40P/ water system, and in several viscoelastiellaicsystems with surfactants (Fig*’l>. On
the other hand, the presence of lecithin has mesh éffect on thg, values than the content of

S40P (Fig. 1).

Lecithin in water forms bilayers. Therefore, iistassumed that S40P micelles do not interact

with the lipid bilayers, the relative viscosity tbfe lamellar phase% ) could be calculated by

0,dte
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dividing the viscosity value of a sample of theitlda/ S40P/ water system by the viscosity
value obtained for the “solventi.€., micelles of S40P in water) at the correspondsd@P
composition. According to Fig. 6, there is a deseem the relative viscosity, but starts to rise
again at a content of S40P similar to that at whieh binary water S40P has its maximum in
viscosity (see Fig. 1). This is an indication ttiere are interactions between S40P and the lipid
bilayer aggregates in the whole range of compasitio the absence of charges of the S40P, the

nature of those interactions should be hydrophobic.
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Fig. 6. Relative viscosity for series at nearlyefixratio of S40P/ lecithin (wt%Y>, [10.05; A, O

0.11. The line is a guide for the eye.

The viscoelastic properties of two samples Wite wt% lecithin content and different amount
of S40P were also checked by using oscillatory empmts (Fig. 7). They correspond to the
same lecithin/ S40P (wt%) ratio of 0.11. Their babeacan be described by the Maxwell model,
with a single relaxation timeand a single instantaneous elastic mod@gsThe modulus of the
complex viscosity is constant at the lower frequesistudied and that value agrees with the

zero-shear-rate viscosity, obtained from the stationary flow experiment oé trespective
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samples (see Fig. 1). Both moduli, G’ and G”, iase with the angular frequency with the
slopes predicted by Maxwell model: -2 and -1, respely. Although, the Maxwell model
predicts that, at high frequency, the storage m&l@’ attains glateauvalue (G) while the
loss modulus G” passes over a maximum with theuiaqy, those are not obtained in our
frequency observation window. Then, G’ and G” wkited simultaneously using the Maxwell
equations, where the relaxation timand theplateaumodulus are the only parameters of the fit.
Values of relaxation times of 9.% 0.5) ms and 4.8t(0.2) ms correspond to samples with S40P
contents of 50 and 54 wt%, respectively. Theseegsmhre of the same order of magnitude than
viscoelastic rodlike micelles in surfactant syst&inalso, G results in values of 2.2(0.2)- 16

Pa and 3.7#40.3)- 16 Pa by increasing the S40P content, which indictitasthe sample with
54 wt% of S40P is more elastic than the other and, in particular, its relaxation time halves

the other one.

1000 -

100

G.G7(Pa)
7"/ Pas

Frequency (s~
Fig. 7. Complex viscosity modulyg, (4), storage modulus G@), and loss modulus G” |
versus frequency of samples at mixed micellar regi@ompositions of lecithin/ S40P (wt%): 6/
54, hollow symbols; 5.5/ 50, filled symbols. Linase the fit to the Maxwell model, with

x%=0.00514 angk’>=0.00759, respectively.
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The zero-shear viscosity in solutions of entangtetliike micelles is given by the product of

the shear modulus and the longest structural retaxéime in the systemy, =G 7. Then, the

viscosity is the result of structure and dynamibasor through the structural relaxation tithe
For the studied samples of composition 6/ 54 abd &) (lecithin/S40P, wt%.), both relaxation
time and modulus of the complex viscosity decreggmsitely to S40P content in the sample. In
conclusion, S40P composition affects drastically #ive and stiffness of the elongatedg(
rodlike) micellar aggregates, as well as their ayicaproperties. From this perspective, it is
likely that for the maximum ofj, curve described by the flow experiments (Fig.tii¢, micelles
could reach their maximum length and, with furtbemount of SP40 (> 50 wt%.), they could

become more flexible.

Lamellar Phases

The rheological behavior of the lipotropic liquidystalline phase is often strongly dependent
on shear history; therefore, we have carried duhalexperiments under the same conditions, as
described in the experimental section, and witheshear-treatment. The viscosity curve of
samples of composition 35 % lecithin and 30% S4@Rents two power law regions separated
by a region where the viscosity passes through amuan centered at a critical shear rate,
ca.120 & (Fig. 8). The maximum might imply structural chasgunder shear at the critical shear
rate. The high water content (35 wt%.) might praduefects in the bilayer, already before
shearing, which also favors the formation of theximaim of viscosity. Similar flow behavior
has been detected in the lecithin/ DDAB/ water exystvith an associative interaction between

two binary lamellar phas&“® and in other lamellar liquid crystalline phasestaining other
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types of surfactantd *’ Structural changes are related to the applie$stvalues but also to the

time during which those stresses are applied. Hewehis aspect has not been studied further.
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Figure 8. Viscosity as a function of shear ratedamples of composition S40P/ lecithin (wt%):

A 35/ 30 (in Lam phase}) 40/ 35 (in Lam phaseM 68/ 10 (in Lam gel phase).

For samples with lower water contenRd wt%.), the viscosity decreases monotonicallyhwit
the increase of shear rate (Figure 8). This behasisimilar to that found for open bilayer
lamellar structures with lamellae oriented to theamline or to vesicles, with a progressive
increase of siz&% *® *° The sample of the lamellar gel region has visgosilues several orders
of magnitude higher than the sample in the swdlemellar region.

The oscillatory experiments on these same sampéesliscussed based on the values of the

loss tangenttand =G/ G'), shown in Fig. 9. It indicates that all these pl® are more elastic

than viscous as the storage modulus (G’) is higlyeabout one order of magnitude than the loss
modulus (G”) in the entire range of frequency irigeded. The loss tangent is slightly frequency

dependent, which results not completely paralletinfio However, the structural relaxation time
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can be considered that tends to infinity. This beédracorresponds to the so called gel behavior
and is comparable to results obtained in the lamehases of different topologies (vesicles and
stacked bilayers) of many surfactant syst¥m$ and in particular, with lecithfi ¢ Samples in
the lamellar region (40/ 35 and 55/ 23) have loelasticity than samples in the lamellar gel
phase (68/ 10) (i.e., the lower &rthe greater the elasticity). As the water conismearly
constant, the loss tangent suggests a more etastgistency of the bilayers with increasing the
lecithin concentration. On the other hand, the dempiscosity modulus decreases strongly with
slopes close to -1, thus corresponding to gel bieftdy

Although literature reports indicate the co-existerof different types of lamellar phases in
mixed surfactant systerhs their rheological properties are still not verglivunderstood.
Nevertheless, some authors connect the existenptaoér bilayers with a weak-like response
(G” is slightly dependent on the frequency) andgrewith a high-frequency crossover of G’ and
G”, as in case of the diluted (< 43 wt% water) tleici DDAB/ water systefff. Although there
are not clear evidences of the later in the leaitl840P/ water system, the loss modulus is
slightly frequency dependent mostly in sampleshef $wollen lamellar region (40/ 35 and 55/
23) and of the lamellar gel phase (68/ 10), aseduded from the loss tangent plot (Fig. 9).
However, from the SAXS measurement, we could nsigasa bilayer topology because large

multilamellar vesicles are equal to flat bilayersidocal level.
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Figure 9. Loss tangent as a function of frequermysamples of composition S40P/ lecithin
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CONCLUSIONS

Although PEG stearates are extensively used assdiarg in cosmetics, or as drug-carriers in
lipid-based formulations, in the literature thesaailack of extensive studies that allow to outline
the principles of the lipid-polymer surfactant irgtetions completely. In this work, we contribute
to enlarge the existing knowledge by presentingea phase diagram of lecithin/ PEG 40
monostearate/ water system at 30 °C using commiigraiailable reagents in order to approach
their real life use.

The phase behavior is complex, and the single nmuap regions correspond to micellar,
swollen lamellar, and lamellar gel phases. Thegmes of the PEG 40 monostearate has less
effect in the transformation of the lecithin lanaelphase to the cubic phase than what it was
found in other systems with simple glycerol-basgud$ such as glyceryl monoole&te
Moreover, microemulsion formation might require dwidition of other co-surfactants as it also

occurs for simple lipid systerifs
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The calorimetric broad peak transitions, the cqoesiing photomicrographs at the end of the
temperature-up run, and the complex SAXS profiekect that, over a wide composition range,
several lamellar, cubic, and reverse hexagonalctsires coexist. This extended phase
coexistence may be a consequence of the low nlisgibf S40P in the lecithin bilayer as well
as of the segregation of hydrophobic chains of phespholipid polydisperse hydrophobic
chains. In addition, SAXS experiments seem to ptbee PEG 40 monostearate dehydrates the
bilayer, probably due to its favorable interactiomsth water molecules. Rheological
measurements indicate the interaction between atedgaqueous-S40P micelles and lipid
aggregates. The lecithin content has less influentee viscosity of the micellar aggregates than
the S40P content. The latter affects drasticaklydize and stiffness of micelles, as well as their
dynamic properties. Both the lamellar gel phase thedswollen lamellar phase have elasticity,

which is greater for the former.
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SUPPLEMENTARY INFORMATION

FIGURE CAPTION IN SUPPLEMENTARY INFORMATION
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FIGURE S1. Surface tension vs. concentration of PEG-40-Stearate in aqueous solution at 30 °C
at the water-air interface measured by ring method by a Tensiometer
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FIGURE S2. Viscosity as a function of the shear rate for samples at the isotropic fluid region,
with different composition of lecithin/ S40P (wt%.), from down to up: (¥), 3.0 / 70; (W), 3.0 /

65; (1>), 3.5/ 60; (O), 5.5/ 50; (), 2.8/ 53; (V), 2.0/ 40; (O), 2.5/ 50; (A), 6.0/ 54.



