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The structures of micelles of the surfactant polysorbate 80 (Tween 80) in 0-50%
aqueous 14-dioxane solutions (pH 7.2, ionic strength 2.44 mM) were
investigated by means of small-angle X-ray scattering. At 1,4-dioxane
concentrations of 0-20%, core—shell cylindrical micelles formed because the
crown-shaped polysorbate 80 molecules aggregated into a cylindrical layer of
four chains entangled with one another through intra- and intermolecular
interactions. At 30-40% 1,4-dioxane, core—shell discus micelles formed, and at
50% 1,4-dioxane, core-shell elliptic discus micelles formed by the same
mechanism. By changing the 1,4-dioxane solvent concentration and increasing
the solvent hydrophobicity, the micelles first change from core-shell cylindrical
to core—shell discus and then from core-shell discus to core-shell elliptic discus

micelles.

1. Introduction

Surfactants are amphipathic molecules (they contain both a
hydrophobic and a hydrophilic group) and form micelles
(hydrophobic core/hydrophilic shell micelles) in aqueous
solutions. Colloidal researchers are interested in investigating
how the change from aqueous solutions to organic solvents
affects micellar shape and size. However, many mixtures of
organic solvents and water promptly separate into phases
since the solvents are not miscible with water. They never
actually form solutions and thus micellar behaviour in such
solutions is not of interest in colloidal and surface research.
However, polar organic solvents are soluble in water, and thus
micellar behaviour in aqueous solutions of these solvents is of
scientific interest. Polar organic solvents (such as ethylene
glycol, glycerol, formamide and hydrazine) have been found
to promote the micellization of surfactants (Gopal & Singh,
1973; Ramadan et al., 1983, 1985; Almgren et al., 1985; Rico &
Lattes, 1986; Auvray et al., 1987; Binana-Limbele & Zana,
1989; Fletcher & Gilbert, 1989; Lattes & Rico, 1989; Martino
& Kaler, 1990; Takisawa et al., 1993; Penford et al., 1997,
Carnero Ruiz et al., 2003; Rodriguez et al., 2003; D’Errico et
al., 2005; Glenn et al., 2005; Seguin et al., 2006, 2007). 1,4-
Dioxane is a polar organic solvent and is normally used as a
solvent of wax, oils and spirit-sol dyes. Aqueous solutions of
1,4-dioxane are normally used as the reference solutions for
gauging the apparent water activity and micropolarity of
aqueous environments in surfactant self-assembly systems by
means of the fluorescent probe method (Galvin et al., 1987,
Hanke et al., 1987; Grieser & Drummond, 1988; Drummond et
al., 1991; Chakrabarty et al., 2008). Thus, it is important to
understand the changes in micellar shape and size that occur
with changes in the 1,4-dioxane solvent concentration in

aqueous solutions. Polysorbate 80 (Tween 80; the typical
polysorbate 80 molecular structure is illustrated in Fig. 1) is a
hydrophilic non-ionic surfactant and is frequently used as an
emulsifier and dispersing agent for medicinal products
designed for internal use (O’Neil et al., 20006).

Thus, information about how polysorbate 80 micelles form
and how changing the solvent from 100% water to mixtures of
water and 1,4-dioxane affects the shape and size of poly-
sorbate 80 micelles can be expected to be of use not only for
improving the understanding of the underlying basic princi-
ples of the phenomenon, but also for practical application to
wax, toiletries and other industrial products. Small-angle
X-ray scattering (SAXS) can be used to determine the three-
dimensional structure and size distribution of micelles in
solution. In this study, we used SAXS to investigate the
structure of polysorbate 80 micelles in aqueous 1,4-dioxane at
pH 7.2 and ionic strength 2.44 mM.

2. Materials and method
2.1. Materials

Polysorbate 80 (Tween 80) and 1,4-dioxane were obtained
from Nacalai Tesque (Kyoto, Japan), and disodium hydrogen
phosphate (Na,HPO,-12H,0) and sodium dihydrogen phos-
phate (NaH,PO,-2H,0) were obtained from Wako Pure
Chemical Industries (Osaka, Japan).

2.2. Sample preparation

A mixture of 7.2 mmol Na,HPO,-12H,O and 2.8 mmol
NaH,P0O,-2H,0 was dissolved in 1 1 of water to give a 10 mM
stock solution of sodium phosphate buffer (pH 7.2, ionic
strength 24.4 mM). Polysorbate 80 was dissolved in the stock
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sodium phosphate buffer to give a 500 g1~' stock solution.
The stock sodium phosphate buffer, stock polysorbate 80
solution, 1,4-dioxane and water were mixed to give sample
solutions that contained 0-50% 1,4-dioxane, 50 g1~ poly-
sorbate 80 and 1 mM sodium phosphate buffer (pH 7.2, ionic
strength 2.44 mM). The stock sodium phosphate buffer, 1,4-
dioxane and water were mixed to give reference solutions that

contained 0-50% 1,4-dioxane and 1 mM sodium phosphate
buffer.

2.3. SAXS measurements

The small-angle X-ray scattering equipment for solutions
(SAXES) optics and detector system installed at the Energy
Accelerator Research Organization in Tsukuba, Japan, was
used for the SAXS experiments, which were conducted at
298 K. An X-ray wavelength of 0.149 nm was used. A one-
dimensional position-sensitive proportional counter with an
effective length of 200 nm (Rigaku Denki, Tokyo, Japan) was
used to register the X-ray scattering intensity at 512 different
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Figure 1
Typical polysorbate 80 molecular structure.

angles. The specifications of this equipment are detailed by
Kajiwara & Hiragi (1996) and Ueki (1991).

SAXS intensities were measured for 600 s for each surfac-
tant solution and for a reference solution, and intensities were
then calibrated and transformed into scattering cross sections
[SCS(q), where q is the scattering vector] based on the scat-
tering cross section of water (Dreiss ef al., 2006). To calculate
the SCS(q) of solute, the scattering cross section of the
reference solution was subtracted from the scattering cross
section of the surfactant solution. Units of cm ™" are normally
used for SCS(g) (Lindner & Zemb, 2002), but because the g
vector is in A~! and particle size is frequently given in A, we

have used A~ for SCS(q) to avoid possible mistakes in unit
conversions.

2.4. Analysis of the SAXS data

We attempted to fit the SAXS data to each of the following
models: the monodisperse core—shell sphere, the polydisperse
sphere, the core-shell tri-axial ellipsoid, the core—shell
cylinder by means of random phase approximation (RPA), the
core-shell cylinder by means of polymer reference interaction
site model (PRISM), the core—shell elliptic cylinder by means
of RPA, the core—shell elliptic cylinder by means of PRISM,
and the star polymer (Pedersen, 1997; Lindner & Zemb, 2002).

Least-squares fit calculations showed that the core—shell
cylinder model of dilute particle solutions provided the best fit
for the SAXS data at 1,4-dioxane concentrations of 0-40%,
and the core-shell elliptic cylinder model of dilute particle
solutions provided the best fit for the SAXS data at 50% 1,4-
dioxane. The mathematical descriptions of the core—shell
cylinder and the core-shell elliptic cylinder models of dilute
particle solutions are given below.

SCS(g), which does not take into account the structure

factor (in dilute particle solutions), is given by

SCS(q) = nV>ABF(q)", y
where ¢ is the scattering vector [q = (47/A)sin 6 (where X is the
wavelength of the X-rays and 26 is the scattering angle)]; n,
Apand V are the number density of particles, the difference in
scattering length density between the particles and the solvent
or matrix, and the volume of particles, respectively; and F(q) is
the form factor.

For the core—shell cylinder (Feigin & Svergun, 1987), V and
AB*F(q)* are given by

V=n(R+d\H 2)
and
1
ABF(q) = [{[CF\(q) + CE(@)/CF(@)) dx,  (3)
0
where
CFl(q) = {4R(:3c0re - IBShell)Jl[qR(1 - x2)1/2]
x sin(qHx/2)}/[q’x(1 — x*)'/7], 4)
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Table 1
Density and scattering length density of polysorbate 80.

Table 2
Densities and scattering length densities of the reference solvent.

Density (g cm™) Scattering length density (1 A’Z)

1.073 10.12

CF,(q) = {4(R + d)(Bgers — Bsowen1[a(R + d)(1 — x*)'?]
x sin(gHx/2)}/[q*x(1 — x*)'*], )

CF}(Q) = RzH(ﬂcore - IBShell) + (R + d)zH(ﬁshell - ﬂsolvem)’
(6)

where R and B, are the radius of the circular base of the core
cylinder and the scattering length density of the core,
respectively; d and B are the length and the scattering
length density of the shell, respectively; H is the height of the
core-shell cylinder; and x is the distance on the x axis. J; is the
first-order Bessel function and B, is the scattering length
density of the solvent.

Six parameters (n, R, d, H, Beore and Bgen) for equations
(1)-(6) were determined by a least-squares fit of the SAXS
data to the model. Rough values of B.... and Bg,en Were esti-
mated and the exact value of Byen; Was determined from the
density and the number of electrons of polysorbate 80 and the
mixed solvents (Lindner & Zemb, 2002). Beore = (Pcore N€core
Th NA)/Mcore7 IBShell = (loshell Neshell Th NA)/Mshell and .Bsolvent =
(Psotvent Nesorvent Th N4)/ Morvent, Where p is the density (of the
core, shell or solvent), Ne the electron number of the molecule
(of the core, shell or solvent), Th the Thomson radius, N4 the
Avogadro number and M the molecular weight (of the core,
shell or solvent).

For the core—shell elliptic cylinder (Feigin & Svergun, 1987),
V and AB*F(q)* are given by

V = ne(a + d°H (7)

and

APF(q) = Ofof{[cm) + CRy(q)l/CFy(@))  dydx,  (8)

where

CF4(CI) = 47Ta(1300re - ﬂshell) ]1{qa[05(1 - 82)
+0.5(1 — &%) cosy]l/z} sin(gHx/2), )

CFS(q) = 47[([1 + d)(ﬁshcll - ﬁsolvcnt)‘ll {q(a + d)[OS(l - 82)
+0.5(1 — &¥) cos y]l/z} sin(gHx/2), (10)

CFG(q) = [az(ﬁcore - ﬁshell) + ((,1 + d)z(ﬂshell - ﬂsolvem)]
x 2q*Hx[0.5(1 — €2) + 0.5(1 — ¥ cos y]'/*, (11)

where a, € and B are the length along the x axis, the ratio of
the length along the z axis to the length along the x axis of the
elliptic base of the core elliptic cylinder, and the scattering
length density of the core, respectively; d and By, are the
length and the scattering length density of the shell, respec-
tively; H is the height of the core—shell elliptic cylinder; and x

1,4-Dioxane concentration (%)

0 10 20 30 40 50
Density 0.996 1.005 1.014 1.022 1.028 1.033
(gem™)
Scattering 9.216 9.527 9.826 10.14 10.44 10.69
length density
(mA™)

and y are the distances on the x and y axes. J; is the first-order
Bessel function and S is the scattering length density of
the solvent.

Seven parameters (n, a, &, d, H, Beore and Bg,epp) for equa-
tions (7)-(11) were determined by means of a least-squares fit
of the SAXS data to the model. Rough values of B, and
Bshen Were estimated and the exact value of Byen: Was
determined from the density and the number of electrons of
the polysorbate 80 molecule and the mixed solvents (Lindner
& Zemb, 2002).

The scattering length densities of the polysorbate 80
molecule and the reference solvent can be estimated from the
components, the density and the number of electrons. B o =
(pcore Necore Th No) M ores Bsnenn = (Oshent Nesnen Th Ny )/ Mnen
and ﬁsolvent = (Iosolvent Nesolvent Th NA)/Msolvent’ where P is the
density (of the core, shell or solvent), Ne the electron number
of the molecule (of the core, shell or solvent), N, the
Avogadro number, Th the Thomson radius and M the mol-
ecular weight (of the core, shell or solvent). The values are
listed in Tables 1 and 2, respectively (Lindner & Zemb, 2002).
The densities of polysorbate 80 and the reference solutions
were determined with a pycnometer.

Algorithms for the least-squares fit calculations for the
models and the SAXS data were based on a simplex method
(polytope method) and many algorithms for numerical
calculations (integral calculation, Bessel function efc.) using
the Visual Basic 6.0 program package (Nash, 1987; Gill et al.,
1981; Okumura, 1991; Tankei et al., 1993).

solvent

3. Results and discussion

It was concluded that the shape of the polysorbate 80 micelle
is a core—shell spherical structure based on consideration of
the distinguishing features of the pair-distance distribution
function (PDDF) curves transformed from the SAXS inten-
sity, g vectors and other parameters. The PDDF curves of
polysorbate 80 indicated a local maximum and minimum on
the low-r side and a short tail on the high-r side of the PDDF
curves, which are regarded as typical features of a core—shell
spherical structure. Thus, the shape of the polysorbate 80
micelle was considered to be a core—shell spherical particle
(Varade et al., 2007).

However, there is another method to determine micellar
shape in solution. The geometric model of a core-shell sphere
directly fits the SAXS data. We attempted to fit the SAXS data
to each of the core—shell spheres that do not take account of
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Table 3

Shape parameters at various 1,4-dioxane concentrations.

The core-shell cylinder model [S(g) = 1].

Concentration (%) n (aA=?) R (A) d (A) H(A) Volume (kA%) Beore (1L A7) Banenn (L A7)
0 352 10 32 57 316 7.656 9.497

10 287 10 31 53 280 7.967 9.808

20 175 11 29 50 251 8.266 10.11

30 338 14 30 12 43 8.306 10.14

40 294 16 25 9 49 8.306 11.29

The core-shell elliptic cylinder model [S(g) = 1].

Concentration (%) n (ah=3) a(A) d (A) e H(A) Volume (kA%) Beore (WA Banen (L AT2)
50 45 14 32 0.006 10 0.4 8.306 11.19

the structure factor [S(g) = 1] and the core-shell spheres that
take account of the structure factor [S(g) # 1]. The SAXS data
did not fit either of the core—shell sphere models (data not
shown). The shape of the polysorbate 80 micelle was not a
core-shell sphere.

We attempted to fit the SAXS data to each of the core—shell
cylinder and core-shell elliptic cylinder models of dilute
particle solutions. Scattering data obtained at 1,4-dioxane
concentrations between 0 and 50% are shown in Fig. 2, along
with curves fitted with the core—shell cylinder and the core—
shell elliptic cylinder models. The 1,4-dioxane concentrations
and shape parameters calculated from the core—shell cylinder
and the core—shell elliptic cylinder models of dilute particle
solutions are listed in Table 3. The core—shell cylinder model
of dilute particle solutions provided the best fit for the SAXS
data at 0—40% 1,4-dioxane, and the core—shell elliptic cylinder
model in dilute particle solutions provided the best fit for the

80 r 60
0%

SAXS data at 50% 1,4-dioxane. Fig. 3 shows schematic
diagrams of polysorbate 80 micelles in 0-50% 1,4-dioxane
solutions. The SAXS data indicated that, at 0-20% 1,4-
dioxane, the polysorbate 80 formed core-shell cylindrical
micelles. Because (R + d) > H (see Table 3), we concluded
that, at 30-40% 1,4-dioxane, the polysorbate 80 formed core—
shell discus micelles rather than core—shell cylindrical micelles.
Because (a + d) > H (see Table 3), we concluded that, at 50%
1,4-dioxane, the polysorbate 80 formed core—shell elliptic
discus micelles rather than elliptic core—shell cylindrical
micelles. Thus, changing the 1,4-dioxane solvent concentration
and increasing the solvent hydrophobicity changed the
micelles from core-shell cylindrical micelles to core-shell
discus micelles between 20 and 30% 1,4-dioxane, and from
core—shell discus micelles to core—shell elliptic discus micelles
between 40 and 50% 1,4-dioxane; the solvent change also
resulted in a decrease in the size of the micelles.

10% % 20%

SCS(g) (TA™)

30%

40% 50%

0 02 04 0

Figure 2

02 04 0 02 04

q (A

Scattering data (circles) obtained at 1,4-dioxane concentrations between 0 and 50%, along with curves fitted with a core—shell cylinder model, S(g) = 1

(line), and a core-shell elliptic cylinder model, S(¢) = 1 (dashed line).
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Figure 3

Formation of core-shell cylindrical micelles, core—shell discus micelles
and core-shell elliptic discus micelles from polysorbate 80 molecules. A,
at 0-20% 1,4-dioxane concentrations core—shell cylindrical micelle; B, at
30-40% 1,4-dioxane concentrations core-shell discus micelle; C, at 50%
1,4-dioxane concentrations core—shell elliptic discus micelle.

.'_‘_'."( oC 2 H.| )5 OH

Fig. 3 illustrates the formation of core-shell cylindrical
micelles from polysorbate 80 molecules. At 0-20% 1,4-
dioxane, the polysorbate 80 molecules adopted crown-like
shapes and aggregated into a ‘cylindrical’ layer of four long
chains entangled with one another through intra- and inter-
molecular interactions. At 30-40% and 50% 1,4-dioxane,
core-shell discus micelles and core—shell elliptic discus
micelles, respectively, were formed by a similar mechanism.

4. Conclusions

We used SAXS to investigate how changing the solvent from
100% water to a mixture of water and 1,4-dioxane affected the
shape and size of polysorbate 80 micelles. As the concentra-
tion of 1,4-dioxane was increased, the micelles changed from
core-shell cylindrical micelles to core—shell discus micelles to
core-shell elliptic discus micelles, and there was a concomitant
decrease in the size of the micelles. It is significant that a
change in the hydrophobicity of 1,4-dioxane affected both the
shape and the size of polysorbate 80 micelles. There is a strong
possibility that a change in the hydrophobicity of other polar
organic solvents will affect the shape and size of polysorbate
80 micelles.
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