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Closure of block copolymer bilayer in the solution generates
the so-called polymeric vesicles or polymersomes with the
solvent fills in their internal spaces. Recently, polymeric vesicles
have attracted a great attention not only from academia but also
from application field for drug delivery.1 Simple block copoly-
mer vesicles, spherical topology with one compartment, have
been well recognized. Furthermore, the complex vesicles like
onions,2 compound vesicles,3 and tube-walled vesicles4 have
been observed experimentally. For the vesicles from lipids,
limited perforated vesicles with one and two pores, toroidal
topology, have been reported.5 Though deformation and perfora-
tion of lipid vesicles have been studied for some time,6 the
perforated vesicles from block copolymers have been reported
scarcely. Recently, several groups have reported the perforation
of block copolymer membrane by using simulation.7 Experi-
mental observation of such an unusual structure and exploration
of how it formed are very important for understanding the
vesicle evolution. However, to the best of our knowledge, the
highly perforated polymeric vesicle of polybutadiene-block-poly-

(ethylene oxide) (PB-b-PEO) is the only one example reported
so far, and this report failed to unveil the fine structure of
vesicles due to the limitation of optical microscopy.8
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Figure 1. (A) TEM (the arrows point to the deformed vesicles with
holes) and (B) SEM images of the gelated vesicles of PEO45-b-
PTMSPMA180 in a mixture of methanol and water.
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In this paper, we report the observation of perforated vesicles
with internal structure from the diblock copolymer, poly-
(ethylene oxide)-block-poly(3-(trimethoxysilyl)propyl meth-
acrylate) (PEO-b-PTMSPMA), by using electron microscopy
analysis together with transmission electron microtomography
(TEMT). In contrast with the reported polymeric vesicles of
PB-b-PEO, there are highly folded bilayers, except the per-
forated surface in the present observation. Previously, we have
demonstrated that PEO45-b-PTMSPMA59 forms simple vesicles
in the mixture of methanol and water.9 As triethylamine was
introduced, the gelation process occurred in the PTMSPMA
layer of vesicle wall, and as a result, the vesicles transformed
into cross-linked organic/inorganic hybrid hollow particles.
Furthermore, we found that this block copolymer in mixture of
N,N′-dimethylformamide and water generated compound vesicles,
whose cross section was a honeycomb structure, possibly due
to the collision and fusion of simple vesicles.10 However, the
present block copolymer, PEO45-b-PTMSPMA180, with a longer
PTMSPMA block formed the new complex vesicles with a
highly folded membrane.

The aggregation of PEO45-b-PTMSPMA180 was induced by
adding water into the polymer solution of methanol, 1 mg/mL,
until water content reached 39 wt %. After stirring for 5 h,
triethylamine, 0.4 wt %, was added to trigger the gelation
reaction to fix the morphology [Note: the ungelated particles
were too soft to be stable without solvent]. Figure 1A displays
TEM image of the particles after gelation process. Since the
silica atoms scattered stronger relatively, the observed dark lines
were regarded as the silica-rich membranes, whereas the PEO
corona was not visible. All the particles observed have a hollow
structure with a uniform wall of ca. 20 nm, which corresponds
to a bilayer structure owing to the self-assembling of block
copolymer. A few hollow particles are simple vesicles, but the
majority is far from simple. As pointed by the arrows in Figure
1A, the particles seem to have holes or passages inside. From

Figure S1 (see Supporting Information) of the same sample,
we may also observe some vesicles with only one hole, which
are so-called one handle vesicles.5 At a first glance, these hollow
particles with a patterned internal structure looks like the
compound vesicles we observed previously.3,10 However, as
presented in the SEM analysis shown in Figure 1B, there are
small holes on the surface, which is completely different from
the smooth surface of the compound vesicles we observed
previously.

In order to identify how the holes were arranged inside the
vesicles, the samples were embedded into epoxy resin and
microtomed. Figure 2 gives the TEM image of one slice and
some selected images from different slices, from which the
particles with internal structure can be found. The passages,
pointed by arrows, were observed clearly. As indicated by the
arrows, both particle 1 and 2 in Figure 2A had a passage
crossover, indicating they are vesicles with one passage. Particle
3 in Figure 2A is another vesicle with two passages (at least in
this slice of vesicle). The particle in Figure 2B is an inward
curved vesicle. Figure 2C,D displays the vesicles with more
holes (should have more for whole particles). These holes
interconnected inside the vesicles. In present slice, the continu-
ous holes seem to divide the whole particle into several parts,
as indicated by the asterisks in Figure 2C. But these parts are
actually interconnected with each other in three dimensions. It
was noteworthy that the transparent place, indicated by a double-
head arrow in Figure 2C, was an area that was not filled by the
epoxy resin during embedding, and it seems a channel con-
necting two neighboring spaces.

Particle 4 in Figure 2A, corresponding to those big and
complex vesicles presented in Figure 1, has an intricate structure
of highly folded membranes. However, these bilayers are
intertwined, and it is hard to understand their three-dimensional
structure. Therefore, we have applied a transmission electron
microtomography (TEMT) to analyze one particle by collecting

Figure 2. TEM images of (A) the microtomed slice of complex vesicles and (B-D) the selected slices from different places. The arrows point to
the passages; the asterisks in (C) indicate the continuous areas, and the double-head arrow in (C) points to an internal channel.
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a series of tilted transmitted images in two directions. After
making a reconstruction, the three-dimensional structure became
available (see detailed method and video 1 in the Supporting
Information).11 An orthogonal cross-sectional view of 3D
reconstruction for one complex vesicle is displayed in Figure
S2 (Supporting Information). TheZ axis is parallel to the depth
direction. TheX-Y plane is the view of a digital slice from top
of the particles, whereas theX-Z andY-Z planes are the side
view of slices from different direction. Obviously, the whole
particle is composed of an interconnected membrane that is so
flexible like a fluid membrane (note the gelation had frozen
the structure of self-assembly).

Figure 3A shows one slice image in order to make a detailed
description. As indicated by the solid arrows, there are at least
10 passages with a diameter of 15-25 nm. Note around the
places pointed to by the dashed arrows there are more holes
located in the other slices with the aid of video 1 (see snapshots
in Figure S3 in the Supporting Information). The reconstructed
3D morphology shown in Figure 4A (and video 2 in the
Supporting Information) provides a further proof of the per-
forated structure. In order to display the structure clearly, the
image of Figure 3A was reproduced with the aid of the videos.
As shown in Figure 3B, those areas which were actually

continuous in 3D were filled with same color. Thus, some
“isolated” areas, such as 1 and 2 in Figure 3A, are actually
continuous. Furthermore, it is clear that the two areas in one
particle, black and gray, are bicontinuous in the real space
divided by a bilayer. The cross section in 3D images shown in
Figure 4B also supported this conclusion. All these measure-
ments indicate that the big particle is a perforated vesicle with
a highly folded internal bilayer.

In present system, though the basic bilayer structure is the
same, the morphology looks diverse: simple vesicles, low and
high passage vesicles with inner structure coexisted, indicative
of a nonequilibrium state. The coexisting behavior in block
copolymer self-assembly has been explained by several
factors.7b,12-14 What is most fascinating is the perforated surface
and highly folded inner membrane obtained herein. For the
perforated vesicles by PB-b-PEO block copolymer, minimization
of the elastic energy of the membrane under the constraints of
fixed volume, membrane area, and spontaneous curvature is
identified as the underlying mechanism of the observed local
equilibrium shape.8 These constraints induce the fluidic mem-
brane to change its shape continuously and randomly to form
various shape and exhibit conformal diffusion in perforated lipid
vesicles.5d Also, the stalk-pore mechanism of membrane fusion

Figure 3. (A) A digital slice with pores pointed by arrows, and a dotted line is used to help the sight line to follow one continuous bilayer. The
solid arrows point to the pores in the present slice; the dotted arrows show those pores not in this slice but located in the neighboring slices which
are found with the aid of video 1. (B) Artwork reproduced from image A. The black areas are continuous in the space and connected with the
outside through the passages, whereas the gray areas are also continuous but divided by a bilayer.

Figure 4. A surface (A) and cross-section 3D image (B) of the particle in Figure 3. Box size is 630× 630 × 400 nm.
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may be involved in perforation, in which the anisotropic stalk
expansion can lead to stalk-bending with one or two pores in
one or each of the two fusing membrane as explored in several
computer simulations.7 We therefore speculate that the formation
of perforated block copolymer vesicles with internal membrane
may be due to either bending one lamella in several places or
by aggregation of individual vesicles followed by a fusion
process or by a combination of both under a kinetic control.
Because of the longer hydrophobic chain length of PTMSPMA,
the slow kinetics associated with the high molecular masses
may greatly hinder structural evolution toward a global equi-
librium, the intermediates are relatively long-lived, and the
bilayers are perforated with the trapped pores. After perforation
the passages are formed by the solvent molecules dissolved in
pores. These passages are interconnected and form a single
phase, which is separated from the isolated space by the bilayer
membrane. The entire structure is bicontinuous, resembled a
sponge with holes or channels through which solvent molecules
can move, and is probably a trapped metastable structure rather
than an equilibrium one.

In conclusion, block copolymer PEO45-b-PTMSPMA180 in
solution is found to form into novel perforated vesicles. There
are holes on vesicle surface which are interconnected inside,
and there are isolated spaces inside as well. These holes and
spaces, separated by a highly folded bilayer membrane, are
continuous in 3D. Experimental observation of such unusual
structure can be very important for understanding the evolution
of block copolymer vesicles and the biomembrane deformation.
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