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Abstract

The thermo responsive behavior of spherical vesicles and worm-like vesicles composed of amphiphilic poly(methacrylic acid)-block-
poly(methyl methacrylate-random-methacrylic acid) diblock copolymer, PMAA-b-P(MMA-r-MAA), was investigated in order to 
elucidate their morphological transformation and thermal stability. The spherical vesicles comprised of PMAA195-b-P(MMA0.817-
r-MAA0.183)224 were disrupted into smaller spherical vesicles by an increase in temperature, followed by much smaller micelles, 
and finally into planar aggregates consisting of the micelles. A decrease in the temperature produced spherical vesicles smaller 
than the original ones. A rapid temperature decrease of the planar aggregates, followed by the ripening simultaneously provided 
anastomosed tubular networks and fenestrated sheets as seen in some organelles. The tubular networks consisted of round swollen 
tubules and were continuous with the fenestrated sheets. The worm-like vesicles of PMAA351-b-P(MMA0.826-r-MAA0.174)372 were 
transformed into shorter and spherical vesicles and finally into fused aggregates by the temperature increase. By decreasing the 
temperature, the worm-like vesicles were reproduced from the fused aggregates through the formations of partial sheets and 
branched tubules, however, they were round and shorter than the original vesicles. It was found that the worm-like vesicles were 
more thermally stable than the spherical vesicles at the same vesicle concentration and retained the vesicle structure even at the 
high temperature.
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Introduction

Lipid bilayer membrane composing biomembranes continually undergoes budding and fusion in living cells to maintain its living 
activity. Endocytosis initiated by budding from plasma membrane takes foreign substances, such as bacteria, into a cell to digest 
them [1,2]. Oppositely, exocytosis achieved by fusion of lipid bilayer vesicles to plasma membrane releases neurotransmitters and 
hormones delivered by the vesicles into the outside of the cell [3]. The membrane budding and fusion play especially important roles 
in the vesicular transport between organelles. Proteins synthesized by rough endoplasmic reticulum are carried to Golgi apparatus 
through sequential processes of the budding of vesicles from the rough endoplasmic reticulum, transport by the vesicles, and finally 
membrane fusion of the vesicles to the Golgi apparatus [4]. The transport of substances including the proteins between the Golgi 
stacks is also based on the continuous budding and fusion of Golgi vesicles [5,6]. Hence, these organelles have heterogeneous 
structures corresponding to the budding and fusion [7,8]; the cis region of the Golgi facing the endoplasmic reticulum and receiving 
the transport vesicles from it is a sheet with many fenestrations, while the trans region providing vesicles by the budding to deliver 
the substances to the plasma membrane and other organelles of lysosome consists of anastomosed tubular networks [9,10]. The 
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Golgi cisternae are partitioned into numerous vesicles during cell division and are reconstructed from these vesicles during the 
telophase [11-14].

Giant vesicles consisting of amphiphilic poly(methacrylic acid)-block-poly(methyl methacrylate-random-methacrylic acid) diblock 
copolymer, PMAA-b-P(MMA-r-MAA), are possible artificial biomembrane models of cells and organelles based on the similarities 
in their structure and responsiveness [15-18]. The similarities also include the morphological variation of the vesicles based on 
critical packing shape [19] of the diblock copolymer. The vesicles varied the morphology from spherical to elliptical [20], worm-
like [21], villus-like [22], key-shaped [23], and sheet [24-26], depending on the block length, hydrophilic-hydrophobic balance, 
mixed composition, and solvent quality for the vesicle preparation [20-28]. It has been reported that the vesicles underwent budding 
and fusion in response to variations in the circumstances, such as temperature [15] and pH [29]. In this study, fenestrated sheets 
as seen in the cis region of the Golgi apparatus and anastomosed tubular networks in the trans region were fabricated through 
thermoresponsiveness of the polymer giant vesicles. This paper describes the thermoresponsive behavior of the giant vesicles 
comprised of PMAA-b-P(MMA-r-MAA) and the fabrication of fenestrated sheets and anastomosed tubular networks through their 
thermo responsiveness.

Experimental

Instrumentation

Light scattering measurements were performed with a Photal Otsuka Electronics ELS-8000 electrophoretic light scattering 
spectrophotometer equipped with a system controller, an ELS controller, and a He-Ne laser operating λ=632.8 nm. The transmittance 
of a vesicle solution was obtained using a Shimadzu UV-160A UV-Vis recording spectrophotometer. Field emission scanning 
electron microscopy (FE-SEM) measurements were performed using a Hitachi SU8000 scanning electron microscope.

Materials

The spherical vesicles [15] and worm-like vesicles [23] were prepared by the photo polymerization-induced self-assembly are 
using the nitroxide-mediated photo-controlled/living radical polymerization technique [30]. The spherical vesicles were comprised 
of PMAA195-b-P(MMA0.817-r-MAA0.183)224 (Mn=36,600 and Mw/Mn=1.52 by gel permeation chromatography based on PMAA 
standards), while the worm-like vesicles were composed of PMAA351-b-P(MMA0.826-r-MAA0.174)372 (Mn=100,500 and Mw/Mn=1.68). 
Methanol (MeOH) was refluxed over magnesium with a small amount of iodine and distilled.

Light scattering measurement

The spherical vesicles (108 mg) were dispersed in an aqueous methanol solution (MeOH/water=3/1 v/v, 4 mL) by vigorous shaking, 
then subjected to light scattering measurements. Similarly, the worm-like vesicles (27 mg) in an aqueous methanol solution (4 mL) 
were used for light scattering measurements. The light scattering measurements were performed at the angle θ=90° at designated 
temperatures. The hydrodynamic size (Dh) of a vesicle diameter was estimated by the cumulant analysis, while the scattering 
intensity distribution was obtained by the Marquardt analysis [31].

SEM observations.

The vesicles in an aqueous methanol solution were dried in air and subjected to FE-SEM measurements. The morphologies and 
vesicular size were determined by the FE-SEM observation at 1.0 kV without coating. The size distribution of vesicles was estimated 
as reported previously [32].

Results and Discussion

The thermo responsiveness of the giant vesicles comprised of PMAA-b-P(MMA-r-MAA) was investigated in an aqueous methanol 
solution (MeOH/water=3/1 v/v). The investigation was performed for the spherical vesicles and worm-like vesicles. The spherical 
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vesicles consisting of PMAA195-b-P(MMA0.817-r-MAA0.183)224 had a 4.74 μm diameter (Dn) and 1.31 of size distribution (Dw/Dn) [15], 
while the worm-like vesicles of PMAA351-b-P(MMA0.826-r-MAA0.174)372 had Dn(L)=3.41 μm and Dw/Dn(L)=1.56 for the long axis 
and Dn(S)=0.437 μm and Dw/Dn(S)=1.06 for the short axis, respectively [23]. FIG. 1 shows the variation in light scattering intensity 
of the spherical vesicles and their hydrodynamic size (Dh) of the diameter versus temperature. A good hysteresis was obtained for the 
scattering intensity, whereas the vesicle size showed a poor hysteresis for the temperature changes. The hydrodynamic size rapidly 
decreased to ca. 0.3 μm over 30°C and slightly increased at 50°C, suggesting the disruption of the vesicles into smaller particles by 
the temperature increase and the aggregation of the particles by the further increase in the temperature. The FE-SEM demonstrated 
that the formation and aggregation of small particles produced by the disruption due to the temperature increase. FIG. 2 shows the 
SEM images and scattering intensity distributions of the spherical vesicles for each temperature. Part of the SEM images has been 
previously reported [15], however, the SEM analysis in the present study focused on the variation in particle size. The scattering 
intensity distribution continued to shift to a lower side of the hydrodynamic size up to 45°C and was shifted to its higher side at 
50°C throughout a wide range of even over 10 μm. The vesicles were partitioned into smaller spherical vesicles by the temperature 
increase, and further into planar aggregates. It was found that this transformation from the spherical vesicles into planar aggregates 
was caused by the opening of the spherical vesicles due to the expansion of a hole on the vesicle surface based on the observation 
of bowl-like vesicles. A detailed analysis revealed that the planar aggregates consisted of much smaller micelles produced by 
further disruption of the small spherical vesicles (FIG. 2e). The micelles had a 0.408 μm diameter and 1.17 in size distribution. It 
was expected that water molecules hydrating to the MAA units in the hydrophobic P(MMA-r-MAA) blocks were excluded from 
the hydrophobic area due to the temperature increase, causing a change in critical packing shape of the diblock copolymer from a 
truncated cone that formed spherical vesicles to a cone to produce micelles (SCHEME. 1). By decreasing the temperature from 50°C 
to 35°C, spherical vesicles were reproduced by separation from the planar aggregates (FIG. 3). However, a further decrease in the 
temperature yielded spherical vesicles smaller than the original vesicles by the disruption of the reproduced vesicles. The size of the 
resulting vesicles was Dn=1.01 μm and Dw/Dn=1.12.

It was found that a rapid temperature decrease of the planar aggregate solution from 50°C to 25°C provided different morphology. 
FIG. 4 shows the FE-SEM images of the morphology formed by the rapid temperature decrease operation. Incomplete and 
partially fused spherical vesicles were produced just after the temperature decrease. These were transformed into sheets with many 
fenestrations and anastomosed tubular networks as seen in the Golgi apparatus and endoplasmic reticulum [7-10], by the ripening in 
an aqueous MeOH solution at room temperature for 8 days. The sheets had fenestrations with a 0.186 μm diameter on average, while 
the networks consisted of round swollen tubules with 1.61 μm in thickness. It is expected that spherical vesicles were produced by 

FIG. 1. The light scattering intensity and hydrodynamic size (Dh) of the spherical vesicles versus the temperature. The 
vesicle concentration=27.0 g/L.
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FIG. 2. The SEM images and scattering intensity distributions of the spherical vesicles for the temperature increase: a 
25°C, b 35°C, c 40°C, d 45°C, e 50°C, and e’ the high magnification for 50°C. The vesicle concentration=27.0 g/L.
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the budding separation from these tubules. Furthermore, the anastomosed tubular network was continuous with the fenestrated sheet 
(FIG. 4d), indicating that the tubular networks were formed by expansion of the fenestrations on the sheets (SCHEME. 2).

 The worm-like vesicles showed different thermo responsiveness from the spherical vesicles in the light scattering study. They 
produced a slight change in the scattering intensity throughout the variation in the temperature and showed a good hysteresis 
(FIG. 5). The vesicles also showed a good hysteresis for the hydrodynamic size versus the temperature changes. However, the 
hydrodynamic size of the worm-like vesicles was averaged for their long and short axes. Accordingly, the transmittance of the 
worm-like vesicle solution was employed for the investigation of the thermo responsiveness. The transmittance based on the UV 
absorbance at 250 nm continued to increase with the temperature increase, suggesting the formation of much smaller particles by 
the disruption of the worm-like vesicles. The transmittance showed negligible changes by decreasing the temperature and did not 
revert to the original value. The FE-SEM analysis demonstrated that the worm-like vesicles were transformed into various short 
worm-like and spherical vesicles due to the temperature increase. As shown in FIG. 6, the initial thin and rough-edged worm-like 
vesicles at 25°C were partially swollen at the middle and end by the temperature increase and were transformed into fused aggregates 
by its further increase. Many holes were observed on the surface of the aggregates by the opening of the vesicles, implying that 
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FIG. 3. The SEM images of the spherical vesicles for the temperature decrease: a 50°C, b 45°C, c 40°C, d 35°C, d’ the low 
magnification for 35°C, e 30°C, and f 25°C. The vesicle concentration=27.0 g/L.
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SCHEME. 1. The variation in critical packing shape of the diblock copolymer for the temperature change.
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the expansion of hollows inside of the worm-like vesicles was a trigger to vary the vesicle morphology (SCHEME. 3). As the 
temperature decreased, worm-like vesicles were reproduced from the fused aggregate matrix through the transformation into partial 
sheets, followed by the anastomosed tubules (FIG. 7). However, the reproduced worm-like vesicles were rounded, smooth-edged, 
and short (Dn(L)=2.02 μm, Dw/Dn(L)=1.44 and Dn(S)=0.692 μm, Dw/Dn(S)=1.16) as compared with the original vesicles. The 
resulting vesicles were still shortened by the ripening in an aqueous MeOH solution for 7 days at room temperature (Dn(L)=1.47 
μm, Dw/Dn(L)=1.62), although there was a negligible change in thickness (Dn(S)=0.680 μm, Dw/Dn(S)=1.21). It is considered that 
the diblock copolymers were rearranged in a more thermally stable state within the vesicles to reduce the hydrophobic volume at 
the high temperature and during the ripening, resulting in the formation of the short worm-like vesicles with the smooth surfaces. In 
addition, the worm-like vesicles caused no fusion at 50°C for a higher vesicle concentration, the same as the concentration for the 
study on the thermo responsiveness of the spherical vesicles (FIG. 8). The worm-like vesicles had the vesicle structure even at 50°C 
without fusion, accompanied by the morphological change into the rounded and spherical vesicles. It was found that the worm-like 
vesicles were more thermally stable than the spherical vesicles and retained their vesicular structure at the high temperature. This 
thermal stability of the worm-like vesicles may be one of the reasons that many organelles and bacteria take worm-like and tubular 
shapes, while transport vesicles are spherical.

Conclusions

The spherical vesicles were disrupted into smaller vesicles by an increase in the temperature, followed by into much smaller 
micelles, and finally into planar aggregates consisting of the micelles. A decrease in the temperature reproduced vesicles smaller 
than the original vesicles. A rapid decrease in the temperature of the planar aggregates, followed by their ripening simultaneously 

Fenestrated sheet Anastomosed tubular network Spherical vesicles

SCHEME. 2. The variation in the morphology from the fenestrated sheet into anastomosed tubular network and finally into 
spherical vesicles.

SCHEME. 3. The morphology changes from the worm-like vesicles into the fused planar aggregates by the temperature 
increase through the expansion of the worm-like vesicles, separation of spherical vesicles from the worm-like vesicles, and 

the opening of holes on the spherical vesicles.
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FIG. 4. The FE-SEM images of the morphology obtained by the rapid temperature decrease and the ripening in an aqueous 
MeOH solution at room temperature for 8 days: a without the ripening, b a fenestrated sheet, c an anastomosed 

tubular network, and d the tubular network continuous with the sheet. The vesicle concentration = 27.0 g/L.
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FIG. 5. The light scattering intensity, hydrodynamic size (Dh), and transmittance of the worm-like vesicles versus the 
temperature. The vesicle concentration=6.75 g/L.
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FIG. 6. The SEM images of the worm-like vesicles for the temperature increase: a 25°C, b 30°C, c 35°C, d 40°C, e 45°C, 
and f 50°C. The vesicle concentration = 6.75 g/L

FIG. 7.  The SEM images of the worm-like vesicles for the temperature decrease: a 50°C, b 45°C, c 40°C, d 35°C, e 25°C, 
and e’ 25°C and the ripening. The vesicle concentration=6.75 g/L.
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provided the anastomosed tubular networks and fenestrated sheets. It was found that spherical vesicles were reproduced by budding 
separation from the round swollen tubules composing the anastomosed tubular networks developed out of the fenestrated sheets 
by the expansion of the fenestrations. The worm-like vesicles were transformed into shorter and spherical vesicles and finally 
into fused aggregates by a temperature increase. By decreasing the temperature, worm-like vesicles were reproduced from the 
fused aggregate matrix through the transformation into partial sheets and further into anastomosed tubules, however, the resulting 
vesicles were round and short as compared with the original vesicles. The worm-like vesicles were more thermally stable than the 
spherical vesicles at the same vesicle concentration and retained the vesicular structure at high temperature. This is the first study 
demonstrating that the anastomosed tubular networks and fenestrated sheets are formed in the process of the thermal transformation 
of the vesicles and that the worm-like vesicles and spherical vesicles have different thermo stability. The study implies that this bio 
membrane model using the polymer giant vesicles has the potential to artificially create the morphological changes of lipid bilayer 
between and within organelles in living cells.
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FIG. 8.  The SEM images of the worm-like vesicles for the temperature increase at a high vesicle concentration: a 25°C, b 
35°C, c 40°C, d 45°C, e 50°C, f 25°C after decreasing the temperature. The vesicle concentration=27.0 g/L.
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