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Abstract

Fabrication of vesicles with the diameter of 4-30 um was achieved by mixing of a
hydrophobic nonionic surfactant (Span 65) with a poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) block copolymer (Pluronic P123) in
aqueous solutions at room temperature. Ring-shaped structure of the Pluronic
P123/Span 65 mixture assemblies was confirmed by fluorescence microscopy. The
presence of internal aqueous phase in the Pluronic P123/Span 65 mixture assemblies
was determined by measuring the entrapment efficiency of calcein using fluorescence
spectroscopy. On the other hand, Pluronic P123/Span 60 mixture system formed

wire-like assemblies but not vesicles.
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1. Introduction

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block copolymers, which are commercial available amphiphilic polymers as
Pluronic and Poloxemer, are widely used as dispersion stabilizers [1, 2],
pharmaceutical ingredients [3-5], biomedical materials [6, 7] and templates for the
synthesis of mesoporous materials [8-11] and nanoparticles [12-19]. This is due to a
variety of PEO-PPO-PEO block copolymer self-assemblies tuned by molecular
characteristics, concentration and temperature in the presence of selective solvents
such as water [20, 21]. However, the fabrication of PEO-PPO-PEO block copolymer
vesicles is still an important and challenging task because PEO-PPO-PEO block
copolymer vesicles formed are not stable in solutions [22-24]. The PEO-PPO-PEO
block copolymer vesicles with high stability should provide various opportunities for
material, biological and medical applications such as drug delivery system [25]. Thus,
several approaches have been attempted to improve the stability of PEO-PPO-PEO
block copolymer vesicles, polymer vesicles (polymersomes) and nonionic surfactant
vesicles (noisomes): utilization of hydrophobic block copolymers such as
poly(ethylene oxide)-poly(ethyl ethylene) [26], poly(ethylene oxide)-cholesterol [27],
poly(ethylene oxide)-poly(propylene oxide)-poly(lactic acid) [28] or mixing of
polymers, surfactants and hydrophobic components, for example, Pluronic
P123/sodium  dodcyl sulfate/NaF mixture [29], Pluronic L121/Pluronic
P85/pentaerythritol tetraacrylate mixture [30], a poly(ethylene glycol)/Tween 80/Span
80 mixture [31-35], nonionic surfactant/cholesterol mixture [36, 37], poly(ethylene
glycol)-b-poly(sodium methacrylate)/cationic surfactant mixture [38], poly(ethylene
glycol)-b-poly(acrylic acid)/azobenzene-containing surfactant mixture [39] and
poly(ethylene oxide)-b-poly(1,2-butylene oxide)/ionic surfactant mixture [40].

In this work, we examined the fabrication of vesicles by mixing of nonionic
surfactants with a PEO-PPO-PEO block copolymer in water. We found that mixing
of a nonionic surfactant (Span 65) with a PEO-PPO-PEO block copolymer (Pluronic
P123) achieved the formation of vesicles with the diameter of 4-30 um in aqueous
solutions. On the other hand, vesicles were not formed in Pluronic P123/Span 60

mixture system but wire-like assemblies were formed.

2. Experimental
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2.1 Vesicle preparation

Conventional chloroform film method [36, 41] was applied for vesicle
preparation in this work. Pluronic P123
(H[OCH,CH>]19[OCH,CH(CH3)]6o[ OCH2CH;]19OH; EO19POgEO 9, HLB = 8,
BASF), Span 60 (Sorbitan monostearate, C,4H4cO¢, HLB = 4.7, Wako), Span 65
(Sorbitan tristearate, CqoH;140s, HLB = 2.1, Wako) (see Table 1) or their mixture
dissolved in chloroform were evaporated at 60 °C under vacuum by rotary-evaporator.
The resulting films composed of the block copolymer, surfactant or block
copolymer/surfactant mixture were dried for 24 h in a desiccator under vacuum at
room temperature (~25 °C). The dried film was hydrated and swollen with ultrapure
water (18.2 MQ cm at 25 °C, Millipore-filtered water) at 60 °C for 1 h following

agitation by vortex mixer for 1 min.

2.2 Characterization

2.2.1 Transmittance (turbidity) measurement

Stability of the assemblies formed was checked by measuring the transmittance
(turbidity) of the dispersions with a UV-visible spectrophotometer (U-1900,
HITACHI) at a wavelength of 700 nm in a quartz sample cell with 1 cm thickness at
room temperature (~25 °C). Transmittances of the dispersions were measured at 1 h
after preparation.

2.2.2 Particle size distribution measurement

Size distributions of assemblies formed were measured with a laser diffraction
particle size distribution analyzer (LA-950, HORIBA). Detectable range is 0.01-3000
pm in diameter.

2.2.3 Fluorescence microscopy

Shape of the assemblies formed was confirmed with a fluorescence microscope (BZ-
9000, KEYENCE). Hydrophobic dye, Coumarin 540 (Cy0HsN2O,S, Exciton) (Aex =
458 nm, A, = 505 nm), was solubilized into hydrophobic regions of the assemblies as
a fluorescence probe to visualize the assembly structures. The Fluorescence
micrographs of the assemblies were observed at 1 day after preparation because it
took 1 day to introduce the dye molecules into hydrophobic regions of assemblies.

2.2.4 Cryo-transmission electron microscopy
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Shape of the assemblies that we obtained was also observed with a cryo-transmission
electron microscope (cryo-TEM) (H-7650, Hitachi High Technologies Co.) at an
accelerating voltage of 120 kV under a low electron dose at 4 days after preparation. .
The specimens for cryo-TEM observation were prepared following a previous report
[42]. A small amount of the sample solution was placed on the surface of a TEM
copper grid covered by a porous carbon film. The TEM copper grid with the sample
solution was held by a pair of self-locking tweezers mounted on a spring-loaded shaft
with a cryo preparation system (Leica EM CPC, Leica Microsystems AG). A thin
sample film (~300 nm thickness) on the TEM copper grid obtained by blotting the
sample solution with a filter paper was plunged into liquid ethane cooled by liquid
nitrogen (-175 °C). The TEM copper grid with the frozen sample was transferred
onto the tip of a cryospecimen holder (CT3500, Oxford Instruments plc.) under liquid
nitrogen. Then, the specimens were observed by the cryo-TEM at -173 °C.

2.2.5 Entrapment efficiency measurement

In order to determine the vesicle formation, the entrapment efficiency of a water-
soluble fluorescent maker, calcein (C3oH26N2013, Sigma-Aldrich) (Aex = 490 nm, Aep
= 520 nm), in assemblies was measured by a fluorescence method[43] using
spectrofluorometer (FP-6200, JASCO). A vesicle contains an internal aqueous phase
enclosed by membrane (bilayer) of surfactants and polymers. Thus, formation of
vesicles is confirmed by the presence of internal aqueous phase of assemblies which
is determined by the entrapment efficiency of calcein in the assemblies [43].
Concentration of the calcein to prepare vesicles was 1 x 10 mol L™". The vesicle
dispersions were diluted with 500 times by ultrapure water at the measurement of
total fluorescence intensity (/iora). The calcein in the bulk aqueous phase was
quenched by complexation with cobalt ions using cobalt chloride (CoCl,, Sigma-
Aldrich), and then fluorescence intensity (/i) was measured. Subsequently,
fluorescence intensity (/ix) was measured after the vesicle membrane was ruptured by
Triton X-100 (C4H2,O(C,H40),, n = 9-10, Sigma-Aldrich). The entrapment

efficiency of calcein was calculated according to the following equation:

I —1, xrx100

Entrapment efficiency (%) = ]

(1)
total _Itx xr
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where r is the volume correction factor (» = 1.04).  The fluorescence spectroscopy

measurement was performed at 1 h after preparation.

3. Results and Discussion
3.1 Pluronic P123/Span 60 mixture

We first checked the stability of Pluronic P123 assemblies formed through
hydration and swelling of Pluronic P123 film at 60 °C. An opaque dispersion
obtained after hydration and swelling of Pluronic P123 film at 60 °C changed into a
transparent solution by cooling to room temperature (~25 °C) (see Figure 1a). This is
due to the transformation of the large assemblies and/or aggregates such as liquid
crystal gels formed at 60 °C into the spherical micelles at room temperature (~25 °C)
[44]. Namely, vesicles are not formed from Pluronic P123 alone in aqueous solutions
at room temperature (~25 °C) [22-24].

On the other hand, it is known that vesicles are formed in a nonionic surfactant,
Span 60, and Span 60/cholesterol mixture (defined as nonionic surfactant vesicles and
niosomes) [36]. Opaque dispersions obtained after hydration and swelling of Span 60
and Span 60/cholesterol mixture at 60 °C remained unchanged even after cooling to
room temperature (~25 °C) in the range of 0.1-1.0 Span 60 mass fraction in Span
60/cholesterol mixture (see Figure 1b and Figure 2). A size distribution of the Span
60 assemblies measured by the laser diffraction particle size distribution analyzer at 1
h after preparation was shown in Figure 3a. Span 60 assemblies with the diameter
range of 2-40 um at 1 h after preparation became smaller with the elapsed time
(Figure 3c). The addition of cholesterol into Span 60 led to the size increase of
Span60/cholesterol assemblies (see Figure 3b), and sizes of the assemblies hardly
changed with the elapsed time for 3 days that we monitored (see Figure 3c). This
indicates that Span 60/cholesterol mixture assemblies are stabilized with the aid of
cholesterol. These assemblies were observed as bright ring-shaped objects in the
diameter range of 2-10 um by fluorescence microscopy (see Figure 4). The bright
ring-shaped objects observed in Figure 4 most likely correspond to the vesicles.
Since a vesicle is a spherical hollow capsule composed of membrane (bilayer) of
surfactants and polymers, the hydrophobic dye molecules prefer to orient the
hydrophobic regions in the membranes of surfactants and polymers. As a result,

fluorescence microscope captures the emission from fluorescence dye molecules
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solubilized in the hydrophobic regions of the vesicle membranes. Ring-shaped
structure was observed by fluorescence microscope when the diameter of hollow-
shaped assemblies was larger than the focal depth (~1 um) of the fluorescence
microscope. Namely, the hollow-shaped assemblies larger than ~1 um in diameter
are observed as the ring-shaped structure by the fluorescence microscopy. Also the
objects with smaller diameter than lower detection limit (~1 um in diameter) cannot
be observed by this fluorescence microscope. In addition, vesicle formation of Span
60 and Span 60/cholesterol mixture was confined by measuring the entrapment
efficiency of calcein, in which the entrapment efficiency of calcein was estimated to
be ~4% (see Figure 5). This indicates the presence of internal aqueous phase in the
Span 60 and Span 60/cholesterol mixture assemblies, that is, formation of vesicles in
the Span 60 and Span 60/cholesterol mixture system.

Then, we considered preparing vesicles by mixing of Span 60 with Pluronic
P123. Opaque dispersions obtained after hydration and swelling of Pluronic
P123/Span 60 mixture at 60 °C were kept even after cooling to room temperature
(~25 °C) in the range of 0.1-1.0 Span 60 mass fraction in Pluronic P123/Span 60
mixture (see Figure 1c and Figure 2). A size distribution with the range of 0.06-0.4
pm of the Pluronic P123/Span 60 mixture assemblies (0.5 Span 60 mass fraction in
the mixture) was measured by the laser diffraction particle size distribution analyzer
at 1 h after preparation (see Figure 6a). The addition of Span 60 into Pluronic P123
tends to increase the size of Pluronic P123/Span 60 mixture assemblies (see Figure
6b). The sizes of the assemblies remained unchanged with the elapsed time for 3
days that we monitored (see Figure 6¢). No noticeable ring-shaped structure of the
Pluronic P123/Span60 mixture assemblies was observed by fluorescence microscopy
(see Figure 7). This is most likely due to the smaller sizes of the assemblies than
lower detectable limit (~1 pwm in diameter) of the fluorescence microscope. In order
to confirm the vesicle structure, the entrapment efficiencies of calcein in the Pluronic
P123/Span 60 mixture assemblies were measured. Small entrapment efficiencies of
calcein in the Pluronic P123/Span 60 mixture assemblies shown in Figure 5 suggest
small volume of internal aqueous phase in the Pluronic P123/Span 60 mixture
assemblies due to the small-sized assemblies, or no vesicle formation in the Pluronic
P123/Span 60 mixture system. Then, cryo-TEM observation was performed for the

Pluronic P123/Span 60 mixture assemblies to evaluate the shape of the assemblies
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formed in the Pluronic P123/Span 60 mixture system. We observed wire-like
assemblies with the diameter of ~10 nm and the length of 100-1000 nm in the cryo-
TEM images (see Figure 8). Similar-shaped assemblies have been reported by Lof et
al.[45] and Schillen et al.[46], in which rod-like micelles have been produced in
Pluronic P123/nonionic surfactant (C;,EO¢) mixture.

Shapes of surfactant- and polymer-assemblies are typically discussed in terms
of critical packing parameter (CPP) on the basis of the geometrical structure of

surfactant and polymer [47, 48]. The CPP is given by

CPP = —~

2

where v is the volume of hydrophobic part (surfactant tail), ao is the area of the
hydrophilic part (surfactant head) and /. is the critical surfactant chain length. It is
proposed that spherical micelles, cylindrical micelles, vesicles (flexible bilayers),
planar bilayers and inverted micelles are formed at CPP < 1/3, 1/3-1/2, 1/2-1, ~1 and
> 1, respectively [47, 48]. Thus, the formation of Pluronic P123 spherical micelles in
an aqueous solution is most likely due to the cone shape of Pluronic P123 critical
packing shape (CPP < 1/3) (see Table 2). Formation of wire-like assemblies in
Pluronic P123/Span 60 mixture system that we observed by cryo-TEM shown in
Figure 8 implies that CPP of a Pluronic P123/Span 60 complex would be 1/3-1/2 (see
Table 2). That is, Span 60 would not be sufficient hydrophobicity to expand the area
of hydrophobic part of the Pluronic P123/Span 60 complex for vesicle formation.

3.1 Pluronic P123/Span 65 mixture

We now realized no vesicle formation in the Pluronic P123/Span 60 mixture
system. This is most likely due to the small area of the hydrophobic part of the
Pluronic P123/Span 60 complex. In order to prepare vesicles in Pluronic
P123/nonionic surfactant mixture system, the CPP of a Pluronic P123/nonionic
surfactant complex must be 1/2-1 (see Table 2). Namely, more hydrophobic nonionic
surfactant should be required to expand the area of hydrophobic part of Pluronic
P123/nonionic surfactant complex for vesicle formation of Pluronic P123/nonionic

surfactant mixture.
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Then, we next considered mixing Span 65 with Pluronic P123 because Span
65 is a hydrophobic nonionic surfactant more than Span 60 (see Table 1). The
Pluronic P123/Span 65 mixture film was hydrated and swollen in water at 60 °C, and
the opaque dispersions were retained at room temperature (~25 °C) in the range of
0.1-0.9 Span 65 mass fraction in the Pluronic P123/Span 65 mixture (see Figure 1d
and Figure 2). Note here that Span 65 itself does not dissolve in water. A size
distribution with the range of 4-30 um of the Pluronic P123/Span 65 mixture
assemblies (0.5 Span 60 mass fraction in the mixture) was measured by the laser
diffraction particle size distribution analyzer at 1 h after preparation (see Figure 9a).
The size of Pluronic P123/Span65 mixture assemblies was independent on the Span
65 mass fraction in the Pluronic P123/Span 65 mixture assemblies and was kept for 3
days that we monitored after preparation (see Figure 9b). Fluorescence microscopy
revealed the ring-shaped structure of Pluronic P123/Span 65 mixture assemblies in the
diameter range of 4-10 um in the range of 0.1-0.9 Span 65 mass fraction in the
Pluronic P123/Span 65 mixture (see Figure 10). Since the assemblies were too large
to be observed by cryo-TEM, the cryo-TEM image was not shown here. Entrapment
efficiencies of calcein in Pluronic P123/Span 65 mixture assemblies were ~5% (see
Figure 5), which is comparable with those of Span 60/cholesterol vesicles. These
indicate the formation of vesicles in Pluronic P123/Span 65 mixture system. It should
be noted here that cholesterol, which is typically used as a hydrophobic component
for fabrication of nonionic surfactant vesicles [36], did not help the formation of

Pluronic P123 vesicles.

4. Conclusions

We revealed the formation of vesicles by mixing of a hydrophobic nonionic
surfactant, Span 65, with a poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) block copolymer, Pluronic P123. On the other hand, mixture of Span 60 with
Pluronic P123 produced the wire-like assemblies but not vesicles. Shape of the
assemblies (vesicles and wire-like assemblies) formed by mixing of the nonionic
surfactants with Pluronic P123 could be explained in terms of the critical packing
parameter (CPP) (geometrical structure) of Pluronic P123/nonionic surfactant
complex. Span 65 would expand the hydrophobic part of Pluronic P123/nonionic

surfactant complex more than Span 60 because the Span 65 is more hydrophobic than
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Span 60. These findings we reported in this paper should provide better insight on the
vesicle formation of poly(ethylene oxide)-poly(propylene oxide) block copolymers
and further opportunities in colloidal and biomedical applications (e.g., drug-delivery

system and bio-imaging).
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Table 1. Nonionic surfactants that we used in this work

Nonionic surfactant

Molecular structure

HLB
Sorbitan monostearate B
=y 47
(Span 60) O
Sorbitan tristearate W
o OK/W 21
(Span 65)
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Table 2

surfactant assemblies

Schematic illustration of Pluronic P123 and Pluronic P123/nonionic

Geometrical structure of

a polymer and a

Morphology of assembly
polymer/surfactant
complex
Pluronic P123 % * % V ?
Micelle
CPP <1/3
Pluronic P123/Span 60 / U %
Wire-like assembly
CPP =1/3-1/2
Pluronic P123/Span 65 B %
Vesicle CPP = 1/2-1
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Figure captions

Figure 1. (a) An opaque dispersion obtained through hydration and swelling of
Pluronic P123 film (5 mM) at 60 °C and a transparent solution of Pluronic P123
obtained after cooling of the opaque dispersion at 60 °C to room temperature (~25 °C).
(b) Dispersions of Span 60 and Span 60/cholesterol mixture, (c) Span 60 and Pluronic
P123/Span 60 mixture and (d) Pluronic P123/Span 65 mixture in water at room

temperature (~25 °C) observed at 1 h after preparation.

Figure 2. Transmittances of (o) Span 60/cholesterol mixture, (®) Pluronic P123/Span
60 mixture and (A ) Pluronic P123/Span 65 mixture dispersions at room temperature
(~25 °C) after cooling the dispersions containing the assemblies hydrated and
swollen in water at 60 °C, plotted as a function of surfactant (Span 60 or Span 65)

mass fraction in the mixtures.

Figure 3. Particle size distributions of (a) Span 60 assemblies and (b) Span
60/cholesterol (cholesterol mass fraction of 0.5) mixture assemblies measured at 1 h
after preparation. (c) Average diameters of Span 60 assemblies and Span
60/cholesterol mixture assemblies plotted as a function of the elapsed time. Span 60
mass fraction in Span 60/cholesterol mixture: (0) 0.1, (@) 0.3, (1) 0.5, (m) 0.7, (A) 0.9
and (A) 1.0.

Figure 4. Fluorescence micrographs of (a) Span 60 assemblies and (b) Span
60/cholesterol (cholesterol mass fraction of 0.5) mixture assemblies formed at room

temperature (~25 °C).

Figure 5. Entrapment efficiencies of calcein in (o) Span 60/cholesterol assemblies,
(®) Pluronic P123/Span 60 mixture assemblies and (A) Pluronic P123/Span 65
mixture assemblies plotted as a function of surfactant (Span 60 or Span 65) mass

fraction in the mixtures at room temperature (~25 °C).

Figure 6. (a) Particle size distribution of the Pluronic P123/Span 60 (Span 60 mass
fraction of 0.5) mixture assemblies measured at 1 h after preparation. (b) Average

diameters of Span 60 assemblies and Pluronic P123/Span 60 mixture assemblies

18
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plotted as a function of the elapsed time. Span 60 mass fraction in Pluronic

P123/Span 60 mixture: (o) 0.1, (¢) 0.3, () 0.5, (m) 0.7, (A) 0.9 and (A) 1.0.

Figure 7. Fluorescence micrograph of Pluronic P123/Span 60 (Span 60 mass fraction

of 0.5) mixture assemblies formed at room temperature (~25 °C).

Figure 8. Cryo-TEM images of assemblies formed in Pluronic P123/Span 60 mixture
system at room temperature (~25 °C). Span 60 mass fractions of (a) 0.5 and (b) 0.1 in

the Pluronic P123/Span 60 mixture. Wire-like assemblies are pointed by black arrows.

Figure 9. (a) Particle size distribution of the Pluronic P123/Span 65 (Span 65 mass
fraction of 0.5) mixture assemblies measured at 1 h after preparation. (b) Average
diameters of Pluronic P123/Span 65 mixture assemblies plotted as a function of the

elapsed time. Span 65 mass fraction in Pluronic P123/Span 65 mixture: (0) 0.1, (®)

0.3, (2) 0.5, (m) 0.7 and (A) 0.9.

Figure 10. Fluorescence micrograph of Pluronic P123/Span 65 (Span 65 mass

fraction of 0.5) mixture assemblies formed at room temperature (~25 °C).
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Figure 1. Sakai et al.
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Figure 2. Sakai et al.
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Figure 3. Sakai et al.
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Figure 4. Sakai et al.
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Figure 5. Sakai et al.
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Figure 6. Sakai et al.
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Figure 7. Sakai et al.
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Figure 8. Sakai et al.
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Figure 9. Sakai et al.
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Figure 10. Sakai et al.
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