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SUBSTANCE-CONTAINING VESICLE, AND 
PRODUCTION METHOD THEREFOR 

This application is a continuation of U.S. application Ser. 
No. 14/839,854, filedAug. 28, 2015; which is a continuation 
of PCT Application No. PCT/JP2014/055186, filed Feb. 28, 
2014; which claims the priorites of Application Nos. JP 
2013-041186, filed Mar. 1, 2013 and JP 2013-176068, filed 
Aug. 27, 2013. The contents of the above-identified appli-
cations are incorporated herein by reference in their entire-
ties. 

TECHNICAL FIELD 

The present invention relates to novel substance-encap-
sulating vesicles as well as methods of producing the 
vesicles. 

BACKGROUND ART 

It is known that a vesicle can be formed via self-assembly 
of polymer molecules of which the primary structure has 
been have been controlled precisely. Such a vesicle is 
applicable to various molecular designs, and can serve a new 
function beyond the properties of the original polymers. 
Accordingly, the vesicle is being considered for use as a 
carrier for a drug delivery system (DDS) or as a biomaterial 
or functional material. 

Patent Document 1 (JP-H08-188541A, of which the 
inventors overlap with the present inventors) discloses a 
drug carrier in the form of an electrostatically-united poly-
meric micelle formed via self-assembly of molecules of a 
block copolymer having an uncharged segment and a 
charged segment. 

Non-Patent Document 1 (Schlaad H. et al., Macromol-
ecules, 2003, 36 (5), 1417-1420) discloses a vesicle referred 
to as "polymersome", which is formed via self-assembly of 
molecules of a first block copolymer having poly(1,2-buta-
diene) block and poly(cesium methacrylate) block and a 
second block copolymer having polystyrene block and poly 
(l-methyl-4-vinylpyridinium iodide) block. 

Patent Document 2 (W02006/118260A, of which the 
inventors overlap with the present inventors) discloses a 
vesicle formed via self-assembly of a first block copolymer 
having an uncharged hydrophilic segment and a cationic 
segment (e.g., PEG-polycation) with a second block copo-
lymer having an uncharged hydrophilic segment and an 
anionic segment (e.g., PEG-polyanion). 

Non-Patent Document 2 (Anraku Y et al., J. Am. Chem. 
Soc., 2010, 132 (5), 1631-1636, of which the inventors 
overlap with the present inventors) discloses a vesicle 
formed via self-assembly of a block copolymer having an 
uncharged hydrophilic segment and a charged segment (e.g., 
PEG-polycation) and a copolymer charged oppositely to the 
charged segment of the block copolymer (e.g., polyanion). 

It is contemplated that such vesicles formed via self-
assembly of polymers as mentioned above can encapsulate 
and carry various substances within their cavities for desired 
applications (for overview, see, e.g., Non-Patent Document 
3: H. Nyin et al. Soft Matter, 2006, 2, 940-949; and 
Non-Patent Document 4: "Liposome: New Developments in 
Applications", supervised by Kazunari AKIYOSHI et al., 
NTS Inc., 2005). 

A typical process of producing a vesicle encapsulating a 
substance within its cavity (hereinafter also referred to as 
"substance-encapsulating vesicle") includes mixing a sub-
stance to be encapsulated (hereinafter also referred to as 

2 
"encapsulation-target substance") with membrane compo-
nent polymers or a preformed polymer membrane to cause 
formation of a polymer vesicle via self-assembly simulta-
neously with enclosure of the substance into the vesicle 

5 cavity (hereinafter also referred to as "simultaneous mixing 
method"). Examples include: emulsion method (see, e.g., 
Non-Patent Document 5: F. Szoka, Jr et al., Proc. Natl. Acad. 
Sci. USA, 1978 75 (9) 4194-4198); and instillation method 
using organic solution of lipids (see, e.g., Non-Patent Docu-

10 ment 6: Batzri, S. et al., Biochim. Biophys Acta 1973, 298, 
1015-10 19). 

However, the simultaneous mixing method has a draw-
back that presence of the encapsulation-target substance 
may affect vesicle formation process via self-assembly, 

15 thereby preventing formation of a vesicle or, even if not, 
enclosure of the substance into the vesicle cavity. Another 
problem involved in this method is that it often requires use 
of organic solvent which is detrimental to membrane for-
mation, rendering the process complicated and causing 

20 damage to the encapsulation-target substance due to the 
organic solvent. This method has still another drawback that 
it is difficult to form vesicles having uniform particle size 
and structure unless carrying out an additional step, which is 
likely to render the process complicated. Thus, this method 

25 lacks versatility, and is not practical as a means for produc-
ing various kinds of substance-encapsulating vesicles. 

On the other hand, as a general method of producing a 
particle encapsulating a substance, there is a method in 
which an encapsulation-target substance is introduced into 

30 the cavity of an existing vacant particle such that the 
substance is enclosed and carried by the particle (hereinafter 
also referred to as "post-carrying method") (see, e.g., Non-
Patent Document 7: W. Tong et al. J. Phys. Chem. B, 2005, 
109, 13159-13165). This method could be an option for 

35 producing substance-encapsulating vesicles. 
However, application of the post-carrying method to 

vesicles would require any additional means to introduce an
encapsulation-target substance beyond the membrane of a 
vacant vesicle into the vesicle cavity. A conceivable method 

40 includes: making the vacant vesicle swell to relax the 
membrane; penetrating the encapsulation-target substance 
into the cavity through cleavage which has occurred on the 
relaxed membrane; and contracting the membrane to prevent 
release of the encapsulation-target substance. Another con-

45 ceivable method includes: opening pores on the membrane 
of the vacant vesicle; introducing the encapsulation-target 
substance into the cavity through the pores; and closing the 
pores to prevent release of the encapsulation-target sub-
stance. However, these methods are cumbersome and com-

50 plicated, too disadvantageous to be put into practical use. In 
addition, the particle size and the structure of the existing 
vacant vesicle would probably be disturbed during the 
process of enclosure and carriage of the encapsulation-target 
substance. Accordingly, these methods have been consid-

55 ered as being far from practical. 
Another published method for lipid bilayer membrane 

vesicles such as liposomes includes integrating a channel 
protein into the lipid bilayer membrane (see, e.g., Non-
Patent Document 8: Ranquin A, Versees W, Miere W, 

60 Steyaert J, Gelder P V., "Therapeutic Nanoreactors: Com-
bining Chemistry and Biology in a Novel Triblock Copo-
lymer", Drug Delivery System, Nano Lett., 2005, 5:2220-4). 
However, this method is not practical either, since the 
process is cumbersome and complicated and lacks versatil-

65 ity. 
Under such circumstance, the present inventors filed a 

patent application (Patent Document 3: W02011/145745A) 
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based on a surprising finding that a vacant vesicle formed of 
a membrane containing a first polymer, which is a block 
copolymer having an uncharged hydrophilic segment and a 
first charged segment, and a second polymer, which has a 
second charged segment oppositely charged to the first 
charged segment, wherein the membrane defines a cavity, 
can be used for producing a substance-encapsulating vesicle 
efficiently with ease by a method including mixing a vacant 
vesicle in aqueous medium in the presence of a target 
substance to be encapsulated (which method corresponds to 
a "post-carrying method" mentioned above), whereby the 
target substance is encapsulated into the vesicle cavity (inner 
aqueous phase) via self-assembly of the first and second 
polymers. 

PRIOR ART REFERENCES 

Patent Documents 

[Patent Document 1] JP-H8-188541A 
[Patent Document 2] W02006/118260A 
[Patent Document 3] W02011/145745A 
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[Non-Patent Document 1] Schlaad H. et al., Macromol-
ecules, 2003, 36 (5), 1417-1420 

[Non-Patent Document 2] Anraku Y et al., J. Am. Chem. 
Soc., 2010, 132 (5), 1631-1636 

[Non-Patent Document 3] H. Nyin et al. Soft Matter, 2006, 
2, 940-949 
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DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 

However, according to the conventional methods such as 
the post-carrying method, if a monodisperse population of 
vacant vesicles is mixed for encapsulation with a target 
substance present in aqueous medium in a concentration 
higher than a certain value, the monodispersity of the 
vesicles is disturbed, and the resultant substance-encapsu-
lating vesicles become to form a polydisperse population. 

In addition, encapsulation of a target substance into a 
vacant vesicle occurs as a statistical event depending on the 
concentration of the target substance present in aqueous 
medium. Accordingly, it is difficult to encapsulate two or 
more target substances into a vacant vesicle with controlling 
the encapsulation amount by the conventional methods such 
as the post-carrying method. 

Furthermore, electrostatic interaction-type vesicles pre-
pared by the conventional methods have limitations to the 
size of substances that can be encapsulated into the vesicle. 
Specifically, the maximum size of a substance to be encap-
sulated is limited to about 2 to 30 nm, while no vesicles 
encapsulating particles having a larger size (e.g., larger than 

4 
30 nm) have been obtained yet. In addition, since normal 
electrostatic interaction-type vesicles exhibit semipermeable 
membrane properties, the lower limit of the size of a 
substance to be encapsulated is defined as a molecular 

5 weight of about some thousands or higher, while it is very 
difficult to encapsulate a low-molecular compound having a 
lower molecular weight. 

Moreover, the encapsulation rate of a substance into a 
conventional electrostatic interaction-type vesicle depends 

10 partly on the physicochemical properties of the substance to 
be encapsulated, but is basically limited to a level achieved 
via probability depending on the concentration of the sub-
stance to be encapsulated in solution for mixture with the 

15 
vesicle. It is very difficult to encapsulate a substance into a 
vesicle with a higher efficiency. Specifically, the size of the 
substance to be encapsulated is significantly larger than the 
size of the vesicle (e.g., when encapsulating, into a vesicle 
having a size of about 100 nm, particles with a size of about 

20 10 nm (about one tenth) or larger), the resultant encapsula-
tion efficiency becomes very low, often leaving a large 
amount of the substance and without being encapsulated and 
also leaving a large number of vacant vesicles. 

In addition, according to the conventional methods for 
25 preparing electrostatic interaction-type vesicles, vesicles (or 

polymers as components thereof) are mixed with the sub-
stance to be encapsulated in aqueous medium to thereby 
encapsulate the substance into the vesicles. Therefore, it is 
very difficult to efficiently encapsulate into vesicles a sub-

30 stance which exhibits poor solubility into aqueous medium 
(poorly water-soluble substance). 

Thus, a first objective of the present invention is to 
provide a monodisperse population of substance-encapsu-
lating vesicles encapsulating a target substance at a concen-
tration higher than that achieved by the conventional meth-
ods (e.g., at a concentration which prevents formation of a 
monodisperse population of substance-encapsulating 
vesicles by the post-carrying method), as well as a method 

40 of producing a substance-encapsulating vesicle which 
allows for production of a monodisperse population of 
substance-encapsulating vesicles encapsulating a target sub-
stance at a concentration higher than that achieved by the 
conventional methods (e.g., at a concentration which pre-

45 vents formation of a monodisperse population of substance-
encapsulating vesicles by the post-carrying method). 

A second objective of the present invention is to provide 
a substance-encapsulating vesicle encapsulating two or 
more target substances with controlled encapsulation 

50 amounts, as well as a method of producing a substance-
encapsulating vesicle which allows for encapsulation of two 
or more target substance into vesicles with controlling the 
encapsulation amounts thereof 

A third objective of the present invention is to provide a 
method of producing a substance-encapsulating vesicle 
which can efficiently encapsulate, into an electrostatic inter-
action-type vesicle formed via self-assembly of polymers, 
particles having a larger size or a compound with a lower 

60 molecular weight with improved encapsulation efficiency 
compared with the conventional methods. 

A fourth objective of the present invention is to provide a 
method of producing a substance-encapsulating vesicle 
which can efficiently encapsulate, into an electrostatic inter-

65 action-type vesicle formed via self-assembly of polymers, a 
substance which is insoluble or poorly soluble to aqueous 
medium. 




