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(57) ABSTRACT

Provided is a method for producing vesicles which comprise
a lipid as a main component and which encapsulate a func-
tional substance therein. The method includes the steps of (a)
putting the functional substance, lipid and water in a cylin-
drical container; and (b) producing the vesicles encapsulating
the functional substance in lipid vesicles which comprise the
lipid as a major component and which encapsulate the func-
tional substance therein, by kneading the contents of the
container with simultaneous rotational movement of the con-
tainer around its center axis together with revolutionary
movement of the container about a predetermined axis of
revolution.
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METHOD FOR PRODUCING VESICLES

FIELD OF THE INVENTION

[0001] The present invention relates to a method for pro-
ducing a phospholipid vesicle (liposome) preparation. Spe-
cifically, the present invention relates to a method for produc-
ing a dense suspension of an artificial oxygen carrier
(hemoglobin vesicle) with greater efficiency than had been
conventionally possible.

DESCRIPTION OF THE RELATED ART

[0002] The current system for blood donation and transfu-
sion has been established as an indispensable technique for
clinical medicine. With many problems (infection, shelf life,
decrease in the number of blood donors, and so on), however,
it is an urgent challenge to find an alternative to the donated
blood. Especially needed is the development of an alternative
to red blood cells, which have an oxygen-carrying function.
As hemoglobin (Hb), which is contained in red blood cells at
a high concentration, is an oxygen-binding protein, an artifi-
cial red blood cell using hemoglobin has been developed. Itis
possible to completely remove pathogens and blood group
antigens from hemoglobin by rigorous purification from red
blood cells. Versions of chemically modified hemoglobing
(those bound to water-soluble polymers, those with intramo-
lecular crosslinks, and those which are polymerized) as well
as hemoglobin vesicles and the like which encapsulate highly
purified hemoglobin in the inner aqueous phase of phospho-
lipid vesicles or polymer capsules have been known as arti-
ficial oxygen carriers that utilize hemoglobin. Reviewing glo-
bal trends, the development of modified hemoglobin
solutions took a lead, and some of them reached the final
phase of clinical trials. Series of development projects have
been abandoned due to unexpected adverse effects and selec-
tion is still in progress. This is because they lack a physiologi-
cally significant structure of the red blood cell. The red blood
cell is a discoid and biconcave particle of approximately 8
micrometers in diameter with a depressions at the center
thereof, which has highly concentrated (about 35%) hemo-
globin (molecular weight: 64,500), which is toxic in nature,
encapsulated within the red blood cell membrane. Chemical
modification of hemoglobin alone cannot eliminate hemoglo-
bin toxicity completely (Non-patent Document 1; Sakai H.
and Tsuchida H. (2009) Pharmacia, 45: 23-28 (in Japanese)).

[0003] Historically, it was reported in the late 1960°s that
self-assembly of an amphiphilic molecule, phospholipid, in
water results in a bilayer membrane, which composes a
vesicle structure (phospholipid vesicle, liposome). Since the
Jate 1970’s, attempts have been made to encapsulate hemo-
globin in the phospholipid vesicle. Such encapsulation was
not realized, however, because preparation was difficult such
as control of vesicle size, and because there were not suffi-
cient means to prevent aggregation caused by interaction with
blood plasma proteins (Non-patent Document 2; Djordjevich
L.and Miller I. F. (1977) Fed. Proc., 36: 567). Later, however,
a technique to cover a highly concentrated solution of hemo-
globin with phospholipid bilayer membrane employing an
extrusion method, and control of vesicle size such that
vesicles could flow, especially through blood capillaries, as
well as improvements in dispersion stability were achieved,
and a hemoglobin vesicle was reported as being produced
(Non-patent Document 3; Sakai H, Hamada K, Takeoka S,
Nishide H, Tsuchida E. (1996) Biotechnol. Prog., 12: 119-
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125). It was possible to suppress aggregation among vesicular
particles and to increase the dispersion stability by disposing
polyethylene glycol on particle surfaces. It was also possible
to preserve the vesicle in a liquid state for a long period of
time at room temperature by removing oxygen completely
from the suspension (Patent Document 1; Japanese Patent
No.:3466516). Animal testing were conducted and the safety
of the hemoglobin vesicle as an alternative to blood transfu-
sion and the details of oxygen-carrier functions were clarified
(Non-patent Document 4; Sakai H, Sou K, Horinouchi H,
Kobayashi K, Tsuchida E. (2008) J. Intern. Med., 263: 4-15).
So far, its use as a resuscitation fluid for hemorrhagic shock,
as a supplementary administration (dilution of blood) to
patients with repetitive bleedings during surgical operations,
as a prime fluid for extracorporeal circulation circuits (artifi-
cial heart-lung machines) and the like have been examined
and the hemoglobin vesicle has been demonstrated to have a
sufficient efficacy as an oxygen carrier. For diseases which
cannot be treated by transfusions, prevention of expansion of
infarct zone by administering to models of cardiac and cere-
bral infarction, supply of oxygen in ischemic region of
pedicled flap, improvement of the efficacy of radiation
therapy by oxygenation, and use as an oxygen source for an
organ to be transplanted and for cultured cells, have been
examined (Non-patent Document 5; Tsuchida E, Sou K,
Nakagawa A, Sakai H, Komatsu T, Kobayashi K. (2009)
Bioconjug. Chem., 20: 1419-40).

DISCLOSURE OF THE INVENTION

[0004] Known methods for preparing phospholipid
vesicles include ultrasonic irradiation, reverse-phase prepa-
ration with organic solvents, dispersion with a surfactant
followed by subsequent removal with dialysis, and the like
(Non-patent Document 6; “Liposomes,” ed. by Nojima S.,
Sunamoto I., Inoue K. (1988) Nankodo, Tokyo Japan). For
the manufacture of a preparation comprising a functional
protein such as hemoglobin of which administration into
blood vessels is presumed, however, these methods are not
suitable because of concerns regarding protein denaturation
during the manufacturing process and regarding the presence
ofresidual substances. In addition, in view of the large dose to
be administered compared to liposome preparations in gen-
eral, these methods are extremely inefficient in producing an
artificial red blood cell preparation. The ratio of hemoglobin
weight per unit lipid weight is employed as a parameter
representing the performance of an individual particle of the
artificial red blood cell. The higher the value of the parameter,
the more efficiently the hemoglobin-bound oxygen can be
delivered. To this effect, it is necessary to set the hemoglobin
concentration in the inner aqueous phase of the particle as
high as possible. More specifically, it is required to disperse
complex lipid in a solution of highly concentrated hemoglo-
bin (e.g. 35-45 g/dL) and to encapsulate the highly concen-
trated hemoglobin while the vesicles are formed. The solution
of highly concentrated hemoglobin is viscous and as lipid
powder is dispersed in it, it will become more viscous.

[0005] In case the particle size is controlled according to
the so-called Extrusion Method by passing through filters
with different pore sizes in a stepwise manner (for example,
passing through MF filters of EMD Millipore Corporation
with pore sizes of 3.0 micrometers, 0.8 micrometers, 0.6
micrometers, 0.45 micrometers, 0.3 micrometers, and 0.22
micrometers in this order), changing the filters is tedious and
the filters tend to clog. To circumvent these problems, it has
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been known to use freeze-dried powder of vesicles which
have been formed with the lipid in the aqueous solution
(Non-patent Document 7; Sou K., Naito Y., Endo T., Takeoka
S., Tsuchida E. (2003) Biotechnol. Prog., 19: 1547-1552;
Patent Document 2; Japanese Patent Application No. 2000-
344459 (W02002/038128)). However, removing water by
freeze drying takes an extremely long time and costs are high.
Thus, with industrial implementation in mind, the low effi-
ciency has been a problem. Furthermore, dried vesicles of
small particle sizes may be included and, after dispersion in
the hemoglobin solution, may still persist without sufficiently
encapsulating hemoglobin. Considering the efficiency of
mixing and extrusion, there was a limitation in the weight of
dry lipid that can be supplemented in the viscous and dense
solution of hemoglobin. The upper limit was 6 g/dL at most
(meaning that 6 g of lipid is dispersed in 1 dL of dense
hemoglobin solution). There were also problems that, after
the mixing, it takes a long time to remove a large amount of
foam which is formed, that the foam contributes to denature
proteins, and that the lipid powder remains as lumps without
being dispersed completely.

[0006] As amethod for dispersing dried powder of complex
lipid into the viscous and dense solution of hemoglobin using
ablade agitator, it has been an additional problem that it takes
a long time to implement the method because lipid lumps may
sometimes be formed, that the foam formed during hydration
of the lipid powder hardly disappears in the viscous solution,
reducing the filtration rate in the extrusion procedure, and that
the lipid lumps, which could not be dispersed, remain on the
filter and result in loss. Recovery yield for the hemoglobin
was 20% at best. The hemoglobin which was not included in
the vesicles had to be recycled by recollection and re-concen-
tration, or had to be discarded. Thus, this method was
extremely inefficient.

[0007] Another known method comprises a step of reduc-
ing particle size by generating shear stress by causing colli-
sion of opposing flows of viscous solutions of hemoglobin
dispersed with complex lipid at high velocity and pressure
(Non-patent Document 8; Beissinger R. L., Farmer M. C.,
Gossage J. L. (1986) ASAIO Trans., 32: 58-63). In this
method, however, it was difficult to control the shear stress. In
order to pass the solutions of hemoglobin dispersed with lipid
through a circuit, the solutions were required to have some
degree of fluidity, and therefore, the lipid concentration had to
be reduced to about 6 g/dL. As a result, the recovery yield of
hemoglobin was as low as about 20%.

[0008] Still another known method comprises the steps of
forming a paste by emulsifying lipid powder with a small
volume of water to become hydrated and swell, and encap-
sulating hemoglobin by mixing the paste with a solution of
hemoglobin at a high speed to form an emulsion (Patent
Document 3; Japanese Published Patent Application No.:
2009-035517). When the dried lipid was hydrated with the
small volume of water, it was possible that vesicles were
formed. After mixing with the hemoglobin, the vesicles may
remain empty (only water inside) without encapsulating the
hemoglobin. As a result, the hemoglobin could not be encap-
sulated efficiently. Thus, reduced encapsulation efficiency is
expected.

[0009] The present invention was developed in view of the
above-mentioned problems. An object of the present inven-
tion is to provide a novel method for producing a preparation
of phospholipid vesicles (liposomes).
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[0010] Another object of the present invention is to provide
a method for producing efficiently a dense solution of a dis-
persed artificial oxygen carrier (hemoglobin vesicle) which is
used, especially in the medical field, as an alternative to blood
transfusions.

[0011] A further object of the present invention is to pro-
vide a method for producing a preparation of phospholipid
vesicles (liposomes) which increase the recovery yield of
hemoglobin remarkably better than had been conventionally
possible, with more simplified processes, shorter operation
time, and higher biocompatibility.

[0012] In order to enhance oxygen carrier performance of
an individual particle, it is also important to mix dried com-
plex lipid powder directly with a dense hemoglobin solution.
Thus it is also an object of the present invention to provide an
efficient method for mixing “a large amount of bulky powder
of dried complex lipid” with a “viscous and dense solution of
hemoglobin,” encapsulating the dense solution of hemoglo-
bin inside the vesicles, controlling the particle size and
increasing the recovery yield of hemoglobin.

[0013] The phospholipid vesicle first contacts blood com-
ponents after administration into a blood vessel. It has been
known that serious complement activations are triggered
depending on the lipid composition of the phospholipid
vesicle, affecting hemodynamics (Non-patent Document 9;
Szebeni J. (2005) Toxicology, 216: 106-121). It has been
understood that a small amount of negatively-charged lipid is
effective in encapsulating hemoglobin into phospholipid
vesicles efficiently. It was reported, however, that some of the
negatively-charged lipids can trigger a complement activa-
tion and that whether the complement reaction is triggered
depends on the molecular species of the negatively-charged
lipids. Therefore, it is important to select a particular species
of the negatively-charged lipids. In addition, as the major
lipid compounent of phosphatidylcholine-type phospholipids,
1,2-dipalmitoyl-sn-glycero-3-phosphoatidylcholine (DPPC)
and hydrogenated lecithin derived from soybeans (HSPC) are
frequently used. Their gel-liquid phase transition tempera-
tures are as high as 41° C. and 50-56° C., respectively. During
the course of completion of the present invention, it was
realized that higher energy (shear stress, agitation speed) is
required to control the particle size by dispersing in the dense
hemoglobin solution complex lipid comprising lipid with a
higher phase transition temperature. It was required to select
a lipid with a lower phase transition temperature (below 30°
C.). The lipid membrane composition of phospholipid
vesicles is heterogeneous with multiple components. Thus, it
is an object of the present invention to select each of the
components and to determine their compound ratio.

[0014] Considering the above-mentioned background and
problems and studying diligently, the inventors of the present
invention has conceived of amethod for preparing an artificial
red blood cell by adopting the principle of kneading opera-
tions, to disperse dried lipid powder homogeneously in a
dense hemoglobin solution, to form a small vesicle, to control
the particle size, to increase recovery yield of hemoglobin,
and to suppress denaturation of hemoglobin during the opera-
tion. For example, although a mixer/deaerator (Patent Docu-
ment 4; Japanese Patent No.: 3860770; Patent Document 5;
Japanese Patent No.:2711964) is being used to prepare a
kneaded material (a paste-like material in which a small
amount of liquid is mixed with a large amount of powder), the
present inventors discovered that the mixer/deaerator has a
function other than simple mixing. The present inventors also
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focused on the point that the machine can carry out the opera-
tion efficiently. Basically, the machine carries out planetary
movement of simultaneously revolving while rotating a
cylindrical container in which a sample to be kneaded is
included, so that the sample can be homogeneously mixed
and foam can be destroyed by the centrifugal force of revo-
Tution. By kneading in a closed container, it is possible to
maintain a sterile atmosphere. In one embodiment of the
present invention, a larger amount of lipid powder than before
can be added and dispersed in a hemoglobin solution, and a
solution of dispersed hemoglobin vesicle can be prepared
efficiently. In addition, it is possible not only to disperse the
lipid but also to control the particle size of the vesicles which
are formed by the self-assembly of lipid molecules. As a
strong shear stress is generated, it is important to pretreat the
hemoglobin to be bound to carbon monoxide or to be trans-
formed as deoxyhemoglobin in order to stabilize the hemo-
globin at divalent iron state. In the prior art, it has been known
that binding of carbon monoxide to hemoglobin enables viral
inactivation by heating treatment (low temperature pasteur-
ization) during the purification process of hemoglobin (Patent
Document 6; Japanese Patent No.: 3331433), that a transfu-
sion preparation has a cytoprotective effect by administering
hemoglobin vesicle which is bound to carbon monoxide
(Patent Document 7; Japanese Published Patent Application
No.:2007-269665), and that a transfusion preparation can be
stored for a long time by transforming to deoxyhemoglobin
(Patent Document 8; Japanese Patent No.: 3466516). The
present invention is the first to use this technique to prevent
denaturation during the kneading operation.

[0015] Conventionally, examples of application of knead-
ing machines (mixer/deaerator) include: gold/silver/carbon
paste and the like for electrical conducting/resistor materials;
glass/ceramic paste and the like for sealing/insulating mate-
rials; epoxy resin and the like for sealing materials/adhesives;
LED fluorescent agent silicone resin and the like for molding
materials; ink/paint/pigment and the like for mixing different
coloring materials; dental materials/pharmaceutical ointment
materials/cosmetic base materials and the like for manufac-
turing; precision parts and the like for abrasive purposes; and
for emulsifying oil and water such as in mayonnaise which
are immiscible in nature, in the food industry. There has been
no example, like the present invention, of dispersing lipid
molecules to form molecular assembly or using a kneading
machine to prepare a liposome for i.v. injection. The reason is
presumably because, in the conventional so-called liposome
preparation, there has been no need to encapsulate such a high
concentration of solution, or at such a high efficiency, or to
administer such a high dose. It was first reported in 1977
(Non-patent Document 2; Djordjevich L. and Miller I. .
(1977) Fed. Proc., 36: 567) that hemoglobin is encapsulated
in phospholipid vesicles (liposomes). Thirty-four years have
passed since then. Development of kneading machines based
on the planetary movement of containers dates back to earlier
than 1992 (Patent Document 5; Japanese Patent No.:
2711964), from which nineteen years have passed. During
this period, as there has been no example of the kneading
technique being used for the preparation of hemoglobin
vesicles, it is apparent that the present invention could not be
readily conceived of by those skilled in the art.

[0016] Besides the above-mentioned mixer/deaerator
apparatus (e.g. manufactured by THINKY CORPORATION,
KURABO INDUSTRIES LTD., etc.), apparatuses are known
that have an kneading effect by a rotation and revolution
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movement (planetary movement) with two twisted open
frame type blades as well as an action of impact and shear by
a turbine blade (PD Mixer, Planetary Mixer, etc. manufac-
tured by INOUE MFG., INC.), thus these apparatuses may be
used as well with an effort to control the pressure for destroy-
ing the foam, an effort to suppress foaming, and an effort to
generate enough shear stress.

[0017] As for the phosphatidylcholine-type phospholipids,
which are the major component, it is easy to disperse complex
lipid powder, to promote the forming of vesicles, and to
control particle size by using one which has the lowest pos-
sible phase transition temperature. Conventionally, a nega-
tively charged lipid had been required in order to increase
encapsulation efficiency. However, it is possible to increase
the biocompatibility with 1,5-O-dihexadecyl-N-succinyl-L-
glutamate (Non-patent Document 10; Sou K., Tsuchida E.
(2008) Biochim. Biophys. Acta, 1778: 1035-1041). As such,
it is extremely critical to select the components and compo-
sition of the phospholipid vesicle as multicomponent com-
plex.

[0018] In case the particle size of the hemoglobin vesicle is
about 200-300 nm, it may be necessary to apply some pres-
sure for the hemoglobin vesicle to pass through a sterile filter
with a pore size 0£0.22 micrometers, so that the sterility could
not be guaranteed. In such a case, beta-propiolactone is to be
supplemented in the final step of the process (Non-patent
Document 11; LoGrippo G. A., Wolfran B. R., Rupe C. E.
(1964) JAM.A., 187: 722-766). As this reagent may induce
protein denaturation according to the principle of sterility, it is
important to stabilize hemoglobin beforehand by the above-
mentioned methods. As beta-propiolactone is carcinogenic in
nature, it is necessary to confirm that the residual compound
is completely inactivated by hydrolysis.

[0019] To achieve the above-mentioned objects, according
to other major aspects of the present invention, a method is
provided for producing vesicles encapsulating a functional
substance comprising the steps of; (a) containing the func-
tional substance, lipid and water in a cylindrical container;
and (b) producing lipid vesicles which comprise the lipid as a
main component and which encapsulate the functional sub-
stance therein, by kneading the contents of the container with
simultaneous movements of rotating the container around its
center axis together with revolving the container about a
predetermined axis of revolution.

[0020] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles, wherein the contents contained in the cylindrical
container in step (a) of the above-mentioned method are
prepared by adding the lipid in an aqueous solution compris-
ing the functional substance. Furthermore, a method is pro-
vided for producing vesicles, wherein the content contained
in the cylindrical container in step (a) of the above-mentioned
method is prepared by dispersing a lipid powder in the water,
the lipid powder being obtained by drying the lipid compris-
ing the functional substance. Also, a method is provided for
producing vesicles, wherein the functional substance is
hemoglobin and the aqueous solution of step (a) is prepared
by adding 15 g or more of a complex lipid powder as the lipid
per 1 dL of an aqueous solution of hemoglobin in which 30-50
g/dL of hemoglobin is dissolved. Also, a method is provided
for producing vesicles, wherein in step (b) of the above-
mentioned method the aqueous solution is kneaded by revolv-
ing and rotating the cylindrical container at a rate of revolu-
tion for the cylindrical container of 200-300 rpm and at a rate
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of rotation for the cylindrical container of 100-3000 rpm.
Also, a method is provided for producing vesicles further
comprising the steps of; (c), after step (b), adding water or
saline to a liquid or paste in the cylindrical container; and (d),
after step (c), reducing the viscosity of the liquid or paste in
the cylindrical container by further rotating the container
around the center axis together with revolving the container
about the predetermined axis of revolution. Also, a method is
provided for producing vesicles further comprising a step (e),
after step (d), removing the functional substance which is not
encapsulated in the lipid by applying an ultrafiltration mem-
brane technique or ultracentrifugation technique to the fluid
or paste in the cylindrical container.

[0021] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles, wherein in step (b) of the above-mentioned method,
the step of kneading the aqueous solution by rotating the
cylindrical container around the center axis together with
revolving about the predetermined revolution axis is imple-
mented multiple times, and during the interval between two
consecutive kneading steps, a cooling treatment is performed
to cool down the fluid or paste by stopping at least one of
rotation and revolution of the cylindrical container or by
reducing the rate of at least one of rotation and revolution of
the cylindrical container. Also, a method is provided for pro-
ducing vesicles, wherein the cylindrical container of the
above-mentioned method has multiple concave-curved sur-
faces on the inner periphery of its sidewall and the centers of
curvature of the adjacent concave-curved surfaces are at dif-
ferent positions, whereby a convex-shaped crest that pro-
trudes toward the interior of the cylindrical container is
formed between the adjacent concave-curved surfaces.

[0022] To achieve the above-mentioned objects, according
to other major aspects of the present invention, a method is
provided for producing vesicles in which a functional sub-
stance is encapsulated by lipid, comprising the steps of; (a)
adding lipid to an aqueous solution of the functional sub-
stance in which the functional substance is dissolved in water,
wherein the viscosity of the aqueous solution of the func-
tional substance is 4 cP or higher as measured at 23° C. under
a condition of shear velocity at 1000 s™; and (b) encapsulat-
ing the functional substance with the lipid by kneading a
mixture prepared in step (a), wherein the viscosity of the
kneaded mixture is 1000 cP or higher as measured at 23° C.
under a condition of shear velocity at 1000 s™.

[0023] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles, wherein the hemoglobin is carbonyl hemoglobin
withits heme at a divalent iron state or deoxyhemoglobin with
its heme at a divalent iron state. Also, a method is provided for
producing vesicles further comprising a step of removing
contaminating unstable proteins by denaturation with a treat-
ment that heats the aqueous solution of hemoglobin to 50° C.
or higher for five hours or longer before adding the lipid to the
aqueous solution of hemoglobin, and removing the contami-
nating unstable proteins with an ultrafiltration membrane or
centrifugation, wherein the removing step is implemented in
order to reduce the occurrence of insoluble matter of the
denatured protein in the course of the kneading treatment in
step (b). Also, a method is provided for producing vesicles,
wherein the lipid in the above-mentioned method is com-
prised of a phosphatidylcholine-type phospholipid, choles-
terol, a negatively-charged lipid and a lipid bound with poly-
ethylene glycol. Also, a method is provided for producing
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vesicles, wherein the lipid is comprised of a phosphatidyl-
choline-type phospholipid of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine, cholesterol, a negatively-charged lipid
of 1,5-O-dihexadecyl-N-succinyl-glutamate, and a lipid
bound with polyethylene glycol of 1,2-distearoyl-sn-glycero-
3-phosphatidylethanolamine-N-poly(oxyethylene)5000
(molecular weight of the polyethylene glycol chain: 5,000).
Also, a method is provided for producing vesicles, wherein
the gel-liquid phase transition temperature of the phosphati-
dylcholine-type phospholipid is 30° C. or lower. Also, a
method is provided for producing vesicles, comprising a step
of producing dried lipid powder from a lipid lamellar gel as
the lipid of the above-mentioned method, wherein the step of
producing the dried lipid powder has steps of producing an
aqueous solution of the lipid by adding 15 g/dL or more of the
lipid powder in pure water which is comprised of substan-
tially no solute; kneading the aqueous solution of lipid within
a cylindrical container, rotating the container around its cen-
ter axis together with revolving the container about a prede-
termined axis of revolution, and obtaining the dried lipid
powder from the lipid lamellar gel by freeze-drying the
kneaded aqueous solution of lipid.

[0024] To achieve the above-mentioned objects, according
to other major aspects of the present invention, a method is
provided for producing vesicles, wherein lipid molecules are
dispersed in an aqueous solution by kneading a 15 g/dL or
higher concentration of dried complex lipid powder into the
aqueous solution, wherein the aqueous solution is comprised
of a functional substance which is intended to be encapsu-
lated in the vesicle, wherein the lipid molecules spontane-
ously self-assemble to compose the vesicle and simulta-
neously to encapsulate the functional substance, and wherein
the particle size of the vesicle is controlled by shear stress
generated by the kneading.

[0025] Inaddition, according to other major aspects of the
present invention, a method is provided for producing hemo-
globin vesicles, wherein the efficiency of encapsulating
hemoglobin is 60% or higher by dispersing lipid molecules in
a solution of hemoglobin with a dried complex lipid powder
(15 g/dL or more) kneaded into a dense solution of hemoglo-
bin (30-50 g/dL), and composing the lipid molecules by spon-
taneous self-assembly, wherein the dry weight ratio of hemo-
globin and the complex lipid, which compose the hemoglobin
vesicle, is over 1.2, and wherein the average particle size of
the vesicle is controlled at 400 nm or smaller.

[0026] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles or ahemoglobin vesicle, employing planetary move-
ment that moves the cylindrical container with a sealed
sample in the above-mentioned method simultaneously in
rotating and revolving directions, and kneading the sample
homogeneously while foam formed during hydration of dried
complex lipid powder is removed by centrifugal force.
[0027] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles and hemoglobin vesicles, wherein the number of
revolutions and rotations in the above-mentioned method is
200-3000 rpm and 100-3000 rpm, respectively, and wherein
the method comprises an operation of removing the func-
tional substance or hemoglobin which has not been encapsu-
lated, by an ultrafiltration membrane of ultracentrifugation,
after adding water or saline buffer solution to the viscous
vesicle paste and dispersing the paste to make fluid liquid by
moving simultaneously in the rotating and revolving direc-
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tions one more time, as a treatment for the viscous vesicle
paste obtained by the kneading operation.

[0028] In addition, according to an embodiment of the
present invention, a method is provided for producing hemo-
globin vesicles, wherein the above-mentioned method is
operated in a state that suppresses denaturation of hemoglo-
bin due to shear stress and heat generated during the kneading
operation, by transforming the hemoglobin of the dense
hemoglobin solution into carbonyl hemoglobin which is
bound with carbon monoxide as a gas molecule, or deoxyhe-
moglobin which is not bound with any gas molecule, so that
the heme of the hemoglobin is kept at a divalent iron state.
[0029] In addition, according to an embodiment of the
present invention, a method is provided for producing hemo-
globin vesicles wherein, by a treatment of heating the dense
hemoglobin solution used in the above-mentioned method at
60° C. for ten hours or longer beforehand, and removing
contaminated unstable proteins in denatured state by ultrafil-
tration or centrifugation, the occurrence of insoluble matter of
denatured protein under shear stress is reduced during the
subsequent operation of kneading with the complex lipid
powder.

[0030] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles and hemoglobin vesicles, wherein the lipid compo-
sition of the dried powder of the complex lipid in the above-
mentioned method is composed of a phosphatidylcholine-
type phospholipid, cholesterol, a negatively-charged lipid,
and a lipid bound with polyethylene glycol.

[0031] In addition, according to an embodiment of the
present invention, a method is provided for producing
vesicles and hemoglobin vesicles, wherein the dried powder
of the complex lipid used in the above-mentioned method is
composed of a phosphatidylcholine-type phospholipid of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine, choles-
terol, a negatively-charged lipid of 1,5-O-dihexadecyl-N-
succinyl-glutamate, and a lipid bound with polyethylene gly-
col of 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine-N-poly(oxyethylene) 5000
(molecular weight of the polyethylene glycol chain: 5,000).
[0032] In addition, according to an embodiment of the
present invention, a method is provided for facilitating dis-
persion of complex lipid and control of particle size in the
production of vesicles and hemoglobin vesicles, by substitut-
ing a phosphatidylcholine-type phospholipid in the above-
mentioned method with a phosphatidylcholine-type phos-
pholipid of which the gel-liquid phase transition temperature
is 30° C. or lower.

[0033] In addition, according to other major aspects of the
present invention, a method is provided for producing a lipid
lamellar gel comprising the steps of adding 15 g/dL ofa dried
powder of complex lipid to pure water which is comprised of
substantially no solute. A method is also provided for produc-
ing a dried powder of the lipid lamellar gel by freeze-drying
the lipid lamellar gel derived from the above-mentioned
method for producing the lipid lamellar gel.

[0034] According to the present invention, hemoglobin
vesicles can be produced in a shorter time with higher yield
than had been conventionally possible. It is shown that the
operation of the present invention not only kneads lipid pow-
der and dense hemoglobin solution homogeneously, but also
disperses lipid molecules in the hemoglobin solution, encap-
sulates hemoglobin in the inner aqueous phase of the higher
order structure of the lipid bilayer membrane (liposome cap-
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sule) which is spontaneously reorganized, and is capable of
controlling the particle size of the hemoglobin vesicle at an
optimum value. Thus, the present invention enables greater
simplification of operation processes than expected as a
whole. In addition, it is possible to increase production effi-
ciency in a method for encapsulating a functional protein
other than hemoglobin and low molecular weight com-
pounds, a method for producing vesicles, and a method for
producing a lipid gel.

[0035] The features of the present invention and remark-
able actions and effects other than those described above will
be apparent to those skilled in the art by referring to the
following description of embodiments and figures that exem-
plify the principle of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 is a schematic representation showing a
kneading machine of one embodiment of the present inven-
tion.

[0037] FIG. 2 is a magnified schematic representation
showing a part of the kneading machine.

[0038] FIG. 3isacross-section view of an exemplary cylin-
drical container.

[0039] FIG. 4isacross-section view of an exemplary cylin-
drical container.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0040] Embodiments of the present invention will be
described below.

[0041] Hemoglobin vesicles of the present embodiment
comprise phospholipid vesicles (liposomes) composed of
lipid bilayer membranes, of which phospholipid is the major
component, and in which hemoglobin is included. The hemo-
globin vesicle of this embodiment also comprises a capsule
formed by a surfactant which is co-polymerized with a hydro-
philic polymer and a hydrophobic polymer (polymersome) in
which the hemoglobin is included. The hemoglobin solution
may be derived from donated human blood, domestic ani-
mals, or recombinant hemoglobin. Although hemoglobin, a
globular protein, is relatively stable among proteins, oxyhe-
moglobin will be converted into methemoglobin by auto-
oxidation over time. Heat may be generated by shear stress
during kneading with a kneading machine of this embodi-
ment (mixer/deaerator: an apparatus which rotates and
revolves at the same time). It is better to pretreat the hemo-
globin with carbon monoxide to convert the hemoglobin to
carbonyl hemoglobin (HbCO), or to remove oxygen com-
pletely to convert the hemoglobin to deoxyhemoglobin
(deoxyHb), in order to give heat tolerance to the hemoglobin
with the center iron ofthe heme in a ferrous state. By keeping
the hemoglobin concentration as high as 35-45 g/dL, the
concentration of hemoglobin encapsulated in the vesicle may
also be kept high. A dense solution of hemoglobin, the raw
material, is concentrated following repeated dialysis with
ultrafiltration membrane, and it is necessary to prevent clog-
ging of the ultrafiltration membrane. It may be difficult to
separate contaminated proteins which are prone to denatur-
ation (residual glycolytic enzymes, enzymes for reducing
metHb, carbonic anhydrase and the like) as they come to be
denaturated and insoluble during the course of kneading. It is,
therefore, preferable to use hemoglobin which has been heat
treated (at 60° C., for 10-12 hours) to remove the denatured
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contaminated proteins. The hemoglobin may be supple-
mented with a previously determined amount of pyridoxal
5'-phosphate or chlorine ions as an allosteric effector. For
targeting oxygen to an ischemic region, the hemoglobin may
also be encapsulated in liposome without supplementing any
allosteric effectors.

[0042] The weight ratio of hemoglobin to lipid is a param-
eter representing the oxygen carrier efficiency of hemoglobin
vesicle. Supposing that the ratio is about 2.0 and recovery
yield is aimed at 100%, for example, it is a guide to supple-
ment with 20 g of lipid powder, as 40 g of hemoglobin is
resolved in 1 dL of hemoglobin solution at 40 g/dL. Accord-
ing to our study, good results are obtained when 15 g or more
(preferably 20-25 g) of dried lipid powder is supplemented to
1dL of dense solution of hemoglobin at 35-45 g/dL, and the
mixture is kneaded.

[0043] As amethod for kneading, it is good to use a knead-
ing machine based on planetary movement with revolution
and rotation. For example, a kneading procedure (revolution:
500-1500 rpm; rotation: 200-600 rpm) for 3-6 minutes while
the mixture is sealed in a sterile cylindrical container made of
stainless steel, polyethylene, Teflon® and the like, is repeated
30 times using a kneading machine manufactured by
THINKY CORPORATION (mixer/deacrator. ARE-310). As
shown in the schematic representations of FIGS. 1 and 2, the
kneading machine has a cylindrical container 10 with a struc-
ture in which the cylindrical container 10 rotates around a
center axis 20 (axis of rotation) and revolves about a center
axis 30 (axis of revolution) at the same time. The axis of
rotation 20 is not on parallel with the axis of revolution 30.
Preferably the axis of rotation 20 is at an angle of 6 with
respect to the axis of revolution 30. Preferably 8 is 30° or
more and 60° or less. In each of the examples described
below, the axis of rotation 20 is at an angle of about 45°, a
median value of the above-mentioned angle range, with
respect to the axis of revolution 30. By setting the angular
orientation in this manner, good results were obtained as will
be described below. In addition, in case the angle of the axis
of rotation 20 with respect to the axis of revolution 30 is set in
the above-mentioned rage, results are obtained which are
similar to those described below. Therefore, as for the shape
of the cylindrical container and kneading conditions, it is
preferable but not limited to set the angle 0 within the above
range of angles. The angle value 6 may be set at an angle near
0° or over 60°, for example, using a cylindrical container with
barrel-shaped bulging sides. Thus, it is possible, and the
present invention does not exclude, setting the angle value 6
out of the above-mentioned range of angles. It is possible to
promote the kneading by using a cylindrical container which
does not have a smooth inner wall but an inner wall with an
obstacle on the inner wall or the bottom surface that impedes
fluid movement. As illustrated in FIG. 3, for example, the
kneading efficiency is increased by using a cylindrical con-
tainer with irregularities on the inner sidewall (a container
with a cloverleaf cross section viewed from above). FIG. 3 is
aY-Y cross section view of FIG. 1. The cylindrical container
10 shown in FIG. 3 has a plurality of concave surfaces 12 on
the inner periphery of its sidewall 11 and the centers of
curvature 12a of the adjacent concave-curved surfaces are at
different positions, whereby a convex-shaped crest 13 that
protrudes toward the interior of the cylindrical container 10 is
formed between the adjacent concave-curved surfaces 12. As
shown in FIGS. 3 and 4, the number of the convex-shaped
crests 13 on the inner periphery of its sidewall may be one or
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more. The cylindrical container 10 may have a similar crest.
Increases in the temperature of the container are monitored,
and if necessary, the entire container may be cooled down and
then the kneading may be resumed thereafter. This operation
results in a paste such as a tooth paste in which the hemoglo-
bin solution and the complex lipid are kneaded. Usually,
when lipid powder is dispersed in an aqueous solution, it takes
time to remove foam. With the method of the present inven-
tion, however, the resulting paste has hardly any foam
because the foam is removed by the centrifugal force of
revolution. The paste is processed with the same machine.
‘When pure water or saline is added to the paste, sealed in and
kneaded by the above-mentioned machine for about another
minute under similar conditions, the paste is dispersed to
become a fluid dispersion of hemoglobin vesicles, which
simplifies the subsequent operations. In case lipid which is
not completely dispersed by the kneading or protein which is
denatured and become insoluble remain, they are removed at
this step by light centrifugation (about 2000-5000xg) or by
filtration. To remove hemoglobin which is not encapsulated,
the fluid dispersion of hemoglobin vesicles is treated with an
ultrafiltration membrane (molecular weight cut-off 1000
kDa) or ultracentrifugation (about 50000xg) to remove the
supernatant followed by re-dispersion of the precipitate in
saline. The resulting hemoglobin vesicle is characterized
regarding recovery yield of hemoglobin, average particle size
and measurement of concentrations of components. Depend-
ing on the kneading conditions, the resulting hemoglobin has
a recovery yield of hemoglobin at 50-70%, an average par-
ticle size 0f 200-400 mm and a weight ratio of hemoglobin to
complex lipid of 1.2 or more.

[0044] A kneading machine based on planetary movement
with revolution and rotation is commercially available from
many companies as various models, which differ in the rates
ofrevolution and rotation and their ratio. As the dimensions of
the machine vary depending on the kneading capacity (from
about 10mL to 10 L), the larger the machine is, the longer the
radius is, and the greater the kneading efficiency is with the
same rate of movement. Therefore, the optimum rate for
kneading differs for different models. In general, machines
which run in the range of a rate of revolution of 200-300 rpm
and at a rate of rotation of 100-3000 rpm are commercially
available, and thus kneading operations suitable for vesicle
preparation may be performed under these conditions. It is
preferable to set the rate of revolution below 2000 rpm to
minimize the denaturation of components by heat and to
complete the operation in as soon as possible. Also, the higher
the concentration of the hemoglobin solution is, the higher the
viscosity is (6, 11 and 29 cP at 35, 40, 45 and 45 g/dL,
respectively). As for the control of particle size, it is important
to have a strong shear stress. In order to control particle size,
it is advantageous to use a hemoglobin solution with high
viscosity. The strong shear stress, on the contrary, tends to
invite a large amount of heat and denatured protein. When the
concentration of the hemoglobin solution is too low, the
hemoglobin content encapsulated in the resulting particle is
reduced. In view of these considerations, it is preferable to set
the concentration of the hemoglobin solution at 35-45 g/dL. It
is desirable to set the viscosity of the hemoglobin solution at
5 cPorhigher as measured at 23° C. under a condition of shear
velocity at 1000 s™'. The fluid dispersion of hemoglobin
vesicles is preserved after sealing in a container which does
not permeate gas (glass container) as a formulation in a CO-
bound form, subsequent to adjusting the concentration, or



US 2014/0039072 Al

alternatively, after sealing as a formulation converted in
deoxy-form with a nitrogen gas aeration or a gas exchange
unit such as an artificial lung, subsequent to carrying out CO
photo dissociation and removal of oxygen and adjusting the
concentration. When the particle size is sufficiently small, itis
possible to filtrate through a sterilized filter with a pore size of
0.22 micrometers. In case it is impossible to carry out filter
sterilization, the entire process may be kept in a sterile atmo-
sphere, or a predetermined amount of beta-propiolactone
may be supplemented in the final step of process. The prin-
ciple of sterility for this reagent is to denature DNA by direct
binding. As the reagent may also denature protein by direct
binding, it is possible to suppress denaturation of hemoglobin
(conversion to methemoglobin) to some degree by supple-
menting beta-propiolactone in a state where oxygen dis-
solved inside the hemoglobin vesicles is completely excluded
(in a carbonyl hemoglobin or deoxyhemoglobin state) in
order to protect the hemoglobin.

[0045] As for complex lipid components of the phospho-
lipid vesicle, four ingredients, a phosphatidylcholine-type
phospholipid, cholesterol, a negatively-charged lipid and a
lipid bound with polyethylene glycol, are appropriate as
major components. However, the phospholipids vesicle is not
limited to that having these components. The complex lipids
are prepared with unlimited combinations and composition
ratios. As for the phosphatidylcholine-type phospholipid,
fatty acids, which are bound to hydroxyl groups at 1- and
2-positions of glycerol backbones by ether bonds, are prefer-
ably saturated in order to suppress lipid peroxidation. It is
preferable to use 1,2-dimyristoyl-sn-glycero-3-phosphati-
dylcholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine (DPPC), 1,2-distearoyl-sn-glycero-3-phos-
phatidylcholine  (DSPC),  1-palmitoyl-2-myristoyl-sn-
glycero-3-phosphatidyicholine  (PMPC),  1-stearoyl-2-
myristoyl-sn-glycero-3-phosphatidylcholine  (SMPC), or
hydrogenated lecithin derived from soybean (HSPC). With
unsaturated type phospholipids, it is preferable to use a phos-
pholipid bound with oleic acid, a relatively stable fatty acid,
such as 1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcho-
line (SOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dylcholine (POPC), and the like. Of these phospholipids,
DPPC is supposed to be preferable, considering the stability
of the resulting vesicles, as well as accumulation subsequent
to capture by macrophages, which should be avoided. In view
of the ease of production, it is desirable to use a phosphati-
dylcholine-type lipid with phase (ransition temperature
below that of DPPC (Tc=41° C.) such as SMPC (Tc=30° C.),
PMPC (28° C.), DMPC (23° C.), SOPC (6° C.) and POPC
(=3° C.), because of their favorable characteristics regarding
dispersion and control of particle size. Regarding the nega-
tively-charged lipid, it is preferable to use 1,5-O-dihexade-
cyl-N-succinyl-L-glutamate. Conventionally, with a phos-
phatidylcholine-type lipid with low phase transition
temperature, it is regarded that the resulting vesicle structure
is unstable. It is necessary, however, to judge whether the
structure is sufficiently stable, from the viewpoint of actual
intended use.

[0046] Different procedures can be employed to prepare
the dried powder of complex lipid to be kneaded with the
dense hemoglobin solution as follows: (1) a dried powder
obtained by first dissolving all the components in a predeter-
mined organic solvent, followed by rapid removal of the
organic solvent by the CRUX method; (2) a dried powder
obtained by first dissolving all the components in t-butanol or
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benzene, followed by freeze-drying; (3) a dried vesicle pow~
der obtained by dissolving the components in an organic
solvent such as t-butanol or ether, contacted with water, form-
ing vesicles in water by removing the organic solvent and
freeze-drying the vesicles; (4) a dried vesicle powder
obtained by dispersing the complex lipid powder obtained by
procedure (1) or (2) in water to form vesicles and freeze-
drying the vesicles; and (5) a freeze-dried powder of lipid gel
obtained by hydrating the complex lipid powder obtained by
procedure (1) or (2) with the above-mentioned kneading
machine. However, it takes a long time to freeze-dry an aque-
ous solution, and it also costs an enormous amount of labor
and electric power to run a freeze drying apparatus. In view of
efficiency, it is desirable to use the complex lipid powder
obtained by procedure (1) or (2) as it is. In the embodiments
of the present invention, sufficient efficiency in encapsulating
hemoglobin and controlling average particle size is achieved
by kneading the dried complex lipid powder obtained by
procedure (1) or (2) directly with the dense hemoglobin solu-
tion.

EXAMPLES
Example 1
[0047] 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC), cholesterol,1,5-O-dihexadecyl-N-succinyl-

glutamate (DHSG) and 1,2-distearoyl-sn-glycero-3-phos-
phatidylethanolamine-N-poly(oxyethylene)5000  (DSPE-
PEGS5000, molecular weight of PEG chain: 5000) with molar
ratio of 5:4:0.9:0.03, respectively, and total weight of 10 g
were dissolved as complex lipids in 1 dL of t-butanol ina 0.5
L eggplant shaped flask. The solution was frozen with a dry
ice/methanol mixed refrigerant and applied to a freeze-drying
machine (TOKYO RIKAKIKAI CO., LTD., FD-1000) for 24
hours to obtain a complex lipid powder. Ten grams of the
powder was put in a cylindrical container (outer diameter: 76
mum; height: about 93 mm, with irregularities on the inner wall
and a cloverleaf cross section viewed from above) made of
Teflon®, and supplemented with highly purified human
hemoglobin solution (HbCO form bound with carbon mon-
oxide, 45 g/dL, 0.4 dL, pH 7.4). The weight ratio of hemo-
globin (18 g) and lipid (10 g) was 1.8:1. The container was
sealed with an inner cap and applied to a kneading machine
(rotation and revolution mixer, THINKY CORPORATION,
ARE-310) to be kneaded with revolution at 1500 rpm and
rotation at 600 rpm for 3 minutes. After cooling for 3 minutes,
the gas phase in the container was completely replaced with
carbon monoxide gas and the container was sealed. The
operation of kneading with revolution at 1500 rpm and rota-
tion at 600 rpm for 3 minutes and cooling for 3 minutes was
repeated a total of 30 times (90 minutes) to complete knead-
ing treatment. At that time, the temperature of the paste was as
high as about 40° C. by the shear stress during the kneading
and the heat transferred from the machine. Thus, it was
judged as important to cause the paste to react with carbon
monoxide to suppress denaturation of hemoglobin. A dense
and homogeneous paste with a dark red color was obtained.
No lipid lumps or foam was observed. Then, 0.50 dL of
cooled saline was added and run on the kneading machine for
15 seconds to reduce the viscosity of the paste and to make a
fluid dispersion. The fluid dispersion was further diluted two-
fold with saline and centrifuged (3000 rpm, 30 minutes, Hita-
chi Koki Co., Itd., CF12RX) to obtain a precipitate of a
fraction with large particle size and a precipitate of partially
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denatured hemoglobin. The supernatant phase was collected
into an ultracentrifuge tube (a container of 230 mL), filled
with saline and spun at 50,000 rpm for 30 minutes with an
ultracentrifuge (Hitachi Koki Co., Ltd., CP9OWX). Measur-
ing the hemoglobin concentrations and volumes of the fluid
dispersion before spinning and the supernatant after spinning,
the encapsulating efficiency was calculated to be about 65%.
The particle size was measured with a nanoparticle analyzer
by HORIBA, Ltd. to be about 270 nm. The percentage of
methemoglobin content was calculated based on the soret
band spectrum and confirmed to be less than 3%. The pre-
cipitate obtained by the ultracentrifugation was dispersed in
saline again, the hemoglobin concentration was adjusted to
2.5 g/dL, and put into a 2 L eggplant shaped flask in 2 dL
increments to light dissociate CO gas and to convert the
precipitate to oxygen-bound hemoglobin by running with a
rotary evaporator and being illuminated from outside with a
halogen lamp for 45 minutes. The obtained solution was
separated again with an ultracentrifuge. The precipitate was
dispersed in saline, and the hemoglobin concentration was
adjusted to 10 g/dL. The lipid concentration of the dispersion
was 6.8 g/dL and the weight ratio of hemoglobin to lipid was
1.5. Aliquots were prepared in vials and sealed with caps
made of butyl rubber. The hemoglobin was converted to
deoxy-form by nitrogen gas aeration to exclude oxygen.
Then, beta-propiolactone was supplemented at a concentra-
tion of 0.5% or lower to perform sterilization.

Comparative Example 1

[0048] Four lipid components were dissolved in t-butanol
to be a homogeneous solution, and freeze-dried to obtain 10 g
of complex lipid powder as described in connection with
Example 1. The powder was added to 0.4 dL of 45 g/dL
hemoglobin solution and mixed for 24 hours with a stirrer and
a stirrer tip (length: 2 cm). A large amount of lipid lumps
which was not dispersed was found and the solution was too
dense to control the particle size using the conventional
Extrusion Method.

Comparative Example 2

[0049] As described in connection with Example 1, four
lipid components were dissolved in t-butanol to make a
homogeneous solution, and freeze-dried to obtain complex
lipid powder. Five grams of the powder was supplemented to
1 dL of 45 g/dL. hemoglobin solution, and mixed for 12 hours
with a stirrer and a stirrer tip (length: 2 cm). Some lipid lumps
were found. The mixture was treated with the Extrusion
method using an extruder of Lipex Biomembranes, Inc. and
the particle size was controlled by step wise filtration with
filters having pore sizes 3.0, 1.0, 0.8, 0.65, 0.45, and 0.22
micrometers in this order. At this time, the viscosity at 25° C.
was measured using a rheometer (MCR-300, Anton Paar
GmbH) to be 62 cP (shear velocity at 1000 s7*), 70 cP (shear
velocity at 100 s7) and 98 cP (shear velocity at 10 s™). The
amount recovered was 0.8 dL and 0.2 dL was lost during the
processes. The encapsulation efficiency was as low as 20%.
Adjusting hemoglobin concentration at 10 g/dL, 70 mL of
hemoglobin vesicle dispersion was obtained.

Comparative Example 3

[0050] In the procedures described in connection with
Example 1, oxyhemoglobin, hemoglobin bound with oxygen,
was used to prepare a complex lipid powder which was
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kneaded by similar procedures. When the paste was diluted
and centrifuged (200 rpm, 60 minutes), a large amount of
insoluble precipitate with medium brown color was found.
The percentage of methemoglobin in supernatant hemoglo-
bin increased to about 10%. Thus, it was judged that stabili-
zation of hemoglobin by converting into carbon monoxide-
bound hemoglobin or deoxyhemoglobin is an indispensable
step.

Example 2

[0051] Using the same species of lipids as Example 1,
DPPC, cholesterol, DHSG and DSPE-PEG5000 at a molar
ratio of 5:4:0.9:0.03 and a total weight of 10 g were dissolved
in t-butanol in an eggplant shaped flask. Freezing with liquid
nitrogen and freeze-drying were carried out to obtain a com-
plex lipid powder. Then, the complex lipid was put into the
same cylindrical container made of Teflon® as that used in
Example 1, and supplemented with 0.5 dL of ultrapure water.
As the weight of the negatively-charged lipid DHSG was 1.13
g, corresponding to 1.48 millimol, 0.074 mL of 1IN NaOH
solution was added to neutralize the negatively charged lipid
DHSG with the same amount of NaOH. Then, the container
was sealed with the inner cap and applied to a kneading
machine (rotation and revolution mixer, THINKY CORPO-
RATION, ARE-310) to perform kneading with revolution at
2000 rpm and rotation at 800 rpm for 5 minutes. After cooling
for 5 minutes, kneading was carried out again for 5 minutes so
that kneading was carried out for 10 minutes in total. An
obtained lipid lamellar gel was frozen with liquid nitrogen
and freeze dried to obtain freeze-dried powder of the lipid gel.
0.4 dL of HbCO solution was added to 10 g of the complex
lipid similar to the procedures described in connection with
Example 1, and the container was sealed with CO and knead-
ing was carried out using the kneading machine (rotation and
revolution mixer, revolution at 1500 rpm and rotation at 600
rpm) to obtain a kneaded paste of hemoglobin solution and
freeze dried lipid powder. Saline was added to the paste and
diluted, the paste was dispersed in the same manner, and
aggregates and the like were separated and removed by cen-
trifugation. The upper layer solution was further separated by
ultracentrifugation and the concentration and volume of
hemoglobin which was not encapsulated was measured, to
calculate the encapsulation efficiency as about 60%. The pre-
cipitated hemoglobin vesicles were dispersed in saline again
and hemoglobin concentration was adjusted to 10 g/dL, and
aliquots of 0.50 dL were dispensed in 1 dL vials and sealed.
Aeration was carried out with carbon monoxide gas to
exclude dissolved oxygen, and the hemoglobin was com-
pletely converted to that which is bound to carbon monoxide.
Then, beta-propiolactone was added at a concentration of
0.5% or lower to perform sterilization.

Example 3

[0052] Complex lipid powder was prepared by Nippon Fine
Chemical Co., Ltd. with DPPC, cholesterol, DHSG and
DSPE-PEG 5000 dissolved in an organic solvent at a molar
ratio of 5:4:0.9:0.03, and the organic solvent being rapidly
evaporated by the CRUX method. 10 g of the complex lipid
powder was added to 0.4 dL of a dense hemoglobin solution
in a manner similar to that of Example 1, and kneading with
akneading machine (rotation and revolution mixer, THINKY
CORPORATION, ARE-310, revolution at 1000 rpm and
rotation at 400 rpm) for 6 minutes and cooling for 3 minutes
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were repeated 30 times. The temperature of the paste was as
low as about 30° C. Kneading was carried out for 180 minutes
in total. At that time, the viscosity of the obtained paste at 25°
C. was measured using a rheometer (MCR-300, Anton Paar
GmbH) to be about 2200 cP (shear velocity at 1000s~* at 23°
C.), about 10000 cP (shear velocity at 100 s7* at 23° C.) and
about 52000 cP (shear velocity at 10 s™* at 23° C.). Then, the
hemoglobin vesicles were collected in a manner similar to
that of Example 1, and it was found that the encapsulation
efficiency was about 74% and the particle size was about 280
nm. It was concluded that this was a kneading condition
suitable for suppressing temperature rise of the paste and
reducing protein denaturation, although kneading time
became longer by slowing down the rates of revolution and
rotation.

Comparative Example 4

[0053] A complex lipid similar to that of Example 1 but
without DHSG was prepared. DPPC, cholesterol and DSPE-
PEGS5000 with a molar ratio of 5:4:0.03 and a total weight of
10 g were dissolved in t-butanol in a 0.5 L eggplant shaped
flask. The complex lipid powder was obtained by freezing
with a dry ice/methanol mixed refrigerant and applying to a
freeze-drying machine (TOKYO RIKAKIKAI CO., LTD.,
FD-1000) for 24 hours. Ten grams of the powder was put in a
cylindrical container made of Teflon (registered mark), and
supplemented with highly purified human hemoglobin solu-
tion (HbCO form bound with carbon monoxide, 45 g/dL, 0.4
dL, pH 7.4). Kneading was carried out in 2 manner similar to
that of Example 3. The encapsulation efficiency was only
26% and the weight ratio of hemoglobin to lipid was a
remarkably low value 0f0.94. Accordingly, DHSG was found
to be indispensable to increase recovery yield of hemoglobin
in the experiments to encapsulate hemoglobin described in
the present application. Although the effect of DHSG on
recovery yield of hemoglobin is clarified as in the above
description, there is a possibility that the effect of DHSG on
the recovery yield might be affected by the species of the
functional substance to be encapsulated and kneading condi-
tions. The present invention, therefore, does not intend to
exclude the use of complex lipid powder which does not
comprise DHSG.

Example 4

[0054] Pyridoxal 5'-phosphate of 2.5-fold moles with
respect to carbonyl hemoglobin was added to a solution of
carbonyl hemoglobin. Ten grams of complex lipid obtained
by the CRUX method as described in Example 3 was added to
0.4 dL (45 g/dL, pH7.4) of the hemoglobin solution, and
kneading with a kneading machine (rotation and revolution
mixer, THINKY CORPORATION, ARE-310, revolution at
1000 rpm and rotation at 400 rpm) for 6 minutes and cooling
for 3 minutes were repeated 30 times in a manner similar to
that of Example 3. Kneading was carried out for 180 minutes
in total. The encapsulation efficiency was about 65% and the
particle size was about 250 nm. Removal of carbon monoxide
and oxygen was performed as described in connection with
Example 1, and aliquots of 0.50 dL were dispensed in 1 dL
vials. Then, beta-propiolactone was added at a concentration
0of 0.5% or lower to complete sterilization.

Example 5

[0055] Inamanner similar to that of Example 1, a complex
lipid powder was prepared by Nippon Fine Chemical Co.,
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Ltd. with DPPC, cholesterol, DHSG and DSPE-PEG 5000
dissolved in an organic solvent at molar ratio of 5:4:0.9:0.03,
and the organic solvent being rapidly evaporated by the
CRUX method. In this example, the concentration of hemo-
globin bound to carbon monoxide was reduced to 40 g/dL.
Ten grams of the complex lipid powder was added to 0.4 dL
of a hemoglobin solution, and kneading with a kneading
machine (rotation and revolution mixer, THINKY CORPO-
RATION, ARE-500, revolution at 800 rpm and rotation at 784
rpm) for 30 minutes was repeated 3 times. Kneading was
carried out for 90 minutes in total. Then, the paste was diluted
with saline in a manner similar to that of Example 1 and the
precipitates were removed by centrifugation (3000 rpm, 30
min.). The supernatant was separated by ultracentrifugation
to collect hemoglobin vesicles, which were dispersed again to
obtain a hemoglobin vesicle dispersion. The encapsulation
efficiency was about 80% and the particle size was about 280
nm.

Comparative Example 5

[0056] The amounts of lipids and hemoglobin were
increased two-fold compared to those of Example 5. Twenty
grams of complex lipid powder and 0.8 dL of hemoglobin
solution (40 g/dL) were put in the container described in
connection with Example 1, and kneading was carried out for
90 minutes in total in the manner described in connection with
Example 5. Then, the paste was diluted with saline in a
manner similar to that of Example 1 and the precipitates were
removed by centrifugation (3000 rpm, 30 min.). The super-
natant was separated by ultracentrifugation to collect hemo-
globin vesicles, which were dispersed again to obtain a hemo-
globin vesicle dispersion. As the encapsulation efficiency was
reduced to about 50%, it was shown that the yield varied
depending on the amount of materials placed in the container.

Example 6

[0057] Inthisexample, a condition was examined that used
the same amount of lipids and hemoglobin as Comparative
Example 5, but in a larger container. 20 g of the complex lipid
powderand 0.8 dL of hemoglobin solution (40 g/dL) were put
in a container larger than the one described in Example 1
(outer diameter: 90 mm; height: about 108 mm), kneading
with a kneading machine (rotation and revolution mixer,
THINKY CORPORATION, ARE-500, revolution at 800 rpm
and rotation at 784 rpm) for 30 minutes was repeated 3 times
or 90 minutes in total Then, the paste was diluted with saline
in a manner similar to that of Example 1 and the precipitates
were removed by centrifugation (3000 rpm, 30 min.). The
supernatant was separated by treatment with ultrafiltration
membrane (molecular weight cut-off: 1000 kDa; membrane
area: 0.1 m*; Biomax V screen, EMD Millipore Corporation)
to remove hemoglobin which was not encapsulated and to
obtain. a hemoglobin vesicle dispersion. The encapsulation
efficiency was about 75%. As the strongest shear stress was
generated on the contact area of the paste and the inner wall of
the rotating container, the large area of contact was consid-
ered to be effective in improving encapsulation efficiency.

Example 7

[0058] 1In this example, PMPC, which has a lower phase
transition temperature than DPPC, was used as a phosphati-
dylcholine-type phospholipid. PMPC, cholesterol, DHSG
and SDPE-PEG5000 with a molar ratio of 5:4:0.9:0.03 were
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dissolved in t-butanol, and freeze-dried to obtain 4 g of dried
lipid powder. The powder was supplemented with dense
hemoglobin solution (40 g/dL, 0.2 dL), and production of
hemoglobin vesicles was attempted in the same manner as in
Example 1. After kneading for 3 minutes with the kneading
machine (rotation and revolution mixer, THINKY CORPO-
RATION, ARE-310, revolution: 1500 rpm; rotation: 600
rpm) was repeated 30 times, the solution was diluted 4 fold
with saline and centrifuged (2000 rpm, 60 minutes). The
amount of precipitate in large particle size fraction which was
not completely dispersed was significantly reduced compared
with Example 1. The particle size was 200-300 nm, which
means that the particle size was controlled to be smaller.
Thus, it was judged that production is facilitated when a
phosphatidylcholine-type phospholipid with a lower phase
transition temperature is used.

Example 8

[0059] Stability was evaluated for the hemoglobin vesicles
prepared in Example 1 with the complex lipid comprising
DPPC as the major component and the hemoglobin vesicles
prepared in Example 7 with the complex lipid comprising
PMPC as the major component. Washed rat red blood cells
were used as a comparison. For each evaluated sample, the
hemoglobin concentration was adjusted to 3 g/dL and the
percentage of hemolysis was measured after following treat-
ments: (1) freezing with liquid nitrogen and subsequent thaw-
ing; (2) 5-fold dilution with distilled water; (3) hydrolysis of
phospholipid by phospholipase A2; and (4) fluid movement
under shear stress with a shear velocity of 1000 s™* for 2
hours. The hemoglobin vesicles or red blood cells were pre-
cipitated by ultracentrifugation and the percentage of
hemolysis was calculated from hemoglobin concentration
and the volume of the supernatant. N=3, or triplicate samples
were prepared for each treatment, and average
values#standard deviation were calculated. After treatment
(1), 75.9+9.2% of the red blood cells were hemolytic, while
33.7+4.7% of the DPPC-based hemoglobin vesicles and
33.324.2% of the PMPC-based hemoglobin vesicles were
hemolytic. After treatment (2), the red blood cells were highly
hemolytic at 89.0£6.6% while the DPPC— and PMPC-based
hemoglobin vesicles were less hemolytic at 0.920.4% and
0.6+0.4%, respectively. After treatment (3), 6.9+1.3% of the
red blood cells were hemolytic, while 0.9+0.7% of the DPPC-
based hemoglobin vesicles and 0.5+0.1% of the PMPC-based
hemoglobin vesicles were hemolytic. After treatment (4),
4.8+0.3% of the red blood cells were hemolytic, while less
than 1% of the DPPC- and PMPC-based hemoglobin vesicles
were hemolytic. Thus, it was shown that both of the DPPC-
and PMPC-based hemoglobin vesicles are structurally
extremely stable. Although DPPC and PMPC have different
phase transition temperatures, it was also shown that there are
no notable differences in the stabilities of DPPC- and PMPC-
based hemoglobin vesicles.

Example 9

[0060] Asamodel of low molecular weight functional sub-
stances, a fluorescent compound 5 (6)-carboxyfluorescein
(CF) solution was prepared by dissolving CF at 10 mM in a
phosphate buffered solution (pH 7.4). A complex lipid pow-
der was prepared by Nippon Fine Chemical Co., Ltd. with
DPPC, cholesterol, DHSG and DSPE-PEG 5000 dissolved in
an organic solvent at molar ratio of 5:4:0.9:0.03, and the
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organic solvent being rapidly evaporated by the CRUX
method. Ten grams of the complex lipid powder was added to
40 mL of the CF solution, put in the cylindrical container
described in connection with Example 1 and kneading with a
kneading machine (rotation and revolution mixer, THINKY
CORPORATION, ARE-310, revolution at 1000 rpm and
rotation at 400 rpm) for 6 minutes and cooling for 3 minutes
were repeated 30 times. After the repeated kneading and
cooling, a paste like a hand cream was obtained. Viscosity of
the paste at 25° C. was measured using a rheometer (MCR-
300, Anton Paar GmbH) to be about 1020 cP (shear velocity
at1000s™" at 23°C.), 4600 cP (shear velocity at 100s™" at 23°
C.) and about 36800 cP (shear velocity at 10 s™* at 23° C.).
About 1 g of the resulting paste was supplemented with about
10 mL of saline and mixed by shaking to obtain a vesicle
dispersion. The vesicles were precipitated by ultracentrifuga-
tion (100000xg, 1 hour). The resulting supernatant CF con-
centration and volume, as well as CF concentration and the
entire volume before the ultracentrifugation, were used to
calculate encapsulation efficiency of CF as 85%. The average
particle size of the vesicle was 800 nm. It was considered that
the reason why the particle size was not sufficiently small was
because the viscosity of the CF solution was lower than that of
the hemoglobin solutions and the shear stress was not strong
enough. It was concluded to further extend kneading time in
order to control the particle size to be smaller.

[0061] Although the above Examples describe methods for
producing vesicles encapsulating hemoglobin and vesicles
encapsulating a fluorescent compound (FC), the substance to
be encapsulated is not limited to hemoglobin or CF. Vesicles
encapsulating various functional substances may be pro-
duced. For example, as disclosed in the Japanese translation
of PCT international application No.: 2008-542360, vesicles
may be produced which encapsulate pharmaceutical reagents
to be applied for treatment, prevention, diagnosis and the like
of disease conditions or therapeutics as a functional sub-
stance. The functional substance may be a pharmaceutical
reagent, such as one which is selected from a group of anti-
virus agents, anti-microbe agents, anti-bacterium agents,
anti-fungus agents, anti-neoplasm agents, anti-inflammatory
agents, radiolabelling agents, radiopaque compounds, fluo-
rescent compounds, pigment compounds, polynucleotides,
anticancer agents, cell growth factors, hematopoietic factors
(erythropoietin, G-CSF), physiologically active substances,
and the like. The lipids which encapsulate these substances
may be those described above, or others which are suitable for
any of these agents and therapeutics. In case of a functional
substance which has poor water-solubility or a low molecular
weight functional substance, a special treatment may be
employed such as absorbing or fixing by chemical bonding to
a water-soluble polymer (such as albumin, gelatin, etc.), fol-
lowed by stably encapsulating the aqueous solution dissolv-
ing a complex of the water-soluble polymer-functional sub-
stance in vesicles. As with the examples of functional
substances described below, in case of a functional substance
which has a poor water-solubility or a low molecular weight
functional substance, it is possible to stably encapsulate the
functional substance in the vesicles, by using an auxiliary
substance such as a water-soluble polymer to disperse the
functional substance in the water. As for a lipophilic func-
tional substance which is hardly water soluble with the above-
mentioned means, it is in principle possible to first mix the
lipophilic functional substance with powder oflipid compos-
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ing vesicles, to disperse the mixture in water, and to form
vesicles very efficiently by the kneading procedure.

Example 10

[0062] Albuminphysically absorbs various lipophilic func-
tional substances, and thus has a potential to be a carrier for
the various lipophilic functional substances. In this example,
therefore, vesicles encapsulating a dense albumin solution
were prepared. Ten grams of the lipid mixture of DPPC,
cholesterol, DHSG and PEG-DSPE described in connection
with Example 1 in a molar ratio of 5:4:0.9:0.03 was put in the
cylindrical container described in connection with Example
1. Then, 40 mL of human serum albumin (Baxter Interna-
tional Inc., 25 g/dL) was added and kneading with a kneading
machine (rotation and revolution mixer, THINKY CORPO-
RATION, ARE-310, revolution at 1000 rpm and rotation at
400 rpm) for 6 minutes and cooling for 3 minutes were
repeated 30 times. Cooled saline, 120 m[L, was added to the
obtained paste and kneading was carried out for a minute to
reduce viscosity. Vesicles were precipitated by ultracentrifu-
gation (50,000xg, one hour) and albumin which was not
encapsulated was removed. The precipitated vesicles were
dispersed again to obtain vesicles encapsulating albumin.

Example 11

[0063] In this example, vesicles carrying curcumin as a
lipophilic functional substance were prepared. DMPC, cho-
lesterol, DHSG,PEG-SDPE and curcumin in a molar ratio of
5:1:1:0.03:1 were dissolved in heated t-butyl alcohol and
freeze dried to obtain a powder mixed with curcumin and
lipids. 20 g of the mixed powder was put in.the cylindrical
container described in connection with Example 1, supple-
mented with 0.8 dL of phosphate buffered saline (pH 7.4) and
kneaded with a kneading machine (rotation and revolution
mixer, THINKY CORPORATION, ARE-500, revolution at
800 rpm and rotation at 784 rpm) for 150 minutes in a nitro-
gen atmosphere to obtain a vesicle dispersion carrying cur-
cumin.

[0064] Specific examples of anti-virus agents include osel-
tamivir phosphate and indinavir sulfate. Anti-microbe agents
include anti-bacterium agents such as ciprofloxacin,
cefotetan and azithromycin, anti-fungus agents such as
amphotericin B, nystatin and ketoconazole and anti-tubercu-
losis agents such as isoniazid, streptomycin and rifampin.
Agents for stimulating bone growth or that protect against
bone loss such as vitamin D, calcium, PTH antagonists or
bisphosphonates are also contemplated.

[0065] Anti-neoplasm agents are also contemplated as
agents for delivery by the materials of the present invention.
A wide variety of chemotherapeutic agents may be used in
accordance with the present invention. The term “chemo-
therapy” refers to the use of agents to treat cancer. A “che-
motherapeutic agent™ is used to connote a compound or com-
position that is administered in the treatment of cancer. These
agents or drugs are classified by their mode of intracellular
activity, for example, whether and at what stage they affect
the cell cycle. Alternatively, an agent may be characterized
based on its ability to directly bind to DNA, to intercalate into
DNA, or to induce chromosomal and mitotic aberrations by
affecting nucleic acid synthesis. Most chemotherapeutic
agents fall into the following categories: alkylating agents,
metabolic antagonists, antitumor antibiotics, mitotic inhibi-
tors, and nitrosoureas.
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[0066] Examples of chemotherapeutic agents include alky-
lating agents such as thiotepa and cyclosphosphamide; alkyl
sulfonates such as busulfan, improsulfan and piposulfan;
aziridines such as benzodopa, carboquone, meturedopa, and
uredopa; ethylenimines and methylamelamines including
altretamine, triethylenemelamine, trietylenephosphoramide,
triethiylenethiophosphoramide and trimethylolomelamine;
acetogenins (especially bullatacin and bullatacinone); a
camptothecin (including the synthetic analogue topotecan);
bryostatin; callystatin; CC-1065 (including its adozelesin,
carzelesin and bizelesin synthetic analogues); cryptophycins
(particularly cryptophycin 1 and cryptophycin 8); dolastatin;
duocarmycin (including the synthetic analogues, KW-2189
and CB1-TM1); eleutherobin; pancratistatin; a sarcodictyin;
spongistatin; nitrogen mustards such as chlorambucil, chlor-
naphazine, chlorophosphamide, estramustine, ifosfamide,
mechlorethamine, mechlorethamine oxide hydrochloride,
melphalan, novembichin, phenesterine, prednimustine, tro-
fosfamide, uracil mustard; nitrosoureas such as carmustine,
chlorozotocin, fotemustine, lomustine, nimustine, and rani-
mustine; antibiotics such as the enediyne antibiotics (e.g.,
calicheamicin, especially calicheamicin gamma 1 and cali-
cheamicin omega 1; dynemicin, including dynemicin A; bis-
phosphonates, such as clodronate; esperamicin; as well as
neocarzinostatin chromophore and related chromoprotein
enediyne antiobiotic chromophores, aclacinomycins, actino-
mycin, anthrarnycin, azaserine, bleomycins, cactinomycin,
carabicin, caminomycin, carzinophilin, chromomycins, dac-
tinomycin, daunorubicin, detorubicin, 6-diazo-5-oxo-L-nor-
leucine, doxorubicin (including morpholino-doxorubicin,
cyanomorpholino-doxorubicin, 2-pyrrolino-doxorubicin and
deoxydoxorubicin), epirubicin, esorubicin, idarubicin, mar-
cellomycin, mitomycins such as mitomycin C, mycophenolic
acid, nogalamycin, olivomycins, peplomycin, potfiromycin,
puromycin, quelamycin, rodorubicin, streptonigrin, strepto-
zocin, tubercidin, ubenimex, zinostatin, zorubicin; metabolic
antagonist such as methotrexate and 5-fluorouracil (5-FU);
folic acid analogues such as denopterin, methotrexate,
pteropterin, trimetrexate; purine analogs such as fludarabine,
6-mercaptopurine, thiamiprine, thioguanine; pyrimidine ana-
logs such as ancitabine, azacitidine, 6-azauridine, carmofur,
cytarabine, dideoxyuridine, doxifluridine, enocitabine,
floxuridine; androgens such as calusterone, dromostanolone
propionate, epitiostanol, mepitiostane, testolactone; anti-
adrenals such as aminoglutethimide, mitotane, trilostane;
folic acid replenisher such as frolinic acid; aceglatone;
aldophosphamide glycoside; aminolevulinic acid; eniluracil;
amsacrine; bestrabucil; bisantrene; edatraxate; defofamine;
demecolcine; diaziquone; elformithine; elliptinium acetate;
an epothilone; etoglucid; gallium nitrate; hydroxyurea; len-
tinan; lonidainine; maytansinoids such as maytansine and
ansamitocins; mitoguazone; mitoxantrone; mopidamol;
nitraerine; pentostatin; phenamet; pirarubicin; losoxantrone;
podophyllinic acid, 2-ethylhydrazide; procarbazine; PSK
(polysaccharide complex); razoxane; rhizoxin; sizofiran;
spirogermanium; tenuazonic acid; triaziquone; 2,2',2"-
trichlorotriethylamine; trichothecenes (especially T-2 toxin,
verracurin A, roridin A and anguidine); urethan; vindesine;
dacarbazine; mannomustine; mitobronitol; mitolactol; pipo-
broman; gacytosine; arabinoside (“Ara-C”); cyclophospha-
mide; thiotepa; taxoids, e.g., paclitaxel and doxetaxel;
chlorambucil; gemcitabine; 6-thioguanine; mercaptopurine;
methotrexate; platinum coordination complexes such as cis-
platin, oxaliplatin and carboplatin; vinblastine; platinum; eto-
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poside (VP-16); ifosfamide; mitoxantrone; vincristine;
vinorelbine; novantrone; teniposide; edatrexate; daunomy-
cin; aminopterin; xeloda; ibandronate; irinotecan (e.g., CPT-
11); topoisomerase inhibitor RFS 2000; difftuoromethylorni-
thine (DMFO); retinoids such as retinoic acid; capecitabine;
and pharmaceutically acceptable salts, acids or derivatives of
any ofthe above. In particular embodiments, the chemothera-
peutic agent is selected from a group consisting of doxorubi-
cin, topoisomerase I inhibitors such as topotecan and irinote-
can and mitotic inhibitors such as paclitaxel and etoposide,
and metabolic antagonists such as methotrexate and mono-
clonal antibodies such as rituximab.

[0067] Stimulators of red blood cell production are also
contemplated for delivery, and include iron, epoetin alfa, and
filgrastim. Agents for protecting bone marrow from radiation
and chemotherapy induced damage are also contemplated,
and include amifostin, natural antioxidants such as vitamin B
and phenol containing natural products such as curcumin as
well as methotrexate rescue agents such as leucovorin.
[0068] The pharmaceutical reagent may be an agentused to
remove heavy metals from bone marrow, such as pentetate
calcium trisodium. Anti-inflammatory agents such as pred-
nisone, hydrocortisone, aspirin, indomethacin, celecoxib,
and ibuprofen are also contemplated for delivery, as are radio-
labeled agents such as “™Tc, *!'In, '*Re, and '**Re. Radio-
opaque compounds such as iodine-containing CT contrast
agents are also contemplated for delivery, as are MRI diag-
nostic agents such as gadopentetate dimeglumine.

[0069] The following reagents may be used as a functional
substance: an ossification promoting agent; a bone disease
preventing or treating agent; a fracture preventing or treating
agent; a chondrogenesis promoting agent; a cartilage disease
preventing or treating agent, or a preventing or treating agent
for cartilage diseases such as osteoarthritis, or chronic joint
rheumatism; a treating or diagnostic agent for cartilage inju-
ries such as fracture, dislocation and bone breakage, inflam-
matory diseases such as periostitis, tuberculous arthritis,
syphilitic bone inflammation, bone deformation due to
Hansen disease, actinomycosis, blastomycosis and brucello-
sis, tumors such as benign osteoma, osteochondroma, osteoid
osteoma, multiple osteocartilaginous exostosis, solitary bone
cyst, giant cell tumor of bone, fibrous bone dysplasia, histio-
cytosis X of bone, parosteal osteosarcoma, osteosarcoma,
chondrosarcoma, fibrosarcoma of bone, Ewing sarcoma,
multiple myeloma and bone metastasis of cancer, metabolic
and endocrine diseases such as rickets, osteomalacia, scurvy,
hyperthyroidism, Paget disease, abnormal pituitary function,
iron deficiency anemia, fibrochondritis, renal osteodystro-
phy, osteoporosis, bone defect and rigidity myelitis, or
acquired skeletal dysplasia or malformation syndromes such
as achondroplasia, acraniocleidoplasia, deforming osteodys-
plasty, dysosteogenesis, osteopetrosis, craniosynostosis,
dens hypoplasia, Klippel-Feil syndrome, rachischisis,
hemivertebra, bone abnormality-spondylosis deformans,
scoliosis, and Perthes disease.

[0070] The vesicles of the present invention can also be
preferably used for highly efficient delivery of treating or
diagnostic agents for bone marrow diseases such as osteomy-
elitis, myeloid leukemia, multiple myeloma, dyshematopoie-
sis, ion deficiency anemia, pernicious anemia, megaloblasto-
sis, hemolytic anemia, herediary spherocytosis, drepanocytic
anemia and aplastic anemia; or delivering erythropoietin pro-
duced by genetic recombination as a drug for remedying renal
disease-associated anemia; therapeutic agent for granulocy-
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topenia used in carcinostatic therapies, and colony-stimulat-
ing factor (CSF) applied to bone marrow transportation and
acquired immunodeficiency syndrome (AIDS). Examples of
therapeutic agents for myelogenetic tumors include cytara-
bine, daunorubicin, idarubicin, aclarubicin, mitoxantrone,
enocitabine, 6-mercaptopurine, thioguanine, azacytidine,
amsacrine, steroid, arsenious acid, hydroxycarbamide,
hydrea, cytosine arabinoside, anthracycline medicines, ret-
inoic acid, vinca alkaloid medicines, predonine, [-asparagi-
nase, interferon, melphalan, vincristine, adriamycin,
endoxan, methotrexate, thalidomide, etoposide, cyclophos-
phamide, carmustine, dexamethasone, cytokine, interferon
formulations, busulfan, hydroxyurea, mesyl acid imatinib,
prednisolone and bortezomib.

[0071] The functional substance may be used as a diagnos-
tic agent for bone or bone marrow diseases in the case that it
carries a gamma emitting or positron emitting radioisotope.
The functional substance may also carry therapeutic radionu-
clides (Auger electron, beta emitting or alpha particle emit-
ting) for radionuclide therapy of bone or bone marrow dis-
eases. Further, the functional substance may be used as a
diagnostic agent for X-ray and X-ray computed tomography,
in the case that it carries a radio-opaque agent. The functional
substance may be used as a diagnostic agent for magnetic
resonance imaging, in the case that it carries a superparamag-
netic or paramagnetic agent. In addition, since the functional
substance can carry a gene and introduce it into the bone
marrow with high efficiency, the functional substance can
transport, e.g., a drug tolerant gene to the bone marrow to
protect the bone marrow in an auxiliary therapy for therapy
using an anticancer agent.

[0072] The embodiments above are some of the many pos-
sible embodiments which illustrate the application of the
principle of the present invention. Other numerous and vari-
ous modifications are readily composed without departing
from the spirit of the present invention.

1. A method for producing vesicles encapsulating a func-
tional substance, comprising the steps of:

(a) putting the functional substance, lipid and water in a

cylindrical container; and

(b) producing lipid vesicles which comprise the lipid as a

main component and which encapsulate the functional
substance therein, by kneading the contents of the con-
tainer with simultaneous rotational movement of the
container around its center axis together with revolution-
ary movement of the container about a predetermined
axis of revolution.

2. The method according to claim 1, wherein the contents
contained in the cylindrical container in step (a) are prepared
by adding the lipid in an aqueous solution comprising the
functional substance.

3. The method according to claim 1, wherein the contents
contained in the cylindrical container in step (a) are prepared
by dispersing a lipid powder in the water, the lipid powder
being obtained by drying the lipid comprising the functional
substance.

4. The method according to claim 1, wherein the functional
substance is hemoglobin and the aqueous solution of step (a)
is prepared by adding 15 g or more of a complex lipid powder
as the lipid per 1 dL of an aqueous solution of hemoglobin in
which 30-50 g/dL of hemoglobin is dissolved.

5. The method according to claim 1, 2, 3 or 4, wherein in
step (b), the aqueous solution is kneaded by revolving and
rotating the cylindrical container at a rate of revolution for the
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cylindrical container of 200-300 rpm and at a rate of rotation
for the cylindrical container of 100-3000 rpm.

6. The method according to claim 1, further comprising the
steps of:

(c), after step (b), adding water or saline to a liquid or paste

in the cylindrical container; and

(d), after step (c), reducing the viscosity of the liquid or
paste in the cylindrical container by further rotating the
container around the center axis while revolving the
container about the predetermined axis of revolution.

7. The method according to claim 6, further comprising a
step

(e), after step (d), removing the fanctional substance which
is not encapsulated in the lipid by applying an ultrafil-
tration membrane technique or ultracentrifugation tech-
nique to the fluid or paste in the cylindrical container.

8. The method according to claim 1, wherein, in step (b),
the step of kneading the aqueous solution by rotating the
cylindrical container around the center axis while the cylin-
drical container revolves about the predetermined revolution
axis is implemented multiple times, and during the interval
between two consecutive kneading steps, a cooling treatment
is performed to cool down the fluid or paste by stopping at
least one of rotation and revolution of the cylindrical con-
tainer or by reducing the rate of at least one of rotation and
revolution of the cylindrical container.

9. The method according to claim 1, wherein the cylindri-
cal container has multiple concave-curved surfaces on the
inner periphery of its sidewall and the centers of curvature of
adjacent concave-curved surfaces are at different positions,
whereby a convex-shaped crest that protrude towards the
interior of the cylindrical container is formed between the
adjacent concave-curved surfaces.

10. A method for producing vesicles encapsulating a func-
tional substance, comprising the steps of:

(a) adding lipid to an aqueous solution of the functional
substance in which the functional substance is dissolved
in water, wherein the viscosity of the aqueous solution of
the functional substance is 4cP or higher as measured at
23° C. under a condition of shear velocity at 1000 s™*;
and

(b) encapsulating the functional substance with the lipid by
kneading a mixture prepared in step (a), wherein the
viscosity of the kneaded mixture is 1000P or higher as
measured at 23° C. under a condition of shear velocity at
1000 s~

11. The method according to claim 4, wherein the hemo-
globin is carbonyl hemoglobin with its heme at a divalent iron
state or deoxyhemoglobin with its heme in a ferrous state.

12. The method according to claim 4, further comprising a
step of

removing contaminating unstable proteins by degeneration
with a treatment that heats the aqueous solution of
hemoglobin to 50° C. or higher for five hours or longer
before adding the lipid to the aqueous solution of hemo-
globin, and removing the contaminating unstable pro-
teins with an ultrafiltration membrane or centrifugation,
wherein
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the removing step is implemented in order to reduce the
occurrence of insoluble matter of the degenerated pro-
tein in the course of the kneading treatment in step (b).

13. The method according to claim 1, wherein the lipid is
comprised of a phosphatidylcholine-type phospholipid, cho-
lesterol, a negatively-charged lipid, and a lipid bound with
polyethylene glycol.

14. The method according to claim 1, wherein the lipid is
comprised of a phosphatidylcholine-type phospholipid of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine, choles-
terol, a negatively-charged lipid of 1,5-O-dihexadecyl-N-
succinyl-glutamate, and a lipid bound with polyethylene gly-
col of 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine-N-Poly(oxyethylene)5000
(molecular weight of the polyethylene glycol chain: 5,000).

15. The method according to claim 13, wherein the gel-
liquid phase transition temperature of the phosphatidylcho-
line-type phospholipid is 30° C. or lower.

16. The method according to claim 1, comprising a step of

producing dried lipid powder from a lipid lamellar gel as

the lipid, wherein the step of producing the dried lipid
powder comprises steps of:

producing an aqueous solution of the lipid by adding 15

g/dL or more of the lipid powder in pure water which is
comprised of substantially no solute;

kneading the aqueous solution of lipid within a cylindrical

container, rotating the container around its center axis
together with revolving the container about a predeter-
mined axis of revolution; and

obtaining the dried lipid powder from the lipid lamellar gel

by freeze-drying the kneaded aqueous solution of lipid.

17. The method according to claim 10, further comprising
astep of

removing contaminating unstable proteins by degeneration

with a treatment that heats the aqueous solution of
hemoglobin to 50° C. or higher for five hours or longer
before adding the lipid to the aqueous solution of hemo-
globin, and removing the contaminating unstable pro-
teins with an ultrafiltration membrane or centrifugation,
wherein

the removing step is implemented in order to reduce the

occurrence of insoluble matter of the degenerated pro-
tein in the course of the kneading treatment in step (b).

18. The method according to claim 7, comprising a step of

after (e), adding beta-propiolactone to the fluid or paste that

is obtained after removing the functional substance
which is not encapsulated in the lipid.

19. The method according to claim 10, comprising a step of

after (e), adding beta-propiolactone to the fluid or paste that

is obtained after removing the functional substance
which is not encapsulated in the lipid.

20. A vesicle comprising of a phosphatidylcholine-type
phospholipid, cholesterol, and a lipid bound with polyethyl-
ene glycol, wherein the gel-liquid phase transition tempera-
ture of the phosphatidylcholine-type phospholipid is below
that of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine.
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