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We study the confinement of a hydrophilic polymer (polyethylene glycol or PEG) between the bilayers
of the zwitterionic surfactant tetradecyldimethyl aminoxide (C;4DMAO). Small angle X-ray scattering and
electron microscopy experiments show that the polymer modifies the physical properties of the lyotropic
smectic (Ly) phase. The observed effects are similar to those reported for anchored hydrophobically-
modified polymers, indicating a strong interaction between PEG and the Ci4DMAO bilayers. Self-
diffusion experiments performed in the lyotropic sponge (L3) phase show that the polymer adsorbs onto
the surfactant membranes. This adsorption explains earlier observations: high polymer concentrations
decrease the Gaussian rigidity of the membranes and a vesicular phase is stabilized.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

In recent years there has been a growing interest in the physics
of aqueous systems composed of mixtures of surfactants and poly-
mers [1,2]. In some applications, it is desirable to have at the same
time properties given by the surfactant (detergency, wettability,
foaming, emulsification, etc.) as well as properties provided by the
polymer (viscosity, protective layers, etc.). Sometimes, the mixed
systems have characteristics differing from those of the pure com-
ponents due to the formation of a polymer-surfactant complex.
This is easy to understand when an ionic surfactant interacts with
a polymer of different electric charge. However, some non-ionic
surfactants also form complexes with neutral polymers probably
due to hydrogen bonding between the polymer and the surfactant
polar head [3-5]. The few experiments reported in the literature
with these neutral systems have been performed in the micellar
surfactant phase.

But the phases composed of surfactant bilayers are also of in-
terest for its implications in soft-condensed matter and in biology.
Although their importance, no systematic experiments have been
reported on non-ionic surfactant bilayers—neutral polymer mixed
systems. Surfactant bilayers are self-assembled two-dimensional
fluid structures [6]. The simplest bilayer phase is the lamellar
phase, Ly, a smectic A lyotropic liquid crystal. It is composed of
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a periodic stack of surfactant bilayers separated by a solvent. On
the other hand, sponge or L3 phases are formed by a continu-
ous, randomly-connected isotropic network of surfactant bilayers.
Both phases are present in neighboring regions in several phase
diagrams and their structure have been well characterized by tech-
niques such as small-angle X-ray scattering (SAXS) and freeze-
fracture electron microscopy (FFEM).

Recently, the effect of adding the water-soluble neutral polymer
polyethylene glycol (PEG) to the lamellar phase of a zwitterionic
surfactant system has been studied [7]. SAXS and FFEM experi-
ments revealed that the polymer induces the spontaneous forma-
tion of highly monodisperse multilayered vesicles. These structures
appear when the polymer concentration reaches a value of the
order of 5 g/I, while keeping constant the membrane volume frac-
tion [6]. Below this PEG concentration, the macroscopic features
of the lamellar phases (transparency, birefringence) are very simi-
lar. In order to explain this surprising effect, it has been assumed
that the polymer adsorbs onto the surfactant bilayers, triggering
a topology transition from flat, open bilayers (lamellar phase) to
closed aggregates (vesicles).

In this paper we report experiments on the effect of PEG on
the lamellar and sponge phases of the same zwitterionic surfac-
tant system reported in Ref. [7]. However, in the present work
the polymer concentration is kept below the value which produces
the multilayered vesicles. In this way, we study these phases prior
to phase transformation. We have performed FFEM and SAXS ex-
periments in lamellar and sponge phases with increasing polymer
concentration. We have also performed fluorescence recovery after
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Fig. 1. Chemical structure of the molecules used in this work: (a) surfactant (C;4DMAO) and (b) fluorescent PEG (PEG-DTAF). This polymer has been used in the FRAPP
experiments. For the other experiments, we used the same polymer (PEG) without the fluorescent groups shown at both ends of the molecule.

pattern photobleaching (FRAPP) experiments in order to measure
the self-diffusion coefficient of PEG in sponge phases. For this, the
polymer has been modified with a fluorescent dye. Neither the use
of fluorescent PEG nor FRAPP experiments was reported in Ref. [7].
Our aim is to obtain some insight into the influence of the poly-
mer on the physical properties of the lamellar and sponge phases,
and to determine whether or not the polymer adsorbs onto the
surfactant bilayers.

The paper is divided as follows. In Section 2 we describe the
experimental techniques used and the methods for preparing the
samples. In Section 3 we present and discuss our experimental re-
sults and in Section 4 we draw some conclusions.

2. Experimental
2.1. Materials

Tetradecyldimethyl aminoxide (C;4DMAO) which was recrystal-
lized twice, was a gift from Dr. H. Hoffmann. It is a zwitterionic
surfactant that behaves like a non-ionic in neutral or alkaline so-
lutions as in our case [8]. Fluorescein-5-isothiocyanate (FITC ‘Iso-
mer I') was purchased from Molecular Probes. Poly(ethylene glycol)
(PEG) of molecular weight 20,000 g/mol and 5-(4,6-dichloro-s-
triazin-2-ylamino) fluorescein hydrochloride (C23H12ClaN4O5HCI or
DTAF) were purchased from Sigma and used as received. In order
to follow the polymer diffusion with the FRAPP technique, we la-
beled PEG molecules with a fluorescent dye, according to the DTAF
labeling of dextran [9]. Materials, synthesis details, and purification
steps are described in detail in a previous article [10]. All samples
were prepared in ultra-purified water (resistivity ~18 MQ cm). In
Fig. 1 we show the chemical structure of the surfactant (C;4DMAO)
as well as the polymer (fluorescent-PEG) we used.

2.2. Samples and experimental methods

The lamellar (Ly) and sponge (L3) phases are prepared in the
ternary system formed by the zwitterionic surfactant (tetrade-
cyldimethyl aminoxide or C14DMAO), hexanol (cosurfactant) and
water as solvent. The phase diagram displays a large range of bi-
layer volume fractions, ¢, where both the L, and L3 phases are
stable; this range is roughly 0.05 < ¥ < 0.3 [10]. For a given bilayer
volume fraction, the difference between the lamellar and sponge

. . . m
regions is the cosurfactant to surfactant mass ratio r = hex
C14DMAO

For the studied bilayer volume fractions, we have prepared lamel-
lar phases with r ~ 0.85 and sponge phases with r = 0.89. For
preparing each sample, the appropriate amount of C;4DMAO was
weighted in a test tube. Ultrapure water was added and the sur-
factant was allowed to dissolve completely. Finally, hexanol was

added drop by drop while mixing until the desired mcmhlf&‘m ra-
14

tio was reached. The lamellar phase was assessed by observing the
typical birefringence between crossed polarizers. The sponge phase
was assessed by detecting a drastic decay in viscosity at the same
time as the phase appeared isotropic between crossed polarizers.
The characteristic distance of the lamellar and sponge phases, d,
depends on the bilayer volume fraction ¢. PEG has been added
to the lamellar and sponge phases in a concentration range be-
tween 0 and 8.5 x 10™> M. These concentrations are below the
limit that produces multilayered vesicles in the same system [7].
The structure of the lyotropic phases has been studied by SAXS
in a Rigaku rotating anode set-up described elsewhere [11]. Sam-
ples for the FFEM experiments have been prepared in a Jeol Freeze
Etching Equipment (JFD 9010). TEM observations have been made
in a Jeol JEM 2010F apparatus. The self-diffusion coefficient was
measured by the fluorescence recovery after pattern photobleach-
ing (FRAPP) technique as described in a previous paper [12]. In
order to follow the polymer diffusion with the FRAPP technique,
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Fig. 2. Scattering spectra of lamellar phases with different polymer concentrations.
The surfactant volume fraction in all samples is ¢ = 0.1. Polymer concentrations
are: 0 M (circles), 1.6 x 10~6 M (squares), 1.6 x 10> M (diamonds) and 8.4 x 10~>
(triangles). The solid line is a theoretical fit (see text).

we labeled PEG molecules with a fluorescent dye, according to
the DTAF labeling of dextran [9]. In order to assess if the label-
ing procedure modifies the hydrodynamic radius of the polymer,
we measured the diffusion coefficient of PEG in diluted water
solutions, before and after labeling. For pure PEG we used Dy-
namic Light Scattering (DLS), while for fluorescent PEG we used
FRAPP. The DLS experiments were performed in the homodyne
mode using a 633 nm He-Ne laser and an ITI FW130 photomul-
tiplier as light detector. The signal was digitized by an ALV-PM-PD
amplifier-discriminator. The signal analyzer was an ALV-5000 digi-
tal multiple-r correlator. The intensity autocorrelation function was
measured at 50°, 70°, 90°, and 110°. A similar experimental set-up
has been used to study the effect of hydration on the hydrody-
namic radius of PEG [13]. In our case, all the measured correlation
functions were single exponentials. From them, the mutual diffu-
sion coefficient was obtained. The diffusion coefficients obtained
with the DLS and the FRAPP techniques agree within experimental
error [10]. This means that the hydrodynamic radius of PEG is not
appreciably modified by adding the fluorescent group.

3. Results and discussion
3.1. SAXS experiments: Lamellar phases

The scattering spectra of lamellar phases with different polymer
concentrations Cpo are shown in Fig. 2. The bilayer volume frac-
tion in these samples is ¢ = 0.1. The data are shown after renor-
malizing the intensities I(q) by their respective value at the peak
position I(qmax). The polymer-free lamellar phase does not display
the characteristic Bragg peak due to thermal fluctuations, which
contribute to a high scattering in the low-q region that hides the
expected peak. However, when polymer is added to the lamellar
phase, the spectra display a well defined Bragg peak whose po-
sition does not show any shift when the polymer concentration
is increased. Note that the value of qmax is the value expected at
this volume fraction from the classical swelling law qmax = Z’TT¢
where the bilayer thickness is § =24 A [11]. Using the Bragg rela-
tion qmax = 27 /d, the interbilayer distance in the lamellar phases
isd=240+2 A,

On the other hand, the polymer concentration does have an
effect on the peak width and on the small-angle scattering sig-

nal. As one can see from the graphs, the peak clearly stiffens and
the small-angle scattering becomes weaker with increasing Cpor.
The same qualitative features are observed in SAXS spectra of the
lamellar phases with higher bilayer volume fractions. Even if these
effects are not completely monotonic (some samples, not shown
in Fig. 2, deviate, probably due to small variations in cosurfactant
concentration) they indicate that the polymer modifies the elas-
tic properties of the bilayers. This is confirmed by the emergence
of the Bragg peak when polymer is added to the lamellar phase.
Note that the observed effects are similar to those produced by a
hydrophilic polymer hydrophobically modified in order to anchor
into neutral lamellar phases [14]. Our results seem to indicate that
PEG binds to the C14DMAO surfactant bilayers.

From the SAXS spectra one can get information on the elas-
tic constants of the lamellar phase. The decrease in the width
of the Bragg peak can be interpreted in terms of the Landau-
Peierls exponent 7 that describes the power-law Caillé singularity
1(q) ~ |q — qmax|~'*". In this equation, 1 is the Caillé parameter,
related to the peak position gmax and the interbilayer distance in
the lamellar phase, d:

qmax (] )

KB
8w q

In this equation, k is the bending elastic constant of the bi-
layer, defined in the Helfrich curvature free energy of the mem-
brane [15]; B is the compression modulus of the smectic phase.
We extracted n values from the scattering spectra by fitting the
data to a well-established theory combining geometry of the bi-
layers and membrane-displacement fluctuations [16]. The fits were
rather poor for low polymer concentrations but improve consider-
ably for the highest Cp (Fig. 2). From the fit, we found n = 0.39
for the highest Cpol. The qualitative effect of an increasing polymer
concentration is to decrease the value of the parameter 1. From
Eq. (1), this means that the product kB increases as polymer is
added to the lamellar phase. We have no way to estimate the con-
tribution of k to the decrease of 7. However, it is well known that
the observed decrease in the intensity at low angles (Fig. 2) corre-
sponds to an increase of B. That is, the smectic phase compression
modulus increases with polymer concentration. A larger smectic
modulus B indicates a stiffening of the intermembrane interaction
potential.

Note that for polymer concentrations Cpo > 2.5 X 10~ M the
SAXS spectra are modified (not shown in Fig. 2). The small-angle
scattering increases and the peak position shifts to smaller inter-
bilayer distances. These effects are due to the apparition of closed
aggregates (vesicles) as shown in the electron microscopy picture
(Fig. 3). These big aggregates scatter in the low-q region and may
contribute to the small-angle scattering signal. A detailed descrip-
tion of the experiments with the vesicle phases is given in Ref. [7],
where the studied PEG concentrations were higher than those re-
ported in the present paper.

3.2. SAXS experiments: Sponge phases

Before performing the FRAPP experiments with the sponge
phase, we studied with SAXS its structure with increasing polymer
concentrations. In Fig. 4 we show the scattering spectra for sponge
phases with different PEG concentrations but fixed bilayer volume
fraction (¢ = 0.2). The used PEG concentrations are: 2.1 x 1076 M
(circles), 8.4 x 1075 M (squares) and 3.4 x 10~> M (diamonds) and
8.4 x 10™> M (triangles). As we can observe, the scattering spectra
superpose within experimental error in a single curve. In addition,
the macroscopic properties of the sponge phase (transparency,
isotropy, single-phase) are not modified after addition of the poly-
mer at these concentrations, as revealed by a visual inspection of
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Fig. 3. FFEM picture of a closed aggregate (vesicle) observed in a lamellar phase
with intermediate polymer concentration.
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Fig. 4. Scattering spectra for sponge phases with PEG concentrations: 2.1 x 1076 M
(circles), 8.4 x 1076 M (squares) and 3.4 x 10~> M (diamonds). In all samples, the
surfactant volume fraction is ¢ =0.2.

the samples. The same behavior (SAXS and visual inspection) has
been observed for the other bilayer volume fractions. This means
that, at least for these polymer concentrations, the sponge phase
structure is the same. We can be sure that if any variation is found
in the diffusion behavior of the polymer, it is due to a surfactant
concentration effect and not to a phase transformation. In fact, for
the FRAPP experiments, we worked within the polymer concentra-
tions of Fig. 4 because the probe concentration has to be large
enough to yield a good fluorescence recovery signal and small
enough to avoid a strong absorption of light which can produce
signal distortion and also heat convection in the samples. The op-
timal fluorescent PEG concentration for this is around 10> M. At
such small concentrations, the sponge phases are not distorted by
the polymer.

3.3. FRAPP experiments

In Fig. 5 we present the self-diffusion coefficient of the fluores-
cent polymer, as a function of surfactant volume fraction. In the
dilute regime, the self-diffusion coefficient is nearly constant in
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Fig. 5. Self-diffusion coefficient of the fluorescent polymer, as a function of surfac-
tant volume fraction. The full line is a fit to the equation predicted by the diffusion
equation for probes diffusing along the membranes of sponge phases (Eq. (3)). The
broken line is a fit to the equation predicted when there is a partition between
bound and unbound polymer molecules (Eq. (5)).

agreement with previous results obtained with other fluorescent
probes [17]. For more concentrated samples, the self-diffusion co-
efficient decreases as the surfactant concentration increases.

We have interpreted these results in terms of the predictions
reported in Ref. [18], where the diffusion equation was numeri-
cally solved for diffusing particles in sponge and cubic phases. It
has been found that the dependence of the diffusion coefficient
is different depending on where the Brownian motion occurs. For
particles diffusing in the solvent of the phases, the diffusion coef-
ficient D, decreases linearly with bilayer volume fraction

Dyot/Dyolo = yol — byol@. (2)

In these equation, ay, has a value around 2/3 and by, depends on
the topology of the phase [18]. Dyqjg is the self-diffusion coefficient
of PEG in the solvent. We measured it with the FRAPP technique:
Dyolo = 7.4 x 1077 cm?/s.

On the other hand, when the particles diffuse along the bilay-
ers, the diffusion coefficient Dy is:

Dyit/Dbito = abit — byit¢?. (3)

It has been shown analytically that apy = 2/3 [18]. The param-
eter bypj also depends on the topology of the surface and has
to be computed for every particular case [18]. Dy is the self-
diffusion coefficient of the polymer on a flat membrane. Its mea-
surement requires the orientation of the lamellar phase. However,
we did not succeed in orientating a polymer-doped lamellar phase,
so we could not measure Dyjg. Instead, we assumed a value of
Duitp = 3.7 x 1077 cm?/s, in order to get the analytic limit Dy =
(2/3)Dpip in Eq. (3) [18]. Note however that the used Dy qual-
itatively agrees with the expected value because it has an order
of magnitude between D9 and the self-diffusion coefficient of
membrane proteins (Dprorein ~ 5 x 1078) [19]. Note that Eq. (3)
should describe the diffusion of amphiphile molecules as well of
molecules bound to the bilayers.

In Fig. 5, we can easily appreciate that the variation of D
does not follow the linear decay (Eq. (2)) predicted for diffusing
particles in the solvent of sponge phases. This is an indication
that diffusion is not occurring completely in the volume between
the surfactant bilayers. Another result pointing in this direction is
the fact that the diffusion coefficient in the more diluted sponge
phases has a relatively small value: Dy_,0 = 0.35Dy,19, Where
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Dyolp is the diffusion coefficient of the polymer in a water so-
lution (Dyoo = 7.4 x 10~7 cm?/s). If diffusion were taking place
in the space between the bilayers, the measured value should be
Dy 0~ 0.6Dyg)p [18]. This result has been verified with two pro-
teins as well as with a non-adsorbing water-soluble probe [17].

In order to assess if the polymer is diffusing along the bilay-
ers of the sponge phase, in Fig. 5 we plot a fit to the quadratic
decay predicted for this case (Eq. (3)). The agreement with theory
is reasonably good within experimental error. This result suggests
that for some fraction of PEG molecules diffusion takes place along
the membranes, i.e., that the polymer binds to the surfactant and
moves in the bilayer surface.

Note that in the preceding paragraphs we have assumed that all
the polymer molecules either adsorb onto the surfactant bilayers
or do not adsorb at all. However, it is possible to have some par-
tition between adsorbed and non-adsorbed molecules. This point
is particularly relevant since, even if PEG has a tendency to bind
to interfaces [20], it is first of all a water-soluble polymer. So, in
a more general situation, the observed diffusion coefficient, Dgps,
is a weighted average of the bulk diffusion coefficient, Do, and
the diffusion coefficient along the bilayers, Dy;. In this case, the
observed diffusion coefficient can be written as

Dobs = (1 — p) Dpit + pDyol, (4)

where p is the fraction of polymer molecules not adsorbed onto
the surfactant bilayers, i.e., the fraction of molecules diffusing
freely in the solvent. Of course, 0 < p < 1. As we do not have a di-
rect measurement of p, we can try to estimate it from a fit to the
expressions describing Dy, and Dy, as a function of surfactant
volume fraction ¢ (Eqs. (2) and (3)) [18]. Using those equations,
the observed diffusion coefficient can be more generally written as

Dobs = A — B¢ — Co?, (5)

where the constants are:

A = payo1Dyoio + (1 — p)apii Dbilo,
B = pbyo1Dyolo,

and

C = (1 — p)byii Dpilo-

In order to use these expressions, for Dy, and Dyp; we take the
values discussed in the previous paragraphs (7.4 x 10~7 cm?/s
and 3.7 x 10~7 cm?/s, respectively). The constants byg and by
are topology-dependent. It is far from the scope of this paper to
compute these values for each possibly topology. Instead, as an il-
lustration we took the values obtained in Ref. [18] for the P family
of minimal surfaces, a suitable model for sponge phases. These val-
ues are: byo = 0.39 and by = 0.45. In addition, ayo = 0.65 and
apj = 0.66 [18].

With these considerations, we have fitted our experimental re-
sults to Eq. (5). The results are also shown in Fig. 5, where the
fit to Eq. (5) is the broken line. The adjustment improves due to
the linear term, probably meaning that a fraction of the polymer is
actually diffusing in the solvent and other along the bilayers. How-
ever, due to the experimental slope of the data at low ¢, we obtain
a value of p with no physical meaning (p > 1). We conclude that
more experiments should be performed in order to assess the frac-
tion of PEG bound to the bilayers.

The FRAPP results described so far indicate that, to some ex-
tent, the polymer binds to the surfactant membrane. This result
agrees with the interpretation of the SAXS spectra of the lamel-
lar phases (Fig. 2). Both independent experiments points toward
polymer adsorption onto the surfactant bilayers. In addition, the
FRAPP results are qualitatively similar to those found with four

amphiphilic probes diffusing in the membranes of the same sys-
tem [12].

The binding of the polymer to the surfactant bilayers has an
important consequence for their topology. In fact, adsorbing and
non-adsorbing polymers have opposite contributions to the Gaus-
sian term in the Helfrich elastic Hamiltonian, Eg = kﬁk is the
bilayer Gaussian rigidity, and Ry and R, are the principal radii
of curvature of the membrane at any point. The Gaussian rigid-
ity controls the topology of the membranes. When k is positive,
E¢ is minimized when R1 and R, have opposite signs, and saddle-
like topologies are stabilized (sponge phases). On the other hand,
when k is negative, minimization of E; requires R and R, having
the same sign; closed aggregates (vesicles) are stable. Theoretical
results available for polymers adsorbing onto bilayers predict a de-
crease in k [21].

This explains why larger concentrations of PEG added to a
lamellar phase induce the formation of multilayered vesicles, as re-
ported previously [7]: the adsorbing polymer decreases the Gaus-
sian rigidity and thus stabilizes a lyotropic phase of closed aggre-
gates (vesicles).

4. Conclusions

We have performed experiments on the effect of a neutral,
water-soluble polymer, PEG, on the lamellar and sponge phases
of a zwitterionic surfactant system: C;4DMAO-hexanol-water. The
aim was to determine if binding of the polymer to the surfac-
tant membranes occurs, as expected from a theoretical analysis
of the polymer-induced lamellar-vesicular transformation reported
previously for this system [7]. Both, SAXS and FRAPP experiments
suggest that a fraction of the polymer molecules actually binds
onto the surfactant bilayers. Although the fraction of bound poly-
mer molecules could not be estimated by fitting our experimen-
tal data to an available theory [18], the binding of the polymer
explains why larger concentrations of PEG added to the lamel-
lar phase induce the formation of multilayered vesicles [7]. In
fact, the polymer modifies the Gaussian rigidity of the mem-
branes, thus triggering the phase transformation. Our FRAPP ex-
periments show that by appropriately fluorescent-labeling poly-
mer molecules, self-diffusion measurements can give some insight
into polymer-surfactant interactions. More, specific experiments
should be performed in order to determine the fraction of poly-
mer molecules bound to the surfactant bilayers in this system.
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