a2 United States Patent

Kataoka et al.

US010471019B2

US 10,471,019 B2
*Nov. 12, 2019

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@

(22)

(65)

(63)

(30)

SUBSTANCE-CONTAINING VESICLE, AND
PRODUCTION METHOD THEREFOR

Applicant:

Inventors:

Assignee:

Notice:

Appl. No.:

Filed:

US 2018/0008549 Al

JAPAN SCIENCE AND
TECHNOLOGY AGENCY,
Kawaguchi-shi, Saitama (JP)

Kazunori Kataoka, Tokyo (IP);
Akihiro Kishimura, Tokyo (JP);
Yasutaka Anraku, Tokyo (JP); Akinori
Goto, Tokyo (JP)

JAPAN SCIENCE AND
TECHNOLOGY AGENCY,
Kawaguchi-shi (JP)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.

15/683,988
Aug. 23, 2017

Prior Publication Data

Jan. 11, 2018

Related U.S. Application Data

Continuation of application No. 14/839,854, filed on
Aug. 28, 2015, now Pat. No. 9,782,358, which is a

(Continued)

Foreign Application Priority Data

Mar. 1, 2013
Aug. 27, 2013

(1)

Int. CL.

A6IK 9/51
AG6IK 910

(JP) oo 2013-041186
(JP) oo 2013-176068
(2006.01)
(2006.01)
(Continued)

(52) US.CL
.............. AGIK 9/5146 (2013.01); A6IK 9/10
(2013.01); A61K 9/5123 (2013.01); BO1J

13/14 (2013.01);
(Continued)
(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

7,498,045 B2
8,304,497 B2

3/2009 Chang et al.
11/2012 Kataoka et al.

(Continued)

FOREIGN PATENT DOCUMENTS

EP
JP

1878766 Al 1/2008
2001-146556 Al 11/2002

(Continued)

OTHER PUBLICATIONS

Non-Final Office Action dated Jul. 2, 2018 in U.S. Appl. No.
15/660,746.

(Continued)

Primary Examiner — Robert A Wax

Assistant Examiner — Melissa S Mercier

(74) Attorney, Agent, or Firm — Perkins Coie LLP; Viola
T. Kung

(57) ABSTRACT

Provided is a monodisperse agglomerate of a substance-
containing vesicle filled with a substance at a concentration
higher than conventionally possible. A mixed solution, in
which a target substance is included in an aqueous medium,
is mixed with a monodisperse agglomerate of a crosslinked
vesicle comprising a prescribed polymer which includes a
first polymer, i.e. a block copolymer having uncharged
hydrophilic segments and first charged segments, and a
second polymer having second charged segments carrying a

(Continued)




US 10,471,019 B2
Page 2

charge opposite to that of the first charged segments, and in
which the first polymer and/or the second polymer are/is
crosslinked. As a result, the crosslinked vesicle is made to
contain the target substance.

21 Claims, 37 Drawing Sheets

Related U.S. Application Data

continuation of application No. PCT/JP2014/055186,
filed on Feb. 28, 2014.

(51) Imt.CL
B01J 13/14 (2006.01)
C08G 69/10 (2006.01)
CO8G 69/40 (2006.01)
CO8L 77/04 (2006.01)
(52) US. CL
CPC ....cccue. C08G 69/10 (2013.01); CO8G 69/40
(2013.01); COSL 77/04 (2013.01)
(56) References Cited

U.S. PATENT DOCUMENTS

9,051,437 B2
9,314,529 B2

6/2015 Kishimura et al.
4/2016 Kataoka et al.

9,750,687 B2 *
9,782,358 B2
9,808,480 B2
10,322,092 B2 *
2005/0003016 Al
2009/0081458 Al
2013/0202711 Al

9/2017 Kataoka .............. AG61K 9/1273
10/2017 Kataoka et al.
11/2017 Kataoka et al.
6/2019 Kataoka ............... AG61K 9/5146
1/2005 Discher et al.
3/2009 Kataoka
8/2013 Kataoka

FOREIGN PATENT DOCUMENTS

WO 2011/145745 A1 11/2011
WO 2012/014942 Al 2/2012
WO 2014/058079 Al 4/2014

OTHER PUBLICATIONS

Anraku, Yasutaka et al., “PCI-gata Vesicle no Tokucho o Ikashita
Koso Prodrug Ryoho-yo Carrier no Kochiku”, Polymer Preprints,
Japan, vol. 62, No. 1, May 14, 2013 (May 14, 2013), p. 1885
(1Pel41).

Kishimura, Akihiro et al., “Busshitsu Tokasei Kobunshi Capsule
PICsome no Kaihatsu to sono DDS Oyo”, The Pharmaceutical
Society of Japan Dai 133 Nenkai DVD Yoshishu, Apr. 25, 2013
(Apr. 25, 2013) (received date), 28Q-pm15.

International Search Report for International Application No. PCT/
JP2014/055186, dated Jun. 3, 2014.

European Search Report dated Aug. 10, 2016 in EP Application No.
14757219.2.

* cited by examiner



U.S. Patent Nov. 12,2019 Sheet 1 of 37 US 10,471,019 B2

F1G. 1

(a)




US 10,471,019 B2

Sheet 2 of 37

Nov. 12, 2019

U.S. Patent

FIG. 2

/

1a

FIG. 3

(a)

b

Z2a

1ag

44444444

Y

M A AR S o s

44444444

44444444

<<<<<<




U.S. Patent

Nov. 12,2019 Sheet 3 of 37

FIG. 4

(a)

23

2a 3b
(b)
2a Zb 3b 3a
N J L

US 10,471,019 B2



U.S. Patent Nov. 12,2019 Sheet 4 of 37 US 10,471,019 B2

F1G. 5A

{Sized7.2nm, PDLO.OBT)

F1G. 5B

{(SizeB27 5nm, PDIO.G1Y)



U.S. Patent Nov. 12,2019 Sheet 5 of 37 US 10,471,019 B2

R
e

(Size:561.9nm, PDLO.BES)



U.S. Patent

INTENSITY (mV)

INTENSITY (mV)

Nov. 12, 2019

Sheet 6 of 37

IMMEDIATELY AFTER PURIFICATION

US 10,471,019 B2

500 —
400 —
300 —
200 —
100
0 L
| l I |
0 10 20 30 40
TIME (MIN)
THREE DAYS LATER
500 —
400 —
300 —
200 -
100 —
0~ J k\\__
i 1 i |
0 10 20 30 40

TIME (MIN)



U.S. Patent Nov. 12,2019 Sheet 7 of 37 US 10,471,019 B2

FIG. 7
(a)

12000+
10000 -
8000 -
6000 -
4000
2000 -

O—I t l i i
0 10 20 30 40

TIME MIN)

INTENSITY AT 409nm{u V}

(b)

12000
10000 1

8000
6000
4000 -
2000

N

] l

10 20 30 40
TIME (MIN)

INTENSITY AT 409rm{u V)




U.S. Patent

FIG. 8

Nov. 12,2019 Sheet 8 of 37

(a)

1.00
.80

0.80

(.70
0.60

Q.50
0.40

Tmm ABSORBANGCE

0.30

0.20

\

0.10

\

A\

w

S~

iy o

PPN

0.00
-0.10

220 25

200

0 300 350 400 450 500 550 600 650 700 750
WAVELENGTHwm)

(b)

1.80

1.60
140

1.20 -
1.00

(.80

fmm ABSORBANCE

.60
0.40

0.20
0.00

oo,

-0.20

220 25

0 300 350 400 450 500 550 600 650 700 750
WAVEL ENGTHnm)

US 10,471,019 B2



U.S. Patent Nov. 12,2019 Sheet 9 of 37 US 10,471,019 B2

CD(m deg)

/,:/‘/ A:Cyt C@PICsomel(pH 7.4)

F B:Cyt C@PICsome(pH 2.0)
04/ b C{Cyt CHFITC-Dex)@PICsome(pH 7.4)
D:{Cyt CHFITC-Dex)@PICsomelpH 2.0

¥ ! H v i - 1
240 280 320 360
WAVELENGTH (nw)



US 10,471,019 B2

Sheet 10 of 37

Nov. 12, 2019

U.S. Patent

{0/ 80 MO T LYRARIONOD BIE0A1Y
b 4 01

F4
/B 0T IVEINAONDG BISHdlY

(V)01 914

£

g1 T

I 30 3ATIVEVAROO ()



U.S. Patent Nov. 12,2019 Sheet 11 of 37 US 10,471,019 B2

FIG. 10(B)
0.6 ~— EXAMPLE 1-3
= 04-
2 COMPARAT [VE
< EXAMPLE 1-3
0.2
.

} i i i i i
300 350 400 450 500 550
AVELENGTH (nm)



U.S. Patent Nov. 12,2019 Sheet 12 of 37 US 10,471,019 B2

20mM NaCl

FIG 11
Lo Necr

SreM NaCl




U.S. Patent Nov. 12,2019 Sheet 13 of 37 US 10,471,019 B2

FIG. 12

FI1G. 13
0.04
®
= 003
E
S
£ 002
2 @
S ®
2 0.0
I ®
@
G& H i f f f 1
0 20 40 60 80 100 120

TIME (MIN)



U.S. Patent Nov. 12,2019 Sheet 14 of 37 US 10,471,019 B2

FIG. 14

0.035
0.03

0.025
0.02

0.015
0.01

ENZYMIC ACTIVITY (U/mb)

0.005

o 2 4 8 8 10 12 14 18
TINE (DAY)



U.S. Patent Nov. 12,2019 Sheet 15 of 37 US 10,471,019 B2

——GROUP 1
~m-GROUP 3
-t~ GROUP 8
~»%~-GROUP 5
—e—(GROUP 6
-0~ GROUP 7
——GROUP 8

_A

/
1/

(b)
TIME (DAY)

TINE (DAY)
(d)

10
)7
10

KO

—R o
000000 O o

DOQOWOLWO WO IO
~ © IO < MO N - TN AHNN — —
ey INNTIOA HOWAL JATLVIRY JWNTI0A HORNL JATLVIN
(;‘j —~ &N 0 o~ <+ ©
s o oo o o o o
b 33 3 333
&F e £ o= &
b4 b4
8 2

A
o
%

(a)
/
1/
1
X o tm% *
20
TIME (DAY)
{c)
//_\l
/
1/
<
=
20
TINE (DAY)

10

§

4O
LOWOWOINO LOWOWOWO
FFOARANN — = PO FFO RN —=0C

JWNT0A HOKNY ATLIVI JRNI0A OWNL FATLVTN



US 10,471,019 B2

Sheet 16 of 37

Nov. 12, 2019

U.S. Patent

0t

0z 01 0

(AVQ) IWIL

8 dNoYy -+

L dNoYo -o-
9 dNoYo ~e-

§ dNoUD ¢

(P)
(AVO ML
o€ 02 ol 0

_ : _ 0
z0

8 dNoYd —- .
¢ dNoYd —m- vo
b dNoYo —e— 90
80

LHOI3M ACOS 3ATLVI3Y

IHBTIM AdCE ATLVISY

(AYO) 1L
0¢ 0¢ 4] 0
: : : 0
A
8 dnouy —— )
¥ dnoY¥o o~ v
Z dnoyn —o— 90
80
1
AR
(@)
(AVO) 1L
0¢ 0¢ 4] 0
. : : 0
¢0
8 dfNoYy —w— )
Z dnoyn —— 0
I dNOYo ~e— 90
80
|
rAl!
g1 Bl

LHOI3M ACOH 3ATLIVIN

EVYSAAEL

jwd
o

IHOI3M A



U.S. Patent Nov. 12,2019 Sheet 17 of 37 US 10,471,019 B2

-»~ GROUP 5
~8~ GROUP 6
~O~ GROUP 7
~4&~ GROUP 8

—— GROUP 1
—#-GROUP 3
—4—GROUP 8

— /ig ;g: Q §
i B e 3 =
e’ [ aad S o
| Lo Nt
(o] W <t (e [a] pnnn [e»] < 19} <t [ag] N Yo (e
STVALAYNS 40 ¥IGNON SIVALAYNS 40 ¥IgHNN
e
o
i
N O o o<t O
[ T = TR = T Q. Q. Q.
233 333
5 %55 5 &5
u/io o oo
= J// ™ S o Ng
— A RN w
= =

W It M N — O w Wt MmN - O

STIVAIAINS 40 Y3GWAN STIVALAYNS 40 YIGNNN



U.S. Patent Nov. 12,2019 Sheet 18 of 37 US 10,471,019 B2

Fl1G. 18

20

15 z

10

6D0SE
i

24 HOURS 72 HOURS



U.S. Patent Nov. 12,2019 Sheet 19 of 37 US 10,471,019 B2

FIG 19

oo Bo b
o < o
i ! §

3
!

FREQUENGY (%)

(&g
i

<

i

{
1 10 100 1000 10000
PARTICLE DIAMETER{d. nm)

FIG. 20

H0nm
MSN-ENCAPSHLATING PiCsome

0000000000000

F00nm



U.S. Patent Nov. 12, 2019 Sheet 20 of 37 UsS

10,471,019 B2

Fig, 21
501 /\ NGH-EICAPSULATED SN - 50
- MSN-ENGAPSULATING . |~
f’d:g 25~ PiCsome ; - 25 W
0- N~ e
l i 1 H l} i
g i 2 3 4 5 6
TINE (WIN)
FIG. 22
25
20+
S 15-
= 104
i 5 ]
D e : ,
1 10 100 1000 10000

PARTICLE DIAMETER(d. nm)



U.S. Patent Nov. 12,2019 Sheet 21 of 37 US 10,471,019 B2

FIG. 23

FIG 24
75 v NON-ENGAPSULATED SN 75
A | /
= 907 SN-ENCAPSULATING 50
b PiGsome o = EE
T 25- N -25
0 ~{
¥ i i { 7 {
) 1 2 3 4 5 4]

TIME (MIND



U.S. Patent Nov. 12,2019 Sheet 22 of 37 US 10,471,019 B2

FIG. 25

] [o8]
(41 [
| ]

20

FREQUENCY (36)
TR
; i }

<

10 100 1000 10000
PARTICLE DIANETER(, nm)

.

FI1G. 26

Hlrm
NON-ENCAPSULATED MSN

S00nm



U.S. Patent Nov. 12,2019 Sheet 23 of 37 US 10,471,019 B2

FIG. 27
400 400
A NON-ENGAPSULATED MSN
{
d o
= 200 3 -200 I
® MSH-ENGAPSULATING \
PiCsome -~ a»——“”//\\\\"""""""""““
G e e e et ,,40
i ¥ l H { 1
0 1 2 3 4 5 6

TIME(MIND



U.S. Patent Nov. 12,2019 Sheet 24 of 37 US 10,471,019 B2

FIG. 28
(a)




U.S. Patent Nov. 12,2019 Sheet 25 of 37 US 10,471,019 B2

(b)




U.S. Patent

Nov. 12, 2019 Sheet 26 of 37

FI1G. 30

Vi

US 10,471,019 B2

S 12.500 cps

s\

.94 kev 8.08 kev
FI1G. 31
120

3 100 i \ A &

NS A

w80

=

2
I 1 H H H H
20 40 60 30 100 120

TIME (HOUR)



U.S. Patent Nov. 12,2019 Sheet 27 of 37 US 10,471,019 B2

FIG. 32

45

440 Y
— SIMULATED
EaRE L & foov FLie
= 30 PN 4 C10mM PBS e
S o8
&
> 201g
= (5%
& 10# ] 1 [ i 3

4 -

0‘%—9 H H i l

0 50 100 150 200

THME (HOUR)



U.S. Patent

450.00
400.00
350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00
-50.00

CELL STRENGTH

250.00

200.00

150.00

100.00

CELL STRENGTH

50.00

0.00

Nov. 12, 2019

Sheet 28 of 37

FI1G. 33
(a)
3
% =
{73 48 HOURS
-
’ 72 HOURS
//f" ¥ 1 1
i 2 5
SANPLE NO.
(b)
I ) /, [ 49 HOURS
J 72 HOURS
,-"/:: T b
o . v 1 | O N s ] !
i 2 5

SANPLE NO.

US 10,471,019 B2



U.S. Patent Nov. 12,2019 Sheet 29 of 37 US 10,471,019 B2

FIG. 34

(a)

1200

-t
-i

100.0

80.0 :

60.0

bt

40.0

CELL SURVIVAL RATE (%)

2001 1 1 1 1 1

00 1 i i 1 I i
1 2 3 4 5 6

SAMPLE NO.

(b)

120.0

100.0

s

80.0

&

60.0

40.0

CELL SURVIVAL RATE (%)

;<]

20.0

Hi

00 i i i i i i
1 2 3 4 ) &

SAMPLE NO.




U.S. Patent Nov. 12,2019 Sheet 30 of 37 US 10,471,019 B2

FIG. 35
{a)
100
80
= 60
2 [ 48 HOURS
£ 40 [ 72 HOURS
T 90 _
¥ { I
1 2 5
-20
SAMPLE NO,
(b)
100
80
= 60
%
= 40 [7] 48 HOURS
| ) 172 HOURS
26 H_ i X /
¥
0 1 i 2 i 5 i

SAMPLE NO.



U.S. Patent Nov. 12,2019 Sheet 31 of 37 US 10,471,019 B2

FIG. 36
(a)

1200

-

100.0

dd

80.0

60.0

it

b

40.0

GELL SURVIVAL RATE (98)

20.0

0.0 [

i 1 { i i i

1 2 3 4 3 6
SAMPLE NO.

(b)

120.0
100.0

4

44

80.0

60.0
40.0

(ELL SURVIVAL RATE (%)

20.0

GO i i 1 1 i = |

1 2 3 4 3 6
SAMPLE NO.



U.S. Patent

RELATIVE TUMOR VOLUME

RELATIVE TUMOR VOLUME

60

Nov. 12, 2019

Sheet 32 of 37

FIG. 37
(a)

US 10,471,019 B2

< GROUP 1

3 GROUP 3
A GROUP 6

» GROUP 7

TIME (DAY)

(b)

<& GROUP 2
{1 GROUP 4

O GROUP 5

X GROUP 7

TIME (DAY)



U.S. Patent

15

10

%DOSE

15

—
(@)

%DOSE/g (TUMOR)

(4]

US 10,471,019 B2

Nov.12,2019  Sheet 33 of 37
FIG. 38
——
At A2 B1 B2
GROUP
FIG. 39
Al A2 B1 B2

GROUP



U.S. Patent Nov. 12,2019 Sheet 34 of 37 US 10,471,019 B2

FIG. 40
20+
184
16
9 14
= 12-
= 10+
© 8-
= G-
4...
2...
0 Y :
i 100 10400 10000

PARTICLE DIAMETER (D, nm)

FIG. 41
20-
16
16
3 14-
= 12
2 10-
L 8-
= o
4..
2..
0 i =
1 100 1000 10000

PARTICLE DIAMETER(d, nm)



US 10,471,019 B2

Sheet 35 of 37

Nov. 12, 2019

U.S. Patent

G 42

|

F

200nm

00ren

A3

G

!

F




U.S. Patent Nov. 12,2019 Sheet 36 of 37 US 10,471,019 B2

FIG. 44

25+
20
15+

10+

INTENSITY (%)

G . ! . H
1 10 100 1000 10000
PARTICLE DIAMETER(d, nm)

FIG. 45

INTENSITY (%)

0 . 7
1 10 100 1000 10000

PARTICLE DIAMETER (d nm)



U.S. Patent Nov. 12,2019 Sheet 37 of 37 US 10,471,019 B2

F1G. 46

200nm 160vem



US 10,471,019 B2

1

SUBSTANCE-CONTAINING VESICLE, AND
PRODUCTION METHOD THEREFOR

This application is a continuation of U.S. application Ser.
No. 14/839,854, filed Aug. 28, 2015; which is a continuation
of PCT Application No. PCT/JP2014/055186, filed Feb. 28,
2014; which claims the priorites of Application Nos. IP
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-HO8-188541A, 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 (WO2006/118260A, 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
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“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
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-
ment 6: Batzri, S. et al., Biochim. Biophys Acta 1973, 298,
1015-1019).

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

Under such circumstance, the present inventors filed a
patent application (Patent Document 3: WO2011/145745A)
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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.
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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
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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
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
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
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
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
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-
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
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-
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
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
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-
action-type vesicle formed via self-assembly of polymers, a
substance which is insoluble or poorly soluble to aqueous
medium.






