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roundness of 1.7 or smaller formed with the ulirathin fibers.

A levkapheretic filter medium which comprises a base and ultrathin fibers having a diameter of 0.01 ta less than 1.0 um in an amount
of 0.1 to less than 50 wt.%, wherein the ultrathin fibers have a curvature of 1.2 or higher and/or the filter medium has pores having a
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ABSTRACT
A leukocyte-removing filter medium which
comprises a matrix and ultra-fine fibers having a fiber

diameter of less than 1.0 gm and not less than 0.0] wm

which contains ultra-fine fibers in an amount of less

than 50 wt% and not less than 0.1 wt%, the degree of
curvature of the ultra-fine fibers being 1.2 or more,
and/er the ultra-fine fibers form pores having a

roundness of 1.7 or less.
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DESCRIPTION

LEUKOCYTE-REMOVING FILTER MEDIUM

TECHNICAL FIELD

The present invention relates to a leukocyte-
removing filter medium for removing leukocytes from a
leuvkocyte-containing fluid, a process for producing the
same, a leukocyte-removing apparatus using the same, and

a method for removing leukocytes.

BACKGROUND ART

In the field of blocd transfusion, in place of
so-called whole blood transfusion comprising transfusing
a whole blood precduct obtained by adding an anti-
coagulant to blood collected from'a blood deonor, so-
called component transfusion comprising separating a
necessary blood component from the whole blood product
and transfusing that blcod component te a blood
recipient is generally carried out. The component
transfusion includes erythrccyte transfusion, platelet
transfusion, plasma transfusion, etc¢., depending on the
blood component necessary for a blood recipient. Blocd
component preparations used in these blood transfusions
include red cell products, platelet products, plasma
preparations, etc. In recent years, a so-called
leukocyte~free blood transfusion has been developed in
which a blood preduct is transfused after being freed of

leukccytes centained therein as contaminant. Leukocyte-
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free blood transfusion was developed after revelaticn
that adverse side effects accompanying blecod trans-
fusion, for example, relatively‘slight adverse side
effects such as headache, nausea, chill, non-hemolytic

5 pyretic reaction, etc., and serious adverse side effects
such as allo-antigen sensitization, viral infection,
post-transfusion GPHD, etc., which have serious
influences on & blood recipient, are caused mainly by
leukocytes contained as contaminants in a blood product

10 used in transfusion.

To prevent relatively slight adverse side
effects such as headache, nausea, chill, pyrexia, etc.,
it is sufficient that leukocytes in a blood preoduct be
removed until the remaining rate becomes less than 107 -

15 107%. 1In addition, it is said that to prevent serious
adverse side effects such as alloantigen sensitization,
viral infection, etc., it is sufficient that leukocytes
be removed until the remaining rate becomes less than
107 - 107°,

20 Methods for removing leukocytes from a blood
product are divided broadly into two categories, i.e.,
the centrifugation method in which leukocytes are
separated and removed with a centrifuge by utilizing the
difference in specific gravity among blood components,

25 and the filter method in which leukocytes are removed by
using a filter medium composed of a fibrous material or

a porous element such as a porous material having
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3
interconnecting voids. The filter method is being
generalized at present because it has advantages such as
excellent leukocyte-removing capability, easy
operations, and low cost. Of the filter methed, a
method of removing leukocytes by adhesion or adsorption
by using non-woven fabric as a filter medium is the most
widespread at present because of its especially
excellent leukocyte-removing capability.

As to the mechanism of the removal of leuko-
cytes with a filter apparatus using the above-mentioned
fibrous material or porous material, removal is caused
mainly because leukocytes brought intc contact with the
filter medium surface are adhered to or adsorbed on the
filter medium surface. For example, EP-A-0155003
discloses a technique using non-woven fabric as a filter
medium. In addition, WO093/01880 discloses a leukocyte-
removing filter medium produced by dispersing, in a
dispersion medium, a mass of a large number of small
fiber pieces having a fiber diameter of 0.01 um or less
and a length of approximately 1 - 50 pm, and short
fibers which have a fineness of approximately 0.05 -
0.75 d and an average length of 3 - 15 mm which can ke
spun and woven, and then removing the dispersion medium
from the resulting dispersion.

Existing leukocyte-removing filters have a
leukocyte-removing capability such that the number of
remaining leukocytes is 1 x 10° or less. Under such

circumstances, two important requirements have been
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impesed on leukocyte-removing filters in the market.

. The first requirement is tc improve the
recovery of useful components and improve ease of
handling by making unnecessary a procedure for
recovering useful components remaining in a filter and a
tube because of the presence of physiological saline and
air. Improving the recovery of the useful components as
compared with the existing leukocytenremoving’filters is
very worthwhile becaduse blood as a starting material for
blood products is often precious blocd provided by well-
intentioned blood donation, and unrecoverable blood
remzining in a leukocyte-removing filter is wasted and
discarded as it is together with the filter. It is,
however, difficult to greatly improve the recovery of
the useful components in a leukocyte-removing filter
obtained according to prior art.

The second requlrement is to completely’
prevent serious advérse side effects caused by
leukocytes transfused into a patient, by attaining a
leukocyte removal rate higher than that of the existing
leukocyte-removing filters. However, in the case of a
leukocyte-removing filter obtained according te prior
art, it is difficult to attain such a high leukocyte
removal rate sc that adverse side effects can be
completely prevented,

In order to satisfy the above requirements set
out by the market,

the present inventors earnestly

investigated and consequently have accomplished the
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5
preceding invention (W097/23266). The preceding
invention is explained below in detail. Objects of the
preceding invention are to provide leukocyte-removing
filter medium which has a much higher leukocyte-removing
capability per unit volume than do conventional filter
media, and to permit satisfactory flow of a leukocyte-
containing fluid; to provide a process for producing the
filter medium; and to provide a filter apparatus
containing the filter medium, and a method for removing
leukeccytes from a leukocyte-containing fluid by using
the filter apparatus. The filter medium of the
preceding invention is a leukocyte-removing filter
medium comprising a porcous element having pores with an
average pore size of less than 100 gm and not less than
1.0 pm, and a fiber structure held thereby and composed
of a plurality of fibers having an average fiber
diameter of less than 1.0 pum and not less than 0.01 um,
wherein the void content of the filter medium is less
than 95% and not less than 50%, the percentage of the
fiber structure relative to the filter medium (this
percentage 1s hereinafter referred to as holding amount)
is less than 30 wt% and not less than 0.01 wt%. The
ratio of the average pore size of pores of the porous
element (hereinafter referred to also as the average
pore size of the porous element) to the average fiber
diameter of the fibers constituting the fiber structure
(hereinafter referred to also as the average fiber

diameter of the fiber structure) is less than 2000 and
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not less than 2, and the fiber structure forms a network
structure.

In addition, the process for producing the
leukocyte-removing filter medium of the preceding
invention is, for example, a process of dispersing, in a
solvent, fibers with an average fiber diameter of less
than 1.0 gm and not less than 0.01 pm obtained by
splitting splittable fiber, and making the resulting
dispersion into paper together with a porous element
having pores with an average pore size of less than 100
gm and not less than 1.0 pm (hereinafter referred to as
a porous element having an average pore size of less
than 100 pm and not less than 1.0 pm), to hold the
fibers in the porous element.

Furthermore, in the preceding invention, a
leukocyte~removing filter apparatus was found which
contains a leukocyte-removing filter medium properly
located therein which comprises a porous element having
an average pore size of less than 100 um and not less
than 1.0 pm and a fiber structure composed of a
plurality of fibers with an average fiber diameter of
less than 1.0 pgm and not less than 0.01 um (hereinafter
referred to as a fiber structure having an average fiber
diameter of less than 1.0 pm and not less than 0,01 u
m). The fiber structure is held by the porous element,
wherein the void content of the filter medium is less
than 95% and not less than 50%. The holding amount

ofthe fiber structure relative to the filter medium is
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less than 30 wt% and not less than 0.01 wt%, the ratio
of the average pore size of the porous element to the
average fiber diameter of the fiber structure is less
than 2000 and not less than 2, and the fiber structure
forms a network structure. A method for removing
leukocytes from a leukocyte-containing fluid by
filtering the leukocyte-containing fluid by using the
apparatus above was also found.

A typical filter medium of the preceding
invention is shown in Fig. 1A and Fig. 1B.

Fig. 1& is an electron micrograph of the
surface of the filter medium having a curvilinear
network structure of the preceding invention.

Fig. 1B is an electron micrograph of a section
of the filter medium shown in Fig. lA.

' The term "average fiber diameter™ in the
preceding invention means a value obtained by taking a
scanning electron micrograph of the fibers constituting
the fiber structure, measuring the diameters of 100 or
more fibers randomly selected therefrom, and calculating
the number average of these diameters. The average
fiber diameter may be measured either before holding the
fibers in the porous element used as a matrix, or after
holding the fibers in the porous element used as a
matrix, Particularly, when the porous element is
composed of an assembly of fibers, the average fiber
diameter is preferably measured before holding the

fibers in the porous element because the measurement can
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be more accurately carried out.

Fibers having an average fiber diameter of
less than 0.01 gm are not suitable because they are s¢
poor in strength that they tend to be cut by leukocytes
or other hemocyte components which collide with the
fibers during the treatment of a leukocyte-containing
fluid. Fibers having an average fiber diameter of 1.0 u
m or more are not suitable because the porosity of the
fiiter medium is decreased, resﬁlting in an unsatis-
factory flow of a leukocyte-containing fluid. For
capturing, for example, poorly adherent lymphocytes
having a relatively small diameter among leukocytes by
efficiently bringing them into contact with the filter
medium at many points, the average fiber diameter of the
fibers is preferably less than 0.8 um and not less than
0.01 pum.

In the fiber structure according toc the
preceding invention, fibers having a very small average
fiber diameter form a network structure. Such a reticu-
late fiber structure is held by the porous element. 1In
the preceding invention, the passage "the fiber struc-
ture is held by the porcus element™ means that as shown
in Fig. 1A, the above-mentioned reticulate fiber
structure is fixed in the matrix so that they may cover
the pore portions of the porous element used as matrix.
Fig. 1A shows an electron micrograph of the filter
medium having a typical network structure of the

preceding invention. Physical and structural character-
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istics of the filter medium of the preceding invention
are described below with reference to Fig. 1A.

In the filter medium of the preceding
invention, a plurality of fibers having an average fiber
diameter of less than 1.0 um and not less than 0.01 ugm
constitute the fiber structure by forming a network
structure, and the fiber structure is held by the porous
element having pores with an average pore size of less
than 100 pm and not less than 1.0 gm. The fibers
constituting the fiber structure, however, are not in
the form of a bundle but are so-called single fibers,
each of which is in a split state. A plurality of such
single fibers are physically entangled with c¢ne another
to form the network structure. As the network structurer
according to the preceding invention, a structure is
exemplified in which, as represented by the network
structure shown in Fig. 1A, fibers constituting the
fiber structure have a curved structure, so that meshes
formed by them are curvilinear.

The reticulate fiber structure is preferably
uniformly held by the porous element in a section
perpendicular to the flow of a leukocyte-containing
fluid because leukocytes can be efficiently captured.
The uniform holding of the fiber structure by the porous
element in a section perpendicular tc the flow of a
leukocyte-containing fluid means that the introducing
amount {density) of the fiber structure is substantially

the same in various portions of the filter medium which
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are randomly sampled in the section perpendicular to the
flow of the leukocyte-containing fluid. In practice,
this intrddﬁcing amount can be determined by measuring
the variation of the amount of the fiber structure
present in a definite amount of the filter medium in the
sampled portions of the filter medium.

The following is especially preferable: the
introducing amount of the fiber structure is substan-
tially the same in various portions of the filter medium
which are randomly sampled in a section perpendicular to
the flow of a leukocyte-containing fluid, and mocreover,
the mesh size distribution is substantialiy the same in
the various portions, so that substantially the same
reticulate structures are formed therein. Such a state
is expressed by the passage "a uniform netwerk structure
is formed" in the preceding specification. More speci-
fically, the passage "a uniform network structure is
formed" means a state at which, when observed by an
electron microscope, the network structures in the
randomly sampled portions of the filter medium are
similar in mesh size distribution and mesh shape, and
are regarded as substantially the same. A state at
which no uniform network structure has been formed means
a state at which when the network structures in the
randomly sampled portions of the filter medium are
observed, it is possible to judge that the mesh size
distribution is widely different in these portions and

that the shape of mesh is also clearly different in
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these portions.

In the filter medium of the preceding
invention, the following are preferable: a fiber
structure having an average fiber diameter of less than
1.0 gm and not less than 0.01 gm which forms a network
structure and is held by a porous element having an
average pore size of less than 100 um and not less than
1.0 gm, the void content of the filter medium is less
than 25% and not less than 50%, and the ratio of the
average pore size of the porous element to the average
fiber diameter of the fiber structure is less than 2000
and not less than 2.

Here, the average pcore size 1s a value
cbtained by measurement using a mercury injection
method. That is, when the amount of mercury injected is
taken as 0% at a mercury injection pressure of 1 psia
and as 100% at a mercury injection pressure of 2650
psia, a pore size corresponding to an amount of mercury
injected of 50% was taken as the average pore size. An
average pore size of less than 1.0 um is not suitable
because a leukocyte-containing fluid does not flow, and
an average pore size of 100 um or more is not suitable
because maintenance of the fiber structure often becomes
difficult.

For keeping good flow of a leukocyte-
containing fluid, the ratio of the average pore size of
the porous element to the average fiber diameter of the

fiber structure is preferably less than 2000 and not




10

15

20

25

12
less than 2. A ratio of the average peore size of the
porous element to the aéerage fiber diameter of the
fiber structure of less than 2 is not suitable because
there is almost no difference between the pore size of
the porous element and the diameter of fibers constitut-
ing the fiber structure, sc that the pores of the porous
element are blocked with the fibers, resulting in an
extremely bad flow of a leukocyte-containing fluid. A
ratic of the average pore size of the porous element to
the average fiber diameter of the fiber structure of
2000 or more is not suitable because the pore size of
the porous element is so large that it becomes difficult
te hold the fiber structure in the porous element so
that the fiber structure may cover the pores cf the
porous element, and therefore the leukocyte-removing
capability is extremely deteriorated and, morecver, the
entanglement of the fiber structure and the porous
element with each other becomes insufficient, sc that
the fiber structure tends to be released. The ratio of
the average pore size of the porous element to the
average fiber diameter of the fiber structure is more
preferably less than 1,800 and not less than 10.

The porous element according to the preceding
invention includes fiber assemblies, porous membranes,
spongy and connectedly porous materials, etc., which
have an average pore size of less than 100 um and not
less than 1 pm. As the porous element, fiber assemblies

composed of long fibers are preferable. Preferable
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examples of the form of the fiber assemblies are non-
woven fabric, woven fabric, and knitted fabric. Nen-
woven fabric is especially preferable. When the porous
element is a fiber assembly, the ratio of the average
fiber diameter of the fiber assembly to the average
fiber diameter of the fiber structure is particularly
preferable to be less than 1,000 and not less than 10
for keeping good flow of a leukocyte-containing fluid.
As a material for the porous element, any material
capable of forming a non-woven fabric, woven fabric,
knitted fabric, porous membrane, spongy and connectedly
porous material or the like, such as polyurethanes,
polyesters, polyolefins, polyamides, polystyrenes,
polyvacrylonitriles, cellulose, cellulose acetate, etc.
can be used.

Furthermore, in the leukocyte-removing filter
medium of the preceding invention, the helding amount of
the fiber structure relative to the filter medium is
pfeferably less than 30 wt% and not less than 0.01 wt%,
A holding amount of less than 0.0l wt% is not suitable
because a fiber content sufficient to capture leukocytes
in a leukocyte-containing fluid cannot be attained. A
holding amount of 30 wt% or more is not suitable because
the content of fibers introduced into the porous element
is too high, and the pore portions of the porous element
are blocked, so that a leukocyte-containing fluid does
not flow. The helding amount of the fiber structure

relative to the filter medium is more preferably less



10

15

20

25

14
than 10 wt% and not less than 0.03 wt%.

The holding amount can be measured on the
basis of the difference of the weight before and after
holding the fiber structure in the porcus element. When
the holding amount of the fiber structure is as small as
about 3 wt% per unit weight of the filter medium, a
method comprising aissolving only the fiber structure,
extracting its component, and determining the amount of
the extracted component can be employed for determining
the holding amount of the fiber structure with a
precision higher than that of the weight measurement.
This gquantitation method is concretely explained below
by taking the case where the fiber structure is made of
cellulese. The filter medium is immersed in a solution
containing cellulase disscolved therein, and is shaken to
decompose the cellulose of the fiber structure into
glucose, which is extracted. The extracted glucose is
quantitated by using a commercially available glucose-
quantitating reagent, and, the amount of the fiber
structure held by the pdrous element is calculated from
the amount of glucose quantitated.

For attaining a high leukocyte-removing
capability, the fiber structure is preferably held by
the whole porous element. The fiber structure, however,
may be supported on one surface of the porous element if
it is difficult to hold the fiber structure in the
porecus element so that the fiber structure may be

present also in the innermost of the porous element,
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owing teo a restriction by a production process. In such
a case, as a means for easily improving the leukocyte-
removing capability of the filter medium by increasing
the holding amecunt of the fiber structure, it is also
possible to support the fiber structure on each of the
two surfaces of the porous element. In both cases,
substantially supporting the fiber structure uniformly
on the porous element is preferable for attaining a high
leukocyte-removing capability.

In the leukocyte-removing filter medium of the
preceding invention, the void content is preferably less
than 93% and not less than 50%. A void content of the
filter medium cf less than 50% is not suitable because
the flow of a leukocyte-containing fluid is not good. 2
void content of 95% or more is not suitable because the
mechanical strength of the filter medium is so low that
the filter medium is crushed during the treatment of a
leukocyte-containing fluid, and no longer fulfils its
function as a filter medium.

The void content is measured by measuring the
dry weight (W,) of a piece with a predetermined area
obtained by cutting the filter medium, and measuring
also the thickness of the piece, followed by calculation
of the volume (V) of the piece. The piece of the filter
medium is immersed in pure water and deaerated, after
which the weight ({W,) of the water-containing piece of
the filter medium is measured. From these values, the

void content is calculated by the feollowing equation.
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In the following equation, p is the density of pure
water.

Void content (%) = (W, - W) x p x 100/V

The thickness of the leukocyte-removing filter
medium of the preceding invention is preferably less
than 30 mm and not less than 0.1 mm in the direction of
flow of a leukocyte-containing fluid. A thickness of
less than 0.1 mm is not desirable because the frequency
of collision between leukocytes in the leukocyte-
containing fluid and the filter medium is decreased, so
that it is difficult to attain a high leukocyte-removing
capability. A thickness of 30 mm or more is not
desirable, for example, because the resistance to
passage of the leukocyte-containing fluid is increased,
resulting in elongation of the treatment time and
hemolysis accompanying the breakage oflerythrocyte
membranes. The thickness of the filter medium in the
direction of flow is more preferably less than 15 mm and
not less than 0.1 mm.

When adopting a production process to obtain
the filter medium of the preceding invention wherein the
process is characterized by dispersing fibers with an
average fiber diameter of less than 1.0 pgm and not less
than 0.01 gm in a solvent, and then making the resulting
dispersien into paper together with a porous element
with an average pore size ¢f less than 100 gm and not

less than 1.0 um to hold the fibers in the porous
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element, the ratio of the average pore size of the
porous element to the average fiber diameter of the
fiber structure is more preferably less than 300 and not
less than 16. In addition, the holding amcunt of the
fiber structure relative to the filter medium is
preferably less than 5.0 wt% and not less than 0.3 wt%.
In addition, the average fiber diameter of the fiber
structure is more preferably less than 0.5 gm and not
less than 0.05 um.

When the leukocyte-removing filter medium of
the preceding invention is treated with a binder such as
a water-insclukle peolymer solution in post-processing,
the network structure is generally liable to be
destroyed. For example, fibers constituting the fiber
structure are bound into a bundle, or a film-like
substance is formed among a plurality of the fibers.
Therefore, it is preferable to avoid treatment with such
a binder. ©n the other hand, when the fibers are
relatively thick and short and are not sufficiently
physically entangled with the porous element, treating
the filter medium with a binder such as a relatively
dilute water-insoluble polymer solution in post-
processing is preferable because it permits effective
fixation of the fibers in the porous element and
prevention of the release of the fibers.

The following, for example, is also possible:
the surface of the leukocyte-removing filter medium of

the preceding invention is modified into a surface to
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which platelets or erythrocytes hardly adhere, whereby
the recovery of platelets cor erythrocytes is improved
and only leukocytes are removed. As a method for
modifying the surface of the filter medium, there are
5 mentioned surface graft poclymerization, coating with a
polymeric material, electron discharge machining, etc.
As a polymeric material used for modifying the
surface of the filter medium by the surface graft
polymerization or the coating with a polymeric material,
10 polymeric materials having one or more nonionic hydro-
philic groups are preferable. The nonionic hydrophilic
groups include hydroxyl group, amide group, poly-
{ethylene oxide) chains, etc. Monomers usable for
synthesizing the polymeric material having one or more
15 nonicnic hydrophilic groups include, for example, 2-
hydroxyethyl methacrylate, 2-hydroxyethyl acrylate,
vinyl alcohol (prepared by hydrolyzing a polymer
cbtained by polymerizing vinyl acetate), methacrylamide
and N-vinylpyrrolidone. Of the monomers mentioned
20 above, 2-hydroxyethyl methacrylate and 2-hydroxyethyl
acrylate are preferable from the viewpoint of easy
availability, ease of handling in polymerization,
treating capability for a leukeocyte-containing fluid,
etc.
25 The polymeric material used for the above-
mentioned surface graft polymerization or coating with
the polymeric material is preferably a copolymer

containing 0.1 to 20 mole$% of moncmer units derived from
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a polymerizable moncmer having one or more ncnionic
hydrophilic groups and/or basic nitroegen-containing
functicnal groups. The basic¢ nitrogen-containing
functional groups include primary amine group, secondary
amino group, tertiary aminc group, quaternary amino
group, and nitrogen-containing arcmatic ring groups such
as pyridyl group, imidazole group, etc. The polymeriz-
able monomer having one or more basic nitrogen-
containing functional groups includes methacrylic acid
derivatives such as dimethylamincethyl methacrylate,
diethylamincethyl methacrylate, dimethylamincpropyl
methacrylate, 3-dimethylamino-2-hydroxypropyl
methacrylate, etc.; allylamine; vinyl derivatives of
nitrogen-containing aromatic compounds, such as p-
vinyleridine, 4-vinylimidazole, etc.; and quaternary
ammonium salts obtained by reacting the above-
exemplified vinyl compound with an alkyl halide. Of the
polymerizable monomers mentioned above, dimethylamino-
ethyl methacrylate and diethylamincethyl methacrylate
are preferable from the viewpoint of easy availability,
ease of handling in polymerization, treating capability
for a leukocyte-containing fluid, etc.

When the content of monomer units derived from
the polymerizable mcnomer having one cr more basic
nitrogen-containing functional groups in the copolymer
obtained is less than 0.1%, no sufficient inhibitory
effect on the adhesion of platelets to the surface of

the filter medium is undesirably obtained. When the
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content of monomer units derived from the polymerizable
monorier having one or more basic nitrogen-containing
functional groups in the cecpelymer is more than 20%, not
only leukocytes but also useful components such as
platelets and erythrocytes are undesirably apt to adhere
to the surface of the filter medium. The content of
monomer units derived from the polymerizable monomer
having cne or more basic nitrogen-containing functional
groups in the copolymer is more preferably 0.2 to 5%.

In the preceding invention, as a result of
earnest investigations for providing a process for
producing a leukocyte-removing filter medium, it was
found that by dispersing fibers with an average fiber
diameter of less than 1.0 gm and not less than C.01 gm
in a dispersion medium and making the resulting disper-
sion into paper together with a porous element having an
average pore size of less than 100 pm and not less than
1,0 pm to hold the fibers in the porous element, a
leukocyte-removing filter medium can be produced which
comprises the porous element aﬁd a fiber structure
composed of a plurality of the fibers, wherein the void
content of the filter medium is less than 95% and not
less than 50%, the holding amount of the fiber structure
relative to the filter medium is less than 30 wt% and
not less than 0.01 wt%, the ratio of the average pore
size of the porous element to the average fiber diameter
of the fiber structure is less than 2000 and not less

than 2, and wherein the fiber structure forms a network
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structure.

For the formation of the network structure by
the fiber structure in the filter medium of the
preceding invention, the fibers having an average fiber
diameter of less than 1.0 um and not less than 0.01 um
should have, for example, the following properties: they
have a curved shape, are per se flexible and easy to
curve, and are relatively short. Fibers having no
curved shape in themselves are also suitable after being
curved by heat treatment, mechanical treatment or
treatment with any of various chemicals.

The above-mentioned fibers having an average
fiber diameter of less than 1.0 um and not less than
0.01 um can be produced, for example, by subjecting the
following fiber to physical stirring with a mixer or the
like, treatment with a high-pressure liquid jet, treat-
ment using a high-pressure homogenizer, or the like:
splittable fiber represented by regenerated cellulose
fiber or micreoporous splittable acrylic fiber, or
splittable conjugate fiber cbtained by any of the well-
known methods disclosed in JP-B-47-37648, JP-A-50-5650,
JP-A-53-38709, etc.

As a material for the fiber which is easy to
curve, cellulose, pelyacrylonitriles, polyesters, poly-
clefins, polyamides, etc. are suitable, though there can
be used any material sc¢ long as when it is processed
inte fiber having an average fiber diameter of less than

1.0 um and not less than 0.0l um, the fiber can be
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curved by heat treatment or mechanical treatment.

A process for obtaining the fibers having the
above-mentioned specific average fiber diameter by
subjecting regenerated cellulose fiber among the split-
table fibers mentioned above to acid treatment or alkali
treatment if necessary, and then physically stirring the
thus treated fiber by the use of a mixer or the like to
fibrillate the same, is especially preferable because
fibers having a very small fiber diameter and a curved
shape can easily be obtained to easily form a network
structure. This prodess for obtaining the fibers having
an average fiber diameter of less than 1.0 pgm and not
less than 0.01 pm by fibrillating regenerated cellulcse
fiber is concretely explained below in further detail.
First, commercially available regenerated cellulose
fiber having a fiber diameter of about 10 gm is cut to a
predetermined length, immersed in an about 3 wt% agueous
sulfuric acid solution, and subjected to acid treatment
therein with mild stirring at 70°C for 30 minutes. When
the regenerated cellulose fiber subjected to the acid
treatment 1s washed with water, and then vigorously
stirred in water with a mixer at 10,000 rpm for 30 to 90
minutes, the regenerated cellulose fiber is fibrillated
to be decreased in diameter, and the desired fibers can
be finally obtained.

Fibers with an average fiber diameter of less
than 1.0 um and not less than 0.01 pum obtained by using

well-known archipelago-type fiber as a starting material
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can also have a curved shape and are suitable for
producing the above-mentioned leukocyte-removing filter
medium. These fibers are producéd by forming the

starting fiber into a curved shape by previous heat

" treatment or mechanical treatment if necessary, and then

dissolving away the sea component by the use of any of
various solvents.

The thus obtained fibers having an average
fiber diameter of less than 1.0 um and not less than
0.01 um are dispersed in a dispersion medium to a
concentration of about 0.01 g/L to about 1 g/L to obtain
a fiber dispersion. Pure water, agueous solutions
containing 0.1% - 5% of a surfactant, and aqueous
soluticns which have been increased in viscosity by the
addition of approximately 0.1% - 5% of a polyacrylamide
in order to further impreve the dispersibility of the
fibers have been used as the dispersion medium.

Next, the bottom of a funnel-shaped vessel is
covered with a porous element having an average pore
size of less than 100 pm and not less than 1.0 um, and
the aforesaid fiber dispersion is poured into the vessel
and once accumulated, water is discharged at a stretch,
and then the porous element is dried, whereby the filter
medium can be obtained. 1In this case, the fibers are
preferably short because they can be held in the porous
element so that they may be present also in the
innermost part of the porous element.

Treating the filter medium produced by the
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above production process with a high-pressure liquid jet
at about 3 kg/cm’ to 200 kg/cm® is preferable because the
treatment makes it possible to hold the fibers in the
porous element more uniformly so that they may be
present also in the innermost part in the direction of
thickness of the porous element.

The next cbject of the preceding inventicn is
to provide a leukocyte-removing filter apparatus which
removes leukocytes from a leukocyte-containing fluid
while minimizing loss of useful bleood components, and
which can attain a high leukocyte removal rate, and a
method for removing leukocytes using the apparatus; and
to provide a leukocyte-removing filter apparatus which
can attain a leukocyte removal rate much higher than
that of conventiocnal leukocyte-removing filter
apparatuses, and a method for removing leukocytes using
this apparatus. The present inventors earnestly
investigated and consequently found that the above
object can be achieved by filtering a leukocyte-
containing fluid by the use of a filter apparatus
cbtained by properly locating the filter medium of the
preceding invention in a container at least having an
inlet and an outlet.

The leukeccyte-removing filter apparatus of the
preceding invention is an apparatus obtained by properly
locating a filter comprising the filter medium of the
preceding invention in a container at least having an

inlet and an outlet. Either a sheet or a laminate of
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two or more sheets of the filter medium may bé packed in
the container in the direction of flow of a leukocyte-
containing fluid. On the other hand, for example, when
a sclution containing a polymeric material is poured
over the filter medium to carry out coating treatment
for the purpose of modifying the surface of the filter
medium, the lowest sheet of the filter medium in the
apparatus of the preceding invention adheres to the
inner surface of the container to cause a one-sided flow
of a leukocyte-containing fluid in some cases. In such
a case, the one-sided flow of the leukocyte-containing
fluid caused by the adhesion of the filter medium to the
inner surface of the container can be prevented by
inserting a relatively coarse filter medium as the
lowest layer.

The leukocyte-removing filter apparatus of the
preceding invention may further contain other filter
media upstream and/or downstream té the filter medium of
the preceding invention.

In general, a leukocyte-containing fluid often
contains very small aggregates. It is also possible to
use a prefilter in crder to remove leukocytes from such
a leukocyte-containing fluid containing very small
aggregates. As the prefilter, there are preferably
used, for example, an assembly of fibers having an
average fiber diameter of 8 um te 50 um and a
connectedly porous material having pores with an average

pore size of 20 um to 200 um.
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In the preceding invention, the filter medium
of the leukocyte-removing filter apparatus preferably
has a sectional area in a direction normal to the
direction of flow of a leukocyte-containing fluid of
less than 100 cm® and not less than 3 cm’. When the
sectional area is less than 3 cm’, the flow of the
leukocyte-containing fluid 1s extremely restricted, and
therefore such a small sectional area, is not desirable.
When the sectional area is 100 cm® or more, the filter
would be thinned unavoidakly, so that high leukocyte-
removing capability can not be attained when the filter
apparatus is increased in size. Therefore, such a large
sectional area also is not desirable.

The method for removing leukocytes of the
preceding invention comprises treating a leukocyte-
containing fluid by the use of the leukocyte-removing
filter spparatus of the preceding invention, and
recovering the filtrate. In detail, it is a method for
removing leukocytes from a leukocyte-containing fluid
which comprises using an apparatus comprising 1} an
inlet, 2) a filter comprising the filter medium of the
preceding invention, and 3) an cutlet, introducing the
leukocyte-containing fluid through the inlet, and
recovering the filtrate obtained by filtration through
the filter medium, through the outlet.

The leukocyte-containing fluid to be filtered
by the use of the leukocyte-removing filter apparatus of

the preceding invention inc¢ludes, for example, whole
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blood products, concentrated red cell products and
platelet concentrates, as well as body fluids.

When the leukocyte-containing fluid is a whole
blood product or a concentrated red cell product, the
leukocyte-containing fluid is preferably treated by the
use of a leukocyte-removing filter apparatus having an
apparatus capacity per unit of less than 20 mlL and not
less than 3 mL. The term "unit" used here means
approximately 300 mL - 550 mL of the whole-blood product
or the concentrated red cell product. When the
apparatus capacity per unit is less than 3 mL, there is
a strong, undesirable possibility that high leukocyte
removal rate can not be attained. When the apparatus
capacity per unit is 20 mlL or more, the amount cf
unrecoverable useful components in the leukocyte-
containing fluid which remain inside the apparatus is
undesirably increased. By filtering a whole blood
product or a concentrated red cell product by the use of
the leukocyte-removing filter apparatus of the preceding
invention, leukocytes can be removed to such an extent
that the number of remaining leukocytes in the recovered
fluid is less than 1 x 10°/unit.

When the leukocyte-containing fluid is a
platelet concentrate, the leukocyte—containing fluid is
preferably treated by the use af a leukocyte-removing
filter apparatus having an apparatus capacity per 5
units of less than 10 mL and not less than 1 mL. The

term "5 units™ used here means about 170 mL to about 200
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mL of the ceoncentrated platelet preparation. When the
apparatus capacity per 5 units is less than 1 mlL, there
is undesirably a strong possibility that high leukocyte
removal rate can not be attained. When the apparatus
capacity per 5 units is 10 mL or more, the amount of
unrecoverable useful components remaining inside the
apparatus is undesirably increased. By filtering a
platelet concentrate by the use of the leukocyte-
removing filter apparatus of the preceding invention,
leukocytes can be removed to such an extent that the
numper of remaining leukocytes in the recovered fluid is
less than 1 x 10°/5 units.

When leukocytes are removed simultaneocusly
with blood transfusion at a bedside in a hospital by
using the leukocyte-removing filter apparatus of the
preceding invention, a leukocyte-containing fluid is
preferably filtered at a rate of less than 20 g/min. and
not less than 1 g/min. On the other hand, whenl
leukocytes are removed from a blood product for
transfusion in a Blood Center by the use of the
leukocyte-removing filter apparatus of the preceding
invention, a leukocyte-containing fluid is preferably
filtered at a rate of less than 100 g/min. and not less
than 20 g/min.

The leukocyte-removing filter apparatus of the
preceding inventicn can be used not only fer removing
leukocytes responsible for various adverse side effects

after blood transfusion using a blood product for
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transfusion, but also for removing leukocytes in an
extracorporeal circulation therapy for autoimmune
diseases. The extracorporeal circulation therapy for
autoimmune diseases comprises filtering the leukocyte-
containing body fluid of a patient centinucusly by the
use of the leukocyte-removing filter apparatus of the
preceding invention, returning the recovered fluid into
the body, and thereby removing leukocytes from the body
fluid.

DISCLOSURE OF THE INVENTION

The present inventors earnestly investigated
further development of the techniques disclosed in the
preceding invention, and have accomplished the present
invention.

A first object of the present invention is to
provide a leukocyte-removing filter medium which has a
marked leukeccyte-removing capabkility per unit volume,
permits a satisfactory flbw of a leukocyte-containing
fluid, has little undesirable influence on hemocytes
such as erythrocytes and platelets, and has excellent
hemocompatibility, The filter medium is a leukocyte-
removing filter medium which comprises a matrix and
ultra-fine fibers having a fiber diameter of less than
1.0 um and not less than 0.01 pm and contains the
ultra-fine fibers in an amount of less than 50 wt% and
not less than 0.1 wt%. The degree of curvature of the

ultra-fine fibers is 1.2 or more, and/or the ultra-fine
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fibers form pores having a roundness of 1.7 or less
{this filter medium is hereinafter referred toc as the
first filter medium of the present invention).
Alternatively, the present invention is a leukoccyte-
removing filter medium which comprises a matrix and
ultra-fine fibers, i.e., fibril fibers having a fiber
diameter of less than 1.0 pgm and not less than 0.01 uym,
and which contains the ultra-fine fibers in an amount of
less than 50 wt% and not less than 0.1 wt% (this filter
medium is hereinafter referred to as the second filter
medium of the present invention). Alternatively, the
present invention is a leukocyte-removing filter medium
comprising non-woven fabric of splittable cellulose
containing ultra-fine fibers, i.e., cellulose micro-
fibrils having a fiber diameter of less than 1.0 um and
not less than 0.01 pgm (this filter medium is hereinafter
referred to as the third filter medium cf the present
invention). The present inventors found that the above
first object can be achieved by using any of these
leukocyte-removing filter media.

A second object of the present invention is to
provide a process for producing the leukocyte-removing
filter medium of the present invention. This process
includes, for example, a process of first dispersing and
mixing a2 matrix material and ultra-fine fibers having a
fiber diameter of less than 1.0 gm and not less than
0.01 pm, in a dispersion medium, and then makiﬁg the

resulting dispersion into paper to produce the filter
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medium. The present inventors found that the leukocyte-
removing filter medium of the present invention can be
very effectively produced by such a process.

A third object of the present invention is to
provide a leukocyte-removing filter apparatus and a
method for removing leukocytes which make it possible to
remove leukocytes from a leukecyte-containing fluid such
as a whole blood product, red cell product, platelet
product or the like, while minimizing loss of useful
blood components and attaining a high leukocyte removal
rate, The present inventors found that by filtering a
leukocyte-containing fluid by the use of a leukocyte-
removing filter apparatus containing the leukocyte-
removing filter medium of the present invention, the
loss of useful components can be reduced and, moreover,

a high leukocyte remcval rate can be attained.

BRIEF DESCRIPTICON OF DRAWINGS
Fig. 1A is an electron micrograph of the

surface of the filter medium having a typical network

structure of the preceding invention.

Fig. 1B is an electron micrograph of a section
of the filter medium shown in Fig. 1A.

Fig. 2 is an optical micrograph of ultra-fine
fibers having a remarkably curved shape.

Fig. 3A is an electron micrograph of the
surface of the first filter medium of the present

invention having nearly round pores formed by ultra-fine
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fibers.
Fig. 3B is an electron micrograph of a section

cf the filter medium shown in Fig. 3A.

BEST MODE FOR CARRYING OUT THE INVENTION

The term "fiber diameter of ultra-fine fibers"
in the present invention means a value obtained by the
method adopted in the preceding invention or by the
follewing procedure. Portions which are individually
considered to be substantially uniform are sampled from
ultra-fine fibers which constitute a leukocyte-removing
filter medium or from the leukocyte-removing filter
medium itself, and photographed by using a scanning
electron microscope and the like. 1In the sampling from
the filter medium, the effective filtration sectional
area portion of the filter medium is partitioned into
sections about 0.5 cm square, and of these sections, six
sections are sampled at random. The random sampling is
carried out, for example, by assigning a lot number to
each of the above-mentioned sections and selecting
necessary sections by, for instance, a method using a
table of random numbers. Three cr more, preferably five
or more portions of each sampled section are photo-
graphed at an enlargement ratio of 2000 or more. A
checkered transparent sheet having lines drawn thereon
lengthwise and widthwise at regular intervals of
approximately 0.1 mm - 10 nm is placed on each photo-

graph, and for a fiber at an intersection of vertical
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and horizontal lines, i.e., a lattice point, the fiber
width perpendicular to the fiber axis is measured as the
fiber diameter.

The ultra-fine fibers used in the filter
medium of the present invention refer to fibers having a
fiber diameter of less than 1.0 um and not less than
0.01 pum. When the fiber diameter is less than 0.01 um,
the fibers are not sufficient in strength and tend to be
cut by leukocytes or other hemocyte components, which
collide with the fibers during the treatment of a
leukocyte-containing fluid. When the fiber diameter is
1.0 #m or more, the surface area per unit volume of the
filter medium is decreased, so that the leukocyte-
removing capability per unit volume cannot be enhanced.
The fiber diameter is preferably less than 0.8 um and
not less than 0.02 pm, and more preferably less than 0.6
#m and not less than 0.1 pgm. The average fiber
diameter is preferably less than 0.7 pm and not less
than 0.05 um, and mere preferably less than 0.5 um and
not less than 0.1 um,

The term "degree of curvature" in the present
invention means a value obtained by the following
procedure. When the fiber diameter of a fiber at a
lattice point is less than 1.0 um and not less than 0.01
gm {the ultra-fine fiber according to the present
invention), the fiber at the lattice point is used as a
sample for measuring the degree of curvature. 1In a

photograph taken for determining the degree of
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curvature, both ends of the fiber used as a sample for
the measurement.are chosen as starting points. However,
for example, when the ultra-fine fiber used as a sample
for the measurement is intertwined with another fiber
and hence cannot be traced, or when this ultra-fine
fiber cannot be wholly seen because a material matrix
such as a thick fiber obstructs the view of the ultra-
fine fiber, a point from which the ultré—fine fiber is
intertwined with the other fiber or gets behind the
matrix materigl is chosen as a starting point. When the
fiber diameter of the fiber at the lattice point
decreases to less than 0.01 gm or increases to 1.0 um
or more in any portion between the ends of the fiber,
even though it is less than 1.0 gm and not less than
0.01 pgm in the other portion, a point from which the
fiber diameter decreases to less than 0.01 um or
increases to 1.0 um or more is chosen as a starting
point. In addition, when a matrix material such as
fiber having a large fiber diameter is present and the
ultra-fine fiber adheres to the matrix material, a point
from which the ultra-fine fiber adheres to the matrix
material is chosen as a starting point.

The actual length of the fiber between the
starting points thus chosen in the photograph is
measured with an apparatus such as an image analyzer and
suitable instruments and taken as L,, Next, the distance
between the starting peints in the case of joining them

by a straight line is taken as 1,, and L, is divided by
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L,. Such a measurement is carried out for 100 or more
ultra-fine fibers. The degree of curvature is defined
as a value obtained by dividing the sum of quotients
obtained by the division of L, by L, by the number of
fibers subjected to the measurement. The term "degree
of curvature” in the present invention is an indication
of the non-straightness of a fiber, and means that a
fiber having a high value of this indicaticon has a high
degree of inflection such as bending or meandering
between the ends of the fiber.

The degree of curvature of the ultra-fine
fibers used in the first leukocyte~removing filter
medium of the present invention is 1.2 or more. Fibers
having such a high linearity that their degree of
curvature is less than 1.2 are not suitable for the
following reasons: when a plurality of ultra-fine fibers
are intertwined with one another, they tend to become a
bundle like a fiber having & large fiber diameter; and
when, for example, fiber having a large fiber diameter
is present as a matrix material, ultra-fine fibers
adhere to the thick fiber along the fiber axis of the
thick fiber, so that the actual surface area which
contributes to the removal of leukocytes is not
sufficient, resulting in difficult enhancement of the
leukocyte-removing capability per unit volume. The
degree of curvature is preferably less than 10 and not
less than 1.2, more preferably less than 5.0 and not

less than 1.4, most preferably less than 3.0 and not
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less than 1.7.

Fibers having a curved shape have also been
described as a preferable example in the case of the
preceding invention, but the relation of the curvature
of fibers to the leukocyte-removing capability of a
filter medium and the flowability of blood has not been
investigated in detail. 1In the case cof the present
invention, the enormous importance of using ultra-fine
fibers having a degree of curvature of 1.2 or more was
found by investigating the leukocyte-removing capability
cf a filter medium and the flowability of blood in
further detail by using an indication having numerical
guantitativeness, i.e., the degree of curvature. The
reason for this importance can be postulated as follows.
Because of their high degree of curvature, the ultra-
fine fibers hardly come into contact with one another

along their fiber axes even if they are inter-twined

"with one another, and hence the substantial fiber

diameter is hardly increased. Moreover, even if fiber
having a large fiber diameter is present, the
probability of the adhesion of the ultra-fine fibers to
the thick fiber along the thick fiber axis can be
reduced. Consequently, the surface areas of the ultra-
fine fibers in the present invention can become
effective in removing leukocytes, so that the leukocyte-
removing capability can be enhanced. Furthermore, since
the ultra-fine fibers have a very small fiber diameter

and are hardly intertwined with one another, a decrease
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of the pore content which inhibits the flow of blood can
be suppressed, so that a satisfactory flowability of
blood can be maintained.

In addition, in the first leukocyte-removing
filter medium of the present invention, pores having a
roundness of 1.7 or less are formed by the ultra-fine
fibers. Here, the term "roundness" means a value
obtained by the following procedure. In the same manner
as in the above~mentioned fiber diameter measurement,
the area (S;) of the pore formed by the ultra-fine fibers
in the photograph and its periphery length (L) are
measured with a suitable apparatus such as an image
analyzer. In this measurement, it is preferable to
trace the shape of the pore formed by the ultra-fine
fibers on tracing paper or the like and determined the
area and the periphery length because they can be more
accurately determined. Then, the area (Sz) cf a circle
having a periphery length of L is calculated, and the §,
value is divided by the S; value. Such a measurement is
carried out for a plurality of pores, specifically 100
or more pores. The term "roundness" in the present
invention is defined as a value obtained by dividing the
sum of guotients cbtained by dividing the S, value by the
S, value, by the number of pores. That is, the term
"roundness" in the present invention is an indication of
the similarity of the pores to circles, and the higher
value of roundness means a higher similarity of the

pores to circles.
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A roundness of more than 1.7 is not suitable
because leukocytes cannot be efficiently removed by the
pores and erythrocytes pass through the pores while
being unavoidably remarkably deformed, so that the

5 filtration rate tends tc be decreased by the resistance
to passage of erythrocytes. The roundness is preferably
1,5 or less, more preferably 1.3 or less, most prefer-
ably 1.1 or less,

In the measurement of the roundness, the

10 diameter of each pore formed by the ultra-fine fibers is
converted to the diameter of a circle having the same
periphery length L value as that of the pore, and the
term "diameter in terms of a circle” is defined as the
diameter of the circle. The diameter in terms of a

15 circle is measured for 100 or more pores as in the
measurement of the roundness, and the average of the
measured values is taken as the diameter in terms of a
circle. The value of the diameter in terms of a circle
is preferably less than 20 pm and not less than 1 um.

20 When the diameter in terms of a circle is less
than 1 um, leukocytes are captured in the upper parts of
the pores and the pores are plugged therewith, so that
the lower parts of the plugged pores do not contribute
to the removal of leukocytes. Therefore the filtration

25 rate is liable to be decreased by the plugging with the
leukocytes which is undesirable. When the diameter in
terms of a circle is 20 um or more, the removal of

leukocytes by the meshes is hardly expected, namely, the
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leukcecyte-removing capability is deteriorated which is
also undesirable. The diameter in terms of a circle is
more preferably less than 10 pm and not less than 1 um,
and further is more preferably less than 8 gm and not
5 less than 2 um.

In addition, the coefficient of wariation of
the diameter in terms of a circle is preferably 50% or
less. The term "coefficient of variation" used here
means a value obtained as follows: in determining the

10 diameter in terms of a circle, the standard deviation of
a distribution, obtained by drawing a graph with the
diameter of a circle for the conversion on the abscissa
and the freguency of occurrence on the ordinate, is
divided by the value of the diameter in terms of a

15 circle and then multiplied by 100, The smaller the
value of the coefficient of variation means there is
less variation in the sizes of pores formed by the
ultra-fine fibers. It is preferable that the
coefficient of variation of the diameter in terms of a

20 circle be small, namely, the sizes of the pores are
uniform, because then one-sided flow cof blood does not
significantly occur. The coefficient of variation of
the diameter in terms of a circle is more preferably 40%
or less, further more preferably 30% or less, most

25 preferably 20% or less.

In the above-mentioned measurement of the

roundness and the diameter in terms of a circle, a

checkered transparent sheet having lines drawn thereon
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lengthwise and widthwise at regular intervals of
approximately 0.1 mm - 10 mm is placed on each
photograph, and the fiber diameter of a fiber at an
intersecticon of vertical and horizontal lines, i.e., a
5 lattice point, is measured. When the fiber diameter of
the fiber at the lattice point is less than 1.0 um and
not less than 0.01 pm, the roundness and diameter in
terms of a circle of a pore involving the ultra-fine
fiber on the lattice point are determined. However,

10 even though the fiber diameter of the fiber at the
lattice point is less than 1.0 pm and not less than 0.01
4m, data obtained in, for example, the following cases
are omitted: the case where the fiber diameter of the
fiber forming the pore decreases to less than 0.01 ugm. or

15 increases to 1.0 gm or more between the ends of the
fiber, and the case where the fiber diameter of the
fiber forming the pore is difficult to measure, for
example, because a plurality of fibers are intertwined
wWith one another. In addition, when the pore formed by

20 the ultra-fine fiber is regarded as a pore through which
the passage of blocd is guite difficult, for example, a
pore formed in close contact with the matrix material,
the pore is not used as a sample for the measurement.
That is, the roundness and the diameter in terms of a

25 circle are measured for pores through which blood can
pass and which are formed as spaces in the matrix

material.

An example of the porous structure formed by
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the ultra-fine fibers in the present invention is shown
in Fig. 3A, i.e., a structure comprising consecutive
curvilinear pores similar to circles which is formed by
such curved ultra-fine fibers as are shown in Fig. 2,
However, any structure comprising polygonal pores is
included in the porous structure according to the
present invention so long as the polygonal pores has a
roundness of 1.7 or less and a diameter in terms of a
circle of less than 20 pgm and not less than 1 pum.

For further enhancing leukocyte-removing
capability, it is preferable that the porous structure
according to the present invention be formed by the
ultra-fine fibers on a plane perpendicular to the
direction of flow of a leukocyte-containing fluid.
Preferably, such a porous structure accerding to the
present invention is substantially uniformly formed in
the whole leukocyte-removing filter medium as shown in
Fig. 3B, though it may be formed in a part of the filter
medium, such as the surface layer.

Since the ultra-fine fibers used in the
present invention have a fiber diameter of as small as
less than 1,0 pgm and not less than 0.01 um, the surface
area per unit volume of the filter medium can be greatly
increased. Moreover, it is conjectured that, since a
porous structure comprising pores of a suitable size is
formed by the ultra-fine fibers on a plane perpendicular
to the direction of flow of a leukocyte-containing

fluid, leukocytes are efficiently captured by the pores.
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Since the ultra-fine fibers used in the
present invention are not in the form of a bundle but
are so-called single fibers, each of which is in a split
state, the void content of the leukocyte-removing filter
5 medium can be kept high, and a porous structure
comprising consecutive pores similar to circles is
formed by the ultra-fine fibers. Therefore, in the
leukocyte-removing filter medium, the resistance to
passage of useful hemocyte components other than
10 leukocytes, for erample, hemocyte components not to be
removed such as erythrocytes, can be markedly reduced,
so that excellent blood-filtering characteristics can be
exhibited with a good blood fluidity. The excellent
blood-filtering characteristics could not be expected at
15 all at the beginning and were a surprising effect. The
following can be speculated: erythrocytes pass through
the pores of the filter medium while being deformed, but
they can pass therethrough without large deformation
when the shape of pores of the filter medium ié similar
20 to a circle, and consequently it has become possible to
maintain good blood fluidity without an increase of the
resistance to passage of erythrocytes.
As a material for the ultra-fine fibers used
in the present invention, any material can be used which
25 hardly damages blood or hemocyte components and has a
desirable fiber diameter and degree of curvature, or a
material which has been processed by heat treatment,

mechanical treatment, or the like so as to have a
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desirable fiber diameter and degree of curvature. These
materials include natural fibers, semi-synthetic fibers,
synthetic fibers, inorganic fibers, metallic fibers,
etc. Of these, polymeric organic materials such as
cellulose, cellulose acetate, polyacrylonitriles,
polyesters, pelyeolefins, poly(vinyl alcohel)s,
polyamides, etc. are preferable.

The second filter medium of the present
inventicn is cbtained by using fibril fibers obtained by
fibrillating splittable fiber, as ultra-fine fibers.

The fibril fibers can be cbtained as fibers having a
desirable shape, for example, they tend tc have a single
yarn shape with a small fiber diameter and they have a
curved structure. Such fibril fibers can be obtained by
fibrillating regenerated cellulose fiber or purified
cellulose fiber by a very simple methed such as
subjecting the regenerated cellulose fiber or purified
cellulose fiber to acid or alkali treatment and then
physical stirring in a liquid by the use of a mixer.

The above-mentioned fibril fibers, however,
contain fibril fibers with fiber diameters of 1.0 um or
more in some cases. Although a filter medium containing
such fibers is also included in the filter medium of the
present invention, such fibril fibers do not contribute
to the remarkable enhancement of the leukocyte-removing
capability, and hence it is preferable to remove fibril
fibers with a large fiber diameter by filtering a

suspension of fibril fibers prepared by physical
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stirring by means of a mixer or the like, through a
suitable filter medium such as mesh.

Fibril fibers obtained by fibrillating fiber
having a fibril index of 10 or mere among the fibers
menticned above are preferable. The term "fibril index"
used here means a value cobtained by the methed described
in Japanese Patent Application Kehyo No. 8-501356. That
is, eight fibers are placed in a 20-mlL sample bottle
containing 4 mlL of water, and the sample bottle is
shaken in a labeoratory mechanical shaker of RO-10 type
of Gerhardt AG. (Bonn, Germany) in 12 stages (or under
shaking conditions equal thereto) for three hours, after
which the number cf fibrils per fiber length of 0.276 mm
is counted under a microscecpe as the fibril index.
Fibers having a fibril index of 10 or more are easy to
fibrillate, give homogeneous fibrils, and tend to give
fibrils relatively uniform in diameter. The fibril
index is a measure of the ease of fibrillation, and the
higher value of the fiber index means the easier
fibrillation. The fibril index is preferably 15 or
more, more preferably 20 or more, and most preferably 30
or more. Specific examples of fibers having a fibril
index of 10 or more are vegetable fibers such as flax,
cotton, etc.; synthetic fibers such as aromatic
polyamide fiber, polyacrylonitrile fiber, etc.; and
purified cellulose fiber.

Since the purified cellulose fiber tends to be

fibrillated more easily than regenerated cellulose
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fiber, it is more preferable to use fibril fibers
obtained by fibrillating the purified cellulose fiber.

The purified cellulese fiber is produced by
"solvent spinning technigque™ in which natural fiber such
as wood pulp is dissolved in a sclvent such as an amine
oxide and then formed into yarn. On the other hand, the
regenerated cellulcse fiber is produced by a process of
cutting natural fiker into pieces by causing its
chemical change in a step of producing cellulose, and
then forming the pieces into yarn. Probably because of
such difference between the production processes, the

purified cellulose fiber has a very highly oriented

-micrefibril structure therein. Moreover, the purified

cellulose fiber has almost no skin layer in the fiber
surface portion cr has, if any, only a very soft skin
layer. Consequently, the purified cellulose fiber is
easily fibrillated by physical stimulation by a mixer or
the like and can be made into fibril fibers relatively
uniform in fiber diameter. On the other hand, the
regenerated cellulose fiber has a lower orientation
degree of microfibril structure and a thicker skin layer
in the fiber surface layer than does the purified
cellulose fiber, and hence tends to have difficulty in
providing acceptable fibril fibers as compared with the
purified cellulose fiber. Furthermore, fibril fibers
obtained from the regenerated cellulose fiber tend to
have a scmewhat larger fiber diameter and greater

variation of the fiber diameter than do fibril fibers
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obtained from the purified cellulose fiber. Therefore,
it is preferable to obtain fibril fibers by fibrillating
the purified cellulose fiber.

Of fibril fibers, those having a very low
degree of swelling of fiber length with water are
preferable. More specifically, fibril fibers having a
degree of swelling of fiber length of 1.0% or less are
preferable. The term "degree of swelling of fiber
length with water” used here means a value defined by
the following eguation (1) by measuring the fiber length
of one and the same fibril fiber in a dried state and a

water-swollen state under a micrescope:

(Degree of swelling of fiber length with water)

Fiber length at Fiber length
water-swollen state/ - | at dry state

-1 x 100 (%)
(Fiber length at dry state) (1}

The fiber length can be directly measured
under a microscope, though since the fibril fiber is
often curved, for example, it is preferable to take a
micrograph of the fibril fiber and measure the length on
the micrograph or with an image analyzer. The number of
measurements made is preferably statistically
significant.

When the degree of swelling of fiber length

with water of the fibril fibers is more than 1.0%, the
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fibrils absorb water the moment fibrils in a dried state
come into contact with blood, and hence there is
undesirably a strong probability that the surfaces of
hemocytes such as erythrocytes and platelets are
damaged. Moreover, when the degree of swelling of fiber
length with water is more than 1.0%, there is also a
possibility that the fibrils are changed in shape the
moment they come into contact with blood, resulting in a
changed structure of the leukocyte-removing filter
medium. The degree of swelling of fiber length with
water is preferably in a range of 0.5% or less, more
preferably 0.1% or less, most preferably 0.05% or less.

In additicn, when the degree of swelling of
fibril fiber length with water in the present invention
is 1.0% or less, the above-mentioned porous structure is
properly maintained with little change, even if drying
and wetting are repeated during the production or use of
the leukocyte-removing filter medium. Specific examples
of the fibers having a degree of swelling of fiber
length with water of 1.0% or less are synthetic fibers
such as polyester fiber, aromatic polyamide fiber,
polyacrylonitrile fiber, etc., and purified cellulose
fiber.

Fibril fibers of cellulose are preferable
because they are hardly cut in spite of their small
fiber diameter and they are suitably soft, so that they
permit passage of erythrocytes therethrough without

excessive deformaticn of the erythrocytes, have a low
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resistance to passage of a liguid, and cause little
damage to the erythrocytes. It can be speculated that
the fibril fibers of c¢cellulose are thin and hence have
such a strong affinity for leukocytes that the
leukocytes are firmly captured.

Furthermeore, since the material cellulose
itself has such a low affinity fér hemocytes such as
erythrocytes and platelets that it hardly stimulates
these cells, its hemocompatibility is ideal.

Fibril fibers are described as a preferable
example of ultra-fine fibers also in the case of the
above-mentioned preceding invention, but the following
knowledge was obtaired in the present invention for the
first time: the leukocyte-removing capability can be
further enhanced by using fibril fibers cobtained by
fibrillation of fiber having a fibril index of 10 or
more, or purified cellulose fiber, or using fibril
fibers having a degree of swelling of 1.0% or less.

In the second filter medium of the present
invention, the ultra-fine fibers preferably possess pre-
determined degree of curvature, roundness, or diameter
in terms of a circle as in the first filter medium of
the present invention.

In each of the first and second filter media
of the present invention, the content of the ultra-fine
fibers is less than 50 wt¥ and not less than 0.1 wt%
based on the weight of the filter medium. A content of

the ultra-fine fibers of more than 50 wt% is not
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suitable because the pore size is decreased, so that the
flowability of blood is liable to be deteriorated. A
content of the ultra-fine fibers of less than 0.1 wt% is
not suitable because the leukocyte-removing capability
is liable tc be not sufficient. The content of ultra-
fine fibers is préferably less than 20 wt$% and not less
than 1 wt%.

The content of the ultra-fine fibers can be
measured by the same method as in the preceding
invention and/or either of the methods exemplified
below, The methods include, for example, a methed of
extracting the ultra-fine fibers with a suitable
solvent, and measuring the weight of the ultra-fine
fibers in the extract solution, and a method of
measuring the content by analyzing the compcsition of
the extract solution or the leukocyte-removing filter
medium by utilizing a differential scanning calorimeter,
high performance liquid chromatography (HPLC), nuclear
magnetic rescnance spectrum (NMR), elemental analysis,
X-rays, infrared spectrum (IR) or the like. Particular-
ly when a material for the ultra-fine fibers is
cellulose, the centent may be measured by decomposing
the ultra-fine fibers into gluccse with a suitable
enzyme such as cellulase, and determining the amount of
the glucose. When fiber having a large fiber diameter
is present together with the ultra-fine fibers and the
fiber having a large fiber diameter, and the ultra-fine

fibers coexist substantially uniformly in the whole
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filter medium, the content of the ultra-fine fibers may
be measured by the following method. The fiber diameter
and fiber length of each fiber in a photograph taken by
the use of a scanning electron microscope are measured,
and a graph is drawn by plotting the fiber diameter as
abscissa and the fiber length as ordinate. The fiber
volume of fibers having each fiber diameter is
determined, and the weight of the fibers having each
fiber diameter is calculated by multiplying the fiber
volume by the fiber density. The sum of the weight
values thus obtained is taken as the fiber weight. The
content may be determined by dividing the weight of
ultra-fine fibers with a fiber diameter of less than 1.0
4m and not less than 0.01 um by the fiber weight. The
term "fiber length" used here means a cumulative value.
That is, when a plurality of fibers having the same
fiber diameter are measured, the total length of these
fibers is used. Even if several kinds of fibers are
present as a mixture, the average fiber diameter of
fibers of each kind may be used when the fiber diameters
of the fibers of each kind ¢an be considered to be
substantially uniform.

The fiber length referred to here is measured
as follows: in each fiber photographed by the use of a
scanning electron microscope, both ends of a pertion
regarded as a substantially single fiber in the photo-
graph are chosen as starting points, and the actual

length of the fiber between the starting points thus
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chosen is measured with an apparatus such as an image
analyzer and suitable instruments. However, for
example, when the fiber to be measured is intertwined
with another fiber between both ends and hence cannot be
traced, or when the fiber to be measured cannot be
wholly seen because another fiber obstructs the view of
the fiber to be measured, a point from which the fiber
te be measured is intertwined with the other fiber or
gets behind the other fiber is chosen as a starting
point.

The ultra-fine fibers are preferably mixed in
the whole filter medium. However, if it is difficult to
mix the ultra-fine fibers in the filter medium so that
they may be present alsoc in the innermost of the filter
medium, owing to a restriction by a prcduction process
of the filter medium, the ultra-fine fibers may be mixed
in one surface or both surfaces of the filter medium.
When the ultra-fine fibers are mixed in the filter
medium so that they may be present also in the innermost
of the filter medium, the content of the ultra-fine
fibers is adjusted to less than 50 wt% and not less than
1 wt?%, preferably less than 20 wt% and not less than 1
wt%, most preferably less than 10 wt% and not less than
2 wt%. When the ultra-fine fibers are mixed in one
surface or both surfaces of the filter medium, the
content of the ultra-fine fibers is adjusted to less
than 10 wt% and not less than 0.1 wt%, preferably less

than 6 wt% and not less than 1 wt%, most preferably less
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than 4 wt% and not less than 1 wt$.

The matrix usable in each of the first and
second filter media of the present invention includes,
for example, a fiber assembly obtained by using fiber
with a large fiber diameter as a matrix material; a
poreous membrane and a spongy structure, which have
interconnecting voids; and a particle assembly obtained
by using particles as a matrix material. Of these
matrices, in particular, the fiber assembly obtained by
using fiber with a large fiber diameter as a matrix
material is preferably used. As the matrix and a matrix
material, those cbtained from any material can be used
s0 long as they hardly damage blood or hemocyte
components. Specific examples thereof are matrices and
matrix materials , which are obtained from the same
materials as in the preceding invention, such as
pelyurethanes, polyesters, polyolefins, polyamides,
pelystyrenes, polyacryleonitriles, cellulose, cellulose
acetate, etc. Glass fiber can also be preferably used
when its surface is coated with a material which hardly
damages blood or hemocyte components.

Each of the first and second filter media of
the present invention is preferably in a form in which
the ultra-fine fibers and the matrix materials are
mixed, nct a form in which the ultra-fine fibers are
held by the matrix material. This is because the mixing
of the matrix material makes it possible to increase the

mechanical strength of the filter medium and improve the
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ease of handling in a filter medium production process

When fiber having a large fiber diameter is
used as the matrix material, its fiber diameter is
suitably less than 30 gm and not less than 1 gm. &
fiber diameter of less than 1 um is not suitable because
the pore size of the matrix formed of the matrix
material is too small, so that the blood filtration time
is liable to be elongated. A fiber diameter of 30 pm or
more is not suitable because the pore size of the matrix
is teoo large, so that holding the ultra-fine fibers used
in the present invention is liable to be difficult. The
fiber diameter is preferably less than 10 gm and not
less than 1 um, more preferably less than 3 pm and not
less than 1 um. As the fiber having a large fiber
diameter, either short fibers or long fibers may be
used. When long fibers are used as the matrix material,
their fiber length is preferably 10 mm or more.
However, employment of short fibers having a fiber
length of less than 10 mm is preferable to employment of
long fibers having a fiber length of 10 mm or more
because it facilitates the production of a leukocyte-
removing filter medium containing the ultra-fine fibers
according to the present invention which are
substantially uniformly mixed therein (combined with the
matrix material). When short fibers are used as the
matrix material, their fiber length is less than 10 mm
and not less than 0.1 mm, preferably less than 7 mm and

not less than 1 mm, more preferably less than 5 mm and
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not less than 2 mm. Here, the fiber length of the short
fibers refers to the average of measured values of the
fiber lengths of 50 or more fibers.

When a porous membrane or a spongy structure
is used as the matrix which has interconnecting veids,
the average pore size is suitably less than 100 pm and
not less than 1 um. A measuring method of the average
pore size and its preferable range are the same as in
the preceding invention.

When particles are used as the matrix
material, the average particle diameter is suitably less
than 300 um and not less than 1 pgm. When the particles
are packed into a suitable container, an average
particle diameter of less than 1 gm is not suitable
because the pore sizes of pores formed among the
particles are too small, so that the blood filtration
time is liable to be increased. On the other hand, an
average particle diameter of 300 um or more is not
desirable because the spaces among the particles are too
large, so that holding the ultra-fine fibers used in the
present invention becomes difficult. The average
particle diameter is more preferably less than 50 pm and
not less than 5 um, most preferably less than 20 um and
not less than 6 gm. Here, the average particle diameter
refers to the average of particle diameters measured by
photographing by the use of a scanning electron micro-
scope, and is obtained by carrying out the mesasurement

for 50 or more particles,
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The leukocyte-removing filter medium of the
present invention may be composed of fiber having a
branched structure obtained by uniting short fibers and
ultra-fine fibers in a body so that the branch-like
ultra~fine fibers may branch from the short fibers used
as, so to speak, trunks, or the filter medium may be
composed of a mixture of such fibers having a branched
structure and monofilament-like short fibers and/or
ultra-fine fibers. The term "fiber having a branched
structure”™ used here means fibers composed of both
trunk-like short fibers having a large fiber diameter
and branch-like ultra-fine fibers having a small fiber
diameter. B2An example is fiber having a branched
structure formed by branching of branch-like fibers
having a fiber diameter of less than 1.0 pgm and not less
than 0.01 gm from trunk-like fibers having a fiber
diameter of less than 30 um and not less than 1 um and
a fiber length of less than 10 mm and not less than 0.1
mm.

The third leukocyte-removing filter medium of
the present invention is a non-woven fabric made of
splittable cellulose containing ultra-fine fibers, i.e.,
cellulose microfibrils having a fiber diameter of less
than 1.0 pgm and not less than 0.0l gm. The non-woven
fabric made of splittable cellulose containing cellulose
microfibrils is a mixture of cellulose microfibrils
having a fiber diameter of less than 1.0 pm and not less

than 0.01 um and incompletely fibrillated cellulcse
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fiber having a fiber diameter of less than 30 pgm and not
less than 1 pm which mixture is in the form of non-woven
fabric. The splittable cellulose fiber has been split
to random diameters, and portions containing fiber
having a branched structure composed of the splittable
cellulose fiber as trunk and branch-like cellulose
microfibrils branching therefrom are also present in the
non-woven fabric. In this case, the splittable
cellulose fiber as trunk is a matrix material.

When the non-woven fabric made of splittable
cellulose is used as the leukocyte-removing filter
medium, the presence ratio of the cellulose microfibrils
having a fiber diameter of less than 1.0 um and not less
than 0.01 um to the cellulose fiber having a fiber
diameter of less than 30 um and not less than 1 um is
preferably such that the total area of the cellulcse
microfibrils is less than 50% and not less than 1.0%
based on the area of the whole cellulose fiber when the
filter medium is observed by a scanning electron micro-
scope. When this percentage is less than 1.0%, the
amount of the fibril fibers is undesirably not suf-
ficient to capture leukocytes in a leukocyte-containing
fluid. When the percentage is 50% or more, the amouﬁt

of the fibril fibers is undesirably too large, resulting

in an unsatisfactory flow of the leﬁkocyte-containing

fluid. The percentage is more preferably in a range of
less than 45% and not less than 5%, still more prefer-

ably less than 30% and not less than 10%.
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Since all the fibers of the non-woven fabric
made of splittable cellulose are made of cellulose, the
non-woven fabric is a material naturally having such a
low affinity for hemocytes such as erythrocytes and
platelets that it hardly stimulates these cells. There-
fore, the non-woven fabric has an ideal hemocompatibil-
ity. Specific examples of the splittable cellulose
fiber are cellulose type semi-synthetic fibers such as
acetate fiber, triacetate fiber, etc., regenerated
cellulose fiber, and purified cellulose fiber.

In the third filter medium of the present
invention, the cellulose microfibrils as ultra-fine
fibers preferably possess a predetermined degree of
curvature, roundness, or diameter in terms of circle as
in the first and second filter media of the present
invention. The third filter medium of the present
invention is preferably a non-woven fabric made of
splittable cellulose by microfibrillating cellulose
fiber or purified cellulose fiber, which has a fibril
index of 10 or more, as in the second filter medium, and
the cellulose microfibrils preferably have a degree of
swelling of fiber length with water of 1.0% or less.

In the filter media of the present invention,
the ratio of the average pore size of pores of the
matrix formed of the matrix material to the average
fiber diameter of the ultra-fine fibers is less than
2,000 and not less than 2, preferably less than 200 and

net less than 6, more preferably less than 100 and not
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less than 10, for the purpose of keeping good flow of a
leukocyte-containing fluid. The range of the ratio of
the average pore size of the matrix to the average fiber
diameter of the ultra-fine fibers, etc. are the same as
in the above-mentioned preceding invention.

When the matrix is composed of fibers having a
large fiber diameter of less than 30 um and not less
than 1 um, the ratio of the average fiber diameter of
the matrix fibers to the average fiber diameter of the
ultra-fine fibers is less than 300 and not less than
1.5, more preferably less than 60 and not less than 2,
most preferably less than 20 and not less than 2, for
the purpose of keeping good flow of a leukocyte-
containing fluid. Here, the average fiber diameter of
the fibers having a large fiber diameter is measured in
the same manner as for the above-mentioned measurement
of the average fiber diameter of the ultra-fine fibers.

The average pore size of each leukocyte-
removing filter medium containing the ultra-fine fibers
of the present invention is preferably less than 100 gm
and not less than 1.0 um.

Here, the average pore size refers to a vélue
obtained by measurement by a bubble point methed. For
example, the average pcre size (mean* flow *pore size:
MFP) can be measured with Coulter® Porometer manufactured
by Coulter Electronics Inc., by using about 50 mg of a
sample. When the average pore size is less than 1.0 pm,

the flow of a leukecyle-containing fluid is undesirably
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difficult. When the pore size is 100 um or mere, the
ultra-fine fibers are often undesirably difficult to
hold. The average pore size is more preferably in a
range of less than 20 um and not less than 3.0 um,
5 further more preferably less than 12 ugm and not less
than 5.0 um.

The void content of each leukocyte-removing
filter medium of the present invention is preferably
less than 95% and not less than 50%. The reason is the

10 same as in the preceding invention. The void content is
measured by the same method as in the preceding
invention,

The thickness of each leukocyte-removing
filter medium of the present invention is preferably

15  less than 30 mm and not less than 0.05 mm in the
direction of flow of a leukocyte-containing fluid, for
the same reason as in the preceding invention. The
thickness is more preferably less than 10 mm and not
less than €.05 mm, most preferably less than 1 mm and

20 not less than 0.1 mm.

In addition, each leukocyte-removing filter
medium of the present invention may be post-processed
with a binder such as a water-insoluble solution as in
the preceding invention, and moreover its surface may be

25 modified into a surface to which platelets and erythro-
cytes hardly adhere. BAs method and material for the
surface modification, the same method and material as in

the preceding invention are preferably used.
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For providing a process for producing a
leukocyte-removing filter medium, the second object of
the present invention, the present inventors earnestly
investigated and consequently found that the filter
medium of the present invention can be produced by the
following process.

A process in which a matrix material is mixed
with ultra-fine fibers having a fiber diameter of less
than 1.0 gm and not less than 0.01 pm, and then a
filter medium as a filter medium of the present
invention is produced containing the ultra-fine fibers
in an amount of less than 50 wt% and not less than 0.1
wt%, the degree of curvature of the ultra-fine fibers
being 1.2 or more, and/or the ultra-fine fibers forming
pores having a roundness of 1.7 or less (this process is
hereinafter referred to as the first production process
of the present invention).

Alternatively, the process is one which
comprises mixing & matrix material with fibril fibers as
ultra-fine fibers, or making a dispersion of fibril
fibers in & matrix made of a matrix material into paper,
and thereby producing a filter medium of the present
invention containing the fibril fibers in an amount of
less than 50 wt% and not less than 0.1 wt% (this process
is hereinafter referred to as the second production
process of the present invention). Alternatively, the
process is one which comprises fibrillating a portion of

splittable cellulose fiber to obtain a filter medium of
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the present invention which is a non-woven fabric of
splittable cellulese containing microfibrils having a
fiber diameter of less than 1.0 gm and not less than
0.01 2m (this process is hereinafter referred to as the
third production process of the present invention).
Alternatively, the process is one which comprises mixing
a matrix material with splittable fiber and then
splitting the splittable fiber into ultra-fine fibers
having a fiber diameter of less than 1.0 gm and not less
than 0.01 pgm, to produce a filter medium of the present
invention containing the ultra-fine fibers in an amount
of less than 50 wt% and not less than 0.1 wt%, the
degree of curvature of the ultra-fine fibers being 1.2
or more, and/or the ultra-fine fibers forming pores
having a roundness of 1.7 or less (this process is
hereinafter referred to as the fourth production process
of the present invention}.

In the first production process of the present
invention, since the filter medium is préduced after
previously mixing a matrix material with ultra-fine
fibers, the ultra-fine fibers can be mixed in the whole
of the resulting filter medium. The preceding invention
discloses a process for producing a filter medium which
comprises pouring a dispersion of ultra-fine fibers into
a vessel containing a porous element as matrix, then
discharging water, and thereby holding the ultra-fine
fibers in the surface layer portion of the porous

element. That is, according tc this production process,
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a filter medium comprising the porous element already
having a porous structure, such as a non-woven fabriec,
porous membrane or the like, and the ultra-fine fibers
held in the surface layer of the porous element can be
obtained.

The preceding invention discloses the fact
that ultra-fine fibers can be held in a filter medium so0
that the ultra-fine fibers may be present alsoc in the
innermost part of the filter medium, by reducing the
fiber length of the ultra-fine fibers, or treating the
filter medium with a high-pressure liquid jet in post-
processing. However, according to this method, the
amount of ultra-fine fibers inside the porous element is
smaller than in the surface layer portion of the porous
element, so that it is not easy to hold fhe ultra-fine
fibers so that they may be present at a uniform density
in the direction of thickness of the porous element.

On the other hand, in the first production
process of the present invention, since the filter
medium is produced after previously mixing a matrix
material with ultra-fine fibers, the density of the
ultra-fine fibers present in the direction of thickness
of the resulting filter medium can be made very uniform.

In addition, the first production proﬁess of
the present invention is a wvery simple production
process in which, unlike in the preceding invention, the
ultra-fine fibers can be made present in the whole

filter medium without reducing the fiber length of the
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ultra-fine fibers or treating the filter medium with a
hiéh—pressure liquid jet, and, moreover, the matrix and
the ultra-fine fibers can be allowed to coexist as a
mixture. Fig. 1B is an electron micrograph in the
direction of thickness of the filter medium of the
preceding invention. Fig. 3B is an electron micrograph
in the direction of thickness of the filter medium of
the present invention. As is clear from comparison
between Fig. 1B and Fig. 3B, the filter medium of the
preceding invention has many of the ultra-fine fibers in
its surface layer portion, while the filter medium of
the present invention is in such a form that the ultra-
fine fibers are mixed in the whole filter medium.

The filter medium obtained by the first
production preocess of the present invention has a higher
leukocyte-removing capability per unit volume because
the ultra-fine fibers are uniformly mixed in the whole
filter medium.

The first production process of the present
invention is explained below in further detail. In the
first production process of the present invention, the
same ultra-fine fibers as in the preceding invention can
be used. Matrix material which can be used in the first
production process of the present invention includes
short fibers having a fiber diameter of less than 30 um
and not less than 1 pum and a fiber length of less than
10 mm and not less than 0.1 mm; particles having a

particle diameter of less than 300 um and not less than
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1 pgm; or polymer solutions capable of forming a porous
membrane or a spongy structure.

When the short fibers or particles are used as
the matrix material in the first production process of
the present invention, a process is exemplified which
comprises preparing a dispersion by previously mixing
and dispersing both the matrix material and ultra-fine
fibers, pouring the dispersion into a vessel containing
a suitable supporting fabric (e.g. mesh} located therein
for preventing the loss of the ultra-fine fibers and the
matrix material, accumulating the dispersion and then
discharging water, and drying the residue toc produce a
sheet-like filter medium.

In this case, dispersions of the ultra-fine
fibers and the matrix material, respectively, may be
prepared and then mixed, or the ultra-fine fibers and
the matrix material are directly mixed and dispersed in
one and the same dispersion medium. As the dispersion
medium for dispersing each or both of the ultra-fine
fibers and the matrix material, any dispersion medium
can be used s¢ long as the ultra-fine fibers and the
matrix material can be uniformly dispersed therein, and
are not soluble therein. The dispersion medium includes
water, alcohols, etc. If necessary, surfactants and
thickening agents may be added to the dispersion medium.
In such a paper making process, the concentration of the
fibers or particles in the dispersicn is preferably

about 0.01 g/L to about 3 g/L. When a surfactant and/or
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a thickening agent are added, the concentration thereof
is preferably 0.001% to 5%.

According to the first production process of
the present invention, the filter medium can be produced
by using fiber having a branched structure obtained by
uniting short fibers as a matrix material and ultra-fine
fibers in a body. Such fiber having a branched
structure can be obtained by subjecting splittable fiber
or splittable conjugate fiber to & treatment such as
physical stirring using a mixer, jetting of a high-
pressure liquid jet, or treatment using a high-pressure
homogenizer, under relatively mild conditions under
which the branch-like ultra-fine fibers formed by
splitting are not released from the short fibers as
trunks. TIn addition, a filter medium containing the
ultra-fine fibers mixed in the whole filter medium can
also be produced by dispersing the obtained fiber having
a branched structure, in a dispersion medium and then
making the resulting dispersion into paper.

When such a polymer solution capable of
forming a porous membrane or a spengy structure as
described in JP-A-4-212373 is used as a matrix material
in the first production process of the present
invention, a process can be adopted which comprises
mizing ultra-fine fibers with the polymer solution, and
immersing the resulting mixture in a suitable
sclidifying medium and then, optionally, into a solvent

for dissolving away a pore-forming agent, to form the
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porous membrane or spongy structure and, at the same
time, a filter medium containing the ultra-fine fibers
mixed in the whole porous membrane or spongy structure.
The second production process of the present

5 invention is a process for producing a filter medium by
mixing a matrix material with fibril fibers having a
fiber diameter of less than 1.0 um and not less than
0.01 pm, or making a dispersion of such fibril fibers in
a matrix made of a matrix material intc paper. Here,

10 the fibril fibers refer to fibers obtained by
fibrillating fiber having a fibril index of 10 or more,
and/or fibril fibers obtained by fibrillating purified
cellulese, and/or fibril fibers having a degree of
swelling of fiber length with water of 1.0% or less.

15 When such fibril fibers are used, either a method of
mixing the fibril fibers in the whole filter medium, or
a method of mixing the fibril fibers only in the surface
layer portion of the filter medium may be adopted. The
above-mentioned fibril fibers are characterized in that

20 they have a small fiber diameter and a uniform fiber
diameter distribution and undergo little change in shape
such as swelling during treatment of blood. Therefore,
a surface area effective in removing leukocytes can be
sufficiently assured, and it is possible to increase the

25 number of fiber crossover points of the ultra-fine
fibers which efficiently remove leukocytes by adhesion.
Therefore, the filter medium obtained by using the

above-mentioned fibril fibers can exhibit a sufficient
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leukocyte-removing capability even when it is in such a
form that the fibril fibers are mixed only in the
surface layer portion of the filter medium. The second
production process of the present invention is explained
below in further detail.

The fibril fibers used in the second produc-
tion process of the present invention can be obtained by
carrying out fibrillation by the same method as in the
preceding invention.

When a filter medium is produced after
previously mixing a matrix material with the fibril
fibers in the case of the second production process of
the'present inventien, the filter medium is produced in
the same manner as in the first production process of
the present invention. When a filter medium is produced
by making a dispersion of the fibril fibers in a matrix
made of a matrix material into paper, in the case of the
second producticn process of the present invention, the
filter medium can be produced by the same paper making
method as in the preceding invention. Alternatively,
the fibril fibers can be mixed in a filter medium so as
to be present also in the innermost part of the filter
medium, by preparing a dispersion of a matrix material
and a dispersion of the fibril fibers, and making paper
using the dispersion of the matriz material, and making
paper using the dispersion of the fikril fibers
alternately two or more times as follows: a porticn of

the dispersion of the fibril fibers is made into paper
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on a sheet-like matrix obtained by making a portion of
the dispersion of the matrix material into paper, and
then another portion of the dispersion of the matrix
material is made into paper thereon.

In the second production process of the
present invention, the matrix made of a matrix material
includes fiber assemblies such as non-woven fabric,
woven fabric, knitted fabric, etc., which are composed
of fibers having a fiber diameter of less than 30 gm and
not less than 1 pm; particle assemblies obtained by
laminating a large number of particles having an average
particle diameter of less than 300 um and not less than
1 pm; porous membranes having intercconnecting voids and
an average pore size of less than 100 gm and not less
than 1 pm; spongy structures; and meshes. The matrix
made of fibers refers to a matrix obtained by forming
short fibers having a fiber length of less than 10 mm
and not less than 0.1 mm or long fibers having a fiber
length of-lo mm or more intc non-woven fabric, woven
fabric or knitted fabric. Of these, the matrix in the
form of non-woven fabric is preferable. A dispersion of
the fibril fibers is poured into a vessel containing
such a matrix, and water 1s discharged, whereby a filter
medium containing the fibril fibers mixed in the surface
layer portion of the filter medium can be produced.

In the case of the first and second production
processes of the present invention, when a filter medium

is produced by previcusly mixing a matrix material with
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a dispersion of ultra-fine fibers and then making the
resulting mixture into paper, the paper making may be
conducted on a suitable supporting fabric such as non-
woven fabric or mesh, or the leukocyte-removing filter
medium may be held between supporting fabrics after the
paper making, in order to improve the ease ¢f handling
of the filter medium during the production.

The third production process of the present
invention is a process for producing a filter medium
composed of a non-woven fabric of splittable cellulose
containing cellulose micrefibrils having a fiber
diameter of less than 1.0 gm and not less than 0.01 um.

As the third production process of the present
invention, a process of producing a non-woven fabric
composed of splittable cellulose fiber and then
microfibrillating a portion of the non-woven fabric by
post~processing, and a process of micrefibrillating
splittable cellulose fiber and then forming the
microfikrillated fiber intb non-woven fabric are
mentioned. 1In the former process, there are mentioned,
for example, a water-flow entangling process comprising
directing a jet of high-pressure liquid at non-woven
fabric of splittable cellulose to fibrillate the
splittable cellulose fiber and to entangle the resulting
fibers, and a process of fibrillating non-woven fabric
of splittable cellulose by sand washing with sandpaper
or the like. According to either of these processes, a

filter medium containing microfibrils mainly in the
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surface layer portion of the filter medium can be
cbtained. 1In the latter process, for example, a process
of fibrillating the splittable cellulose fiber with a
mixer, high-pressure homogenizer, beater, refiner or the
like at first as in the preceding invention, and then
forming the fibrillated fiber into non-woven fabric by a
paper making method or the like is mentioned. According
to this process, microfibrils can be mixed in the whole
of the resulting filter medium.

Bfter a filter medium is produced by any of
the first, second and third production processes of the
present invention, its treatment with a high-pressure
liquid at less than 200 kg/cm® and not less than about 3
kg/cm® may be carried out as post-processing. Such a
post-processing is preferable because it can accelerate
mutual entanglement of fibers to increase the mechanical
strength.

In either of the second and third production
processes of the present invention, when the product
obtained by fibrillation with a mixer or the like is
heated, fibril fibers or cellulose microfibrils are
easily formed which have a higher degree of curvature.
Therefore, such a post-processing is preferable.

The fourth production process cof the present
invention is a process for producing a filter medium by
treating a fiber composite composed of a matrix material
and splittable fiber, with a high-pressure ligquid to

split the splittable fiber into ultra-fine fibers and at
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the same time entangle the ultra-fine fibers with the
matrix material. In detail, a fiber composite composed
of a matrix material and splittable fiber is treated
with a high-pressure liquid jet at less than 200 kg/cm’
and not less than 30 kg/cm’, whereby the splittable fiber
is split into ultra-fine fibers having a fiber diameter
of less than 1.0 gm and not less than 0.01 pam and at
the same time the ultra-fine fibers are entangled with
the matrix material., The fourth production process of
the present invention is explained below in further
detail.

The splittable fiber in the fourth production
process of the present invention is the same as any of
those exemplified in the case of the preceding
inventicn, namely, it refers to fiber which can be split
by treatment with a high-pressure liquid at less than
200 kg/cm® and not less than 30 kg/cm® to give ultra-fine
fibers having a fiber diameter of less than 1.0 ugm and
not less than 0.01 um. Of the splittable fibers
exemplified in the case of the preceding invention,
regenerated cellulose fiber and purified cellulose fiber
are especially preferable because ultra-fine fibers
obtained by splitting them by treatment with a high-
pressure liquid have a very small fiber diameter and
moreover a curved shape., If necessary, such cellulose
fiber is preferably subjected to pretreatment such as
acid treatment or alkali treatment because its splitting

is facilitated.
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The matrix material in the fourth production
process of the present invention is the same as any of
those described in the case of the first production
process of the present invention, and is particularly
preferable to be fiber having a diameter of less than 30
pm and nct less than 1.0 pm. The term "treatment with
a high-pressure liguid" in the fourth production process
of the present invention means that a liquid pressurized
at less than 200 kg/cm® and not less than 30 kg/cm’ is
jetted through a large number of nozzles with a diameter
of about 0.1 mm to about 2.0 mm to hit hard a fiber
composite composed of a matrix material and splittable
fiber. In general, high-pressure liquid treatments are
classified into pillar-shaped jet treatment and spray
jet treatment according to the shape of jet of the
liquid. The pillar-shaped jet is suitable for the
fourth production process of the present invention. The
treatment with the high-pressure liquid is preferably
carried out while changing the relative positions of the
nozzles and the fiber composite, for example,
horizontally or spirally, so that the liquid jetted
through the nozzles may hit the fiber composite
uniformly and efficiently. Although such a liquid
includes various liquids, water is the most suitable
from the viewpoint of ease of handling and economical
benefit.

The fourth production process of the present

invention using the matrix material and the splittable
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fiber is described below in further detail by giving an
example. Commercially available regenerated cellulose
fiber or purified cellulose fiber having a fiber
diameter of abcut 10 gm is used as the splittable fiber.
This fiber is cut to a predetermined length and then
subjected to acid treatment and/or alkali treatment as
in the preceding invention. The thus pretreated
splittable fiber and poly{ethylene terephthalate) short
fibers having a fiber diameter of less than 30 um and
not less than 1.0 gm and a fiber length of less than 10
mm and not less than 0.1 mm are made into paper by the
same method as the paper making method described in the
case of the first production process of the present
invention to produce a fiber composite. Another example
of process for producing the fiber composite is a dry
cardaeray process. Any process may be adopted for
preducing the fiber composite without a particular
limitation.

The fiber composite thus produced is subse-
quently treated with a high-pressure liquid jet at less
than 200 kg/cm® and not less than 30 kg/cm’ to split the
splittable fiber and at the same time entangle the
fibers with cne another, and the fibers are dried,
whereby a leukocyte-removing filter medium having a high
strength can be produced. In the production of the
filter medium, the fiber diameter after the splitting of
the splittable fiber contained in the filter medium can -

be controlled, for example, by increasing the pressure
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at the high-pressure liquid treatment, elongating the
time of the high-pressure liquid treatment, or reducing
the thickness of the filter medium. By adjusting a
method and conditions of the high-pressure liquid
treatment, a filter medium having a structure in which
the splittable fiber has been split only in the vicinity
of one surface of the fiber composite, or a filter
medium having a structure in which the splittable fiber
has been split in the vicinity of each surface of the
fiber composite can be cbtained. In the high-pressure
liguid treatment of the fiber composite, when a non-
woven fabric having a fiber diameter of about 10 um to
about 20 um, or the like is placed on each of the upper
and lower sides of the fiber composite and the high-
pressure liquid treatment is carried out, scattering of
the fibers constituting the fiber composite can be
reduced and the strength of the fiber compesite can be
increased by virtue of the above-mentioned non-woven
fabrics.

Also, in the third production process of the
present invention, the splittable cellulose fiber can be
microfibrillated by employing such a method, and condi-
tions of the high-pressure liquid treatment as are
described in the case of the fourth producticn process
of the present invention.

A leukocyte-removing filter medium can be
produced by any of the above various processes. Of

these processes, especially preferable is a process
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which makes it possible to mix ultra-fine fibers in the
whole leukocyte-removing filter medium, and in which the
filter medium is produced by paper making using short
fibers and the ultra-fine fibers, which can be produced
by simple production processes.

The third object of the present invention is
Lo provide a leukocyte-removing filter apparatus which
removes leukocytes from a leukocyte-containing fluid
while minimizing loss of useful blcod components and
attaining a high leukocyte removal rate; providing a
method for removing leukocytes using the apparatus;
providing a leukocyte-removing filter apparatus which
can attain an especially high leukocyte removal rate;
and a method for removing leukocytes using this
apparatus. The present inventors earnestly investigated
and consequently found that the above object can be
achieved by filtering a leukocyte-containing fluid by
the use of a filter apparatus obtained by properly
locating the filter medium of the present invention in a
container at least having an inlet and an outlet.

The filter apparatus of the present inventicn
is substantially the same as that of the preceding
invention. That is, the filter apparatus has a sheet of
or a laminate of two or more sheets of the filter medium
of the present invention packed therein in the direction
of flow of a leukocyte-containing fluid., For example,
when the surface of the filter medium is modified by a

coating, a relatively coarse filter medium may be
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inserted as the lowest layer. The filter apparatus may
further contain other filter media upstream and/or
downstream to the filter medium of the present
invention. It is also possible to use the same
prefilter as in the preceding invention in order to
remove very small aggregates contained in a leukocyte-
containing fluid,

In additien, the filter apparatus of the
present invention preferably has a sectional area in a
direction normal to the direction of flow of a
leukocyte~containing fluid of less than 100 cm® and not
less than 3 cnd.

The method for removing leukocytes of the
present invention is also the same as in the preceding
invention, namely, it comprises filtering a leukocyte-
containing fluid by the use of the filter apparatus of
the present invention and recovering the filtrate. 1In
detail, it is a method for removing leukocytes from a
leukocyte-containing fluid which comprises using an
apparatus comprising 1) an inlet, 2} a filter comprising
the filter medium of the present invention, and 3) an
outlet, introducing the leukocyte-containing fluid
through the inlet, and recovering the filtrate obtained
by filtration through the filter medium, through the
outlet. The leukocyte-containing fluid includes, for
example, whole blood products, concentrated red cell
products and platelet concentrates, as well as body

fluids.
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As described above, the leukocyte-removing
filter medium of the present invention has a very high
affinity for leukocytes and hence a very satisfactory
leukocyte-removing ‘capability. Moreover, the filter

5 medium is so good in allowing the flow of blood that a
leukocyte-containing fluid can be efficiently treated
without decreasing the blood filtration rate.
Furthermore, the filter medium has such an excellent
compatibility with bloeod that it hardly damages hemocyte

10 components.

The present invention is illustrated below in

further detail with reference to examples, which should

not be construed as limiting the scope of the invention.

Reference Example

15 Example 1 of the preceding invention is
described below as a reference example.

Ultra-fine fibers were prepared by the
following process. As splittable fiber, cuprammonium
rayon yarn having a fiber diameter of about 10 um

20 (Bemberg® yarn 40d/45f, manufactured by ASAHI Chemical
Industry Co., Ltd.} was cut to a fiber length of about 3
mm. The resulting pieces were immersed in a 3 wt$
aqueous sulfuric acid sclution and subjected to acid
treatment therein at 70°C for 30 minutes with mild

25 stirring at 60 rpm. The sulfuric acid was washed away
with pure water, after which 1.5 g cf the thus obtained

fibers were dispersed in 1 I of pure water and
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vigorously stirred with a homogenizer at 10,000 rpm for
30 minutes to prepare ultra-fine fibers.

A polyester non-woven fabric with an average
fiber diameter of 1.2 um produced by a melt blow method,
with a copeclymer of 2-hydroxyethyl methacrylate (HEMA)
and N,N-dimethyl-aminoethyl methacrylate (hereinafter
abbreviated as DM) (the DM content in the copolymer was
3 mol%) was used as a matrix porous element. In detail,
the above-mentioned polyester non-woven fabric was
immersed in a 0,2% ethanclic solution of the above-
mentioned copolymer at 40C for 1 minute, after which the
excess copolymer solution was removed by light squeez-
ing, and the thus treated non-woven fabric was packed
into a container for exclusive use and dried while
introducing nitrogen into the container. The porous
element had an average pore size of 9.2 pum, a thickness
of 0.2 mm, a bulk density of 0.2 g/cm’, and a basis
weight of 40 g/m’. The average pore size was measured as
follows: the pore size distribution was measured with
Poresizer 9320 (Shimadzu Corp.) in a pressure range of 1
to 2,650 psia; the amount of mercury injected at a
mercury injection pressure of 1 psia was taken as 0% and
the amount of mercury injected at a mercury injectien
pressure of 2,650 psia was taken as 100%: and a pore
size corresponding to an amcunt of mercury injected of
50% was taken as the average pore size. The above-
mentioned porous element was cut into a perfectly round

sheet with a diameter of 15 cm, and the bottom of a
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porcelain funnel with a diameter of 15 cm was covered
with the sheet, after which pure water was accumulated
to a height of about 10 cm above the surface of this
porous element. Fifty milliliters of an agueous
dispersion of the ultra-fine fibers (fiber concentration
0.1 g/L) was gently poured into the pure water and
mildly stirred, after which water was discharged from
the bottom of the porcelain funnel at a time to support
the ultra-fine fibers on the porous element, followed by
vacuum drying at 40°C for 16 hours, whereby a filter
medium was obtained. The above procedure was repeated
once more to produce a filter medium having the ultra-
fine fibers supported on both sides, the right side and
reverse side of the porous element.

The average fiber diameter of the fiber
structure supported on the porous element was 0.29 um.
The average fiber diameter was measured by taking an
electron micrograph of the obtained filter medium by the
use of a scanning electron microscope (S-2460N,
manufactured by Hitachi Ltd.), selecting some of the
ultra-fine fibers at random, measuring the fiber
diameter at 100 or more points of the selected ultra-
fine fibers, and calculating the number average of the
measured values. Thus, the ratio of the average pore
size of the porous element to the average fiber diameter
of the fiber structure is 31.7, and the ratio of the
average fiber diameter of the porous eléement to the

average fiber diameter of the fiber structure is 4.1.
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The void content of the filter medium was 85%
and the holding amount of the fiber structure was 1.1
wt% based on the weight of the filter medium. The void
content was measured as follows., The dry weight (W,) of
a round sheet with a diameter of 25 mm cut out of the
filter medium was measured, and its thickness was
measured by the use of Peacok dial thickness gauge,
followed by calculation of its volume (V). The sheet of
the filter medium was immersed in pure water and
deaeration was carried out for 30 seconds while applying
ultrasonic waves, after which the weight (W,) of the
water-containing sheet of the filter medium was
measured. The void content was calculated from the thus
obtained values by the following calculation eguation.
In the following calculation equation, g is the density
of pure water and 1.0 g/cm’ was substituted for p in the
present experiment.

Void content (%) = (W, - W,) x o0 x 100/V

The holding amount of the ultra-fine fibers
was measured by the following method. That is, three
round sheets with a diameter of 25 mm cut out of the
filter medium were immersed in 5 mL of a solution
prepared by dissolving 50 mg of cellulase (available
from Wake Pure Chemical Industries, Ltd.) in 100 mL of
acetate buffer (pH 4.8) having a concentration of 0.1
mcl/L. The solution was mildly shaken at 50°C for 24

hours to decompose the ultra-fine fibers into glucose,
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which was extracted. The glucose extracted after the
decomposition was quantitated by using Glucose CII-Test
Wako (available from Wako Pure Chemical Industries,
Ltd.), a reagent for quantitating glucose, and the
holding amount of the ultra-fine fibers introduced into
the porous element was calculated from the amount of
glucose.

A laminate (0.26 g} of 7 sheets of the filﬁer
medium produced in the manner described above was packed
into a container having an effective filtration
secticnal area of 9.0 cm® (3.0 cm x 3.0 cm), at a packing
density of 0.21 g/cm’ to produce a leukocyte-removing
filter apparatus. The total volume of the filter medium
was 1.26 cm’. After centrifuging 456 mlL of a whole blood
product prepared by adding 56 mL of a CPD sclution
(composition: sodium citrate 26.3 g/L, citric acid 3.27
9/L, glucose 23.20 g/L, and sodium dihydrogenphosphate
dihydrate 2.51 g/L) to 400 mlL of bloocd, the platelet-
rich plasma was removed, and 95 mL of a MAP solution
(composition: sodium citrate 1.50 g/L, citric acid 0.20
g/L, glucose 7.21 g/L, scdium dihydrogenphosphate
dihydrate 0.84 g/L, sodium chloride 4.97 g/L, adenine
0.14 g/L, and mannitol 14.57 g/l) was added to the
residue to prepare an red cell concentrate {(RC-MAP).
After being preserved at 4°C for 8 days, 50 g of the red
cell concentrate (RC-MAP: hematocrit value 64%, number
of leukocytes 3,425/pL) was filtered by using the above-

mentioned leukocyte-removing filter apparatus. The
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temperature of the red cell concentrate immediately
before the start of the filtration was 10°C. The
filtration of the red cell concentrate by the use of the
filter apparatus was carried out at a fall of 1.0 m

5 until the red cell concentrate did not remain in a blood
bag, and the filtered blood was recovered (the recovered
red cell concentrate is hereinafter referred to as the
recoverad fluid). The average treatment rate in the
filtraticn of the red cell concentrate was 11.6 g/min.

10 The volumes of the red cell concentrate before
the filtration thereinafter referred to és the fluid
before filtration), and the recovered fluid and the
number of leukocytes were measured, and the leukocyte

residual rate was calculated.

Leukocyte residual rate =
{number of leukocytes in recovered fluid)/

{number of leukocytes in fluid befcre filtration)

15 Values for the volumes of the fluid before
filtration and the recovered fluid were obtained by
dividing their weights, respectively, by the specific
gravity (1.075) of the blood product. The leukocyte
concentration of the fluid before filtration was

20 measured by pouring a 10-fold diluticn of the fluid
before filtration with Tiirk's solution into a Burker-
Tirk hemocytometer, and counting leukocytes under an

optical microscope. The leukocyte concentration of the
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recovered fluid was measured by the follewing method.
The recovered fluid was diluted 5-fold with Leukoplate
solution (manufactured by SOBIODA). The dilution was
thoroughly mixed and then allowed to stand at room
temperature for 6 to 10 minutes. This dilution was
centrifuged at 2,750 x g for 6 minutes, and the super-
natant was removed to adjust the weight of the dilution
te 1.02 g. The sample fluid thus obtained was
thoroughly mixed and then poured into a Nageotte
hemocytometer, and leukocytes were counted under an
optical micrescope, whereby the leukocyte concentration
was measured. As a result, the leukocyte residual rate

was found to be 107%7%,

Example 1

Regenerated cellulose fiber having a fiber
diameter of about 10 um (Bemberg® continuous-spinning
fiber, manufactured by ASAHI Chemical Industry Co.,
Ltd.) was cut tc a fiber length of about 7 mm. The
resulting fiber pieces were immersed in an aqueous
sodium hydroxide solution (1 wt%) at about 5C and
stirred at 60 rpm for 180 minutes. After washing with
water, the pieces of the regenerated cellulose fiber
were dispersed in water to a concentration of 2.0 g/L
and vigorously stirred with a mixer at 10,000 rpm for 30
minutes. The resulting fibril fiber suspension was
immersed in hot water at about 80°C and mildly stirred

for 60 minutes. Thus, a suspension of fibril fibers
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formed by fibrillation of the cellulose fiber was
prepared. When the fibril fibers obtained were
photographed by using a scanning electron micrescope,
almost all fibril fibers observed had a fiber diameter
of 0.1 um to 0.5 um and a degree of curvature of 1.7.
Then, non-fibrillated regenerated cellulose fiber having
a fiber diameter of about 10 um was cut to a fiber
length of about 3 mm and dispersed in water to obtain a
matrix material. The fibril fibers were added to this
dispersion to obtain a dispersion of both the cellulose
fiber and the fibril fibers. The total fiber
concentration was 1.0 g/L and the content of the fibril
fibers was adjusted to 10 wt% based on the total fiber
weight.

Polypropylene mesh (#200) was cut into a sheet
30 cm square, and the bottom of a funnel-like paper-
making apparatus was covered with the sheet, after which
pure water was accumulated to a height of about 1 cm
above the mesh surface. This dispersion was gently
poured into the pure water and mildly stirred, after
which water was discharged from the bottom of the paper-—
making apparatus. The web formed on the mesh was dried
in vacuo at 40°C for 16 hours. The thus produced
leukocyte-removing filter medium had a basié weight of
20 g/m* and a bulk density of 0.15 g/cm’.

A laminate of 8 sheets of the filter medium
produced in the manner described above was packed into a

cylindrical container with a diameter of 25 mm at a
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packing density of 0.20 g/cm’. Ten milliliters of a
concentrated red cell product (hematocrit 63%) preserved
at 4 - 5C for 7 days after addition of the same MAP
soluticn as an erythrocyte-preserving solution as in the
Reference Example was allowed to stand at rocm
temperature until its temperature reached 22 - 237,
after which this preparation was filtered through the
above-mentioned filter, The filtration was carried out
at a constant flow rate of 3 mL/min. by using & pump.
The pressure loss accompanying the filtration and the
numbers of leukocytes before and after the filtration
were measured, and the leukocyte residual rate was
calculated. The measurement of the numbers of
leukocytes before and after the filtration was carried
out by the same methods as in the Reference Example.

The leukocyte residual rate was 107°°and the

pressure loss was 28 mmHg.

Comparative FExample 1

A dispersion of both polyacrylonitrile fiber
having a fiber diameter of 0.2 um to 0.6 um and a
degree of curvature cof 1.1, and the same regenerated
cellulose fiber having a fiber diameter of about 10 pgm
and a fiber length of about 3 mm as in Example 1 was
prepared. The total fiber concentration of the poly-
acrylonitrile fiber and the regenerated cellulose fiber
in the dispersion was 1.0 g/L, and the content of the

polyacrylonitrile fiber was adjusted to 10 wt% based on
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the total fiber weight. A leukocyte-removing filter
medium having a basis weight of 20 g¢/m® and a bulk
density of 0.16 g/cm’ was produced by making the
dispersion into paper.

A concentrated red cell product was filtered
through this filter medium by the same method as in
Example 1 to find that the leukocyte residual rate was

107"? and the pressure loss 27 mmHg.

Comparative Example 2
The same dispersion of fibril fibers and

regenerated cellulose fiber having a total fiber

.concentration of 1.0 g/L as in Example 1 was prepared.

However, the content of the fibril fibers was adjusted
to 60 wt% based on the total fiber weight. A leukocyte-
removing filter medium having a basis weight of 20 g/m?
and a bulk density of 0.17 g/cm’ was produced by making
the dispersion into paper.

When a concentrated red cell product was
filtered through this filter medium by the same method
as in Example 1, the pressure loss exceeded 300 mmHg and
the blood stopped flowing in the course of the

filtration.

Comparative Example 3
The same dispersion of fibril fibers and
regenerated cellulose fiber having a total fiber

concentration of 1.0 g/L as in Example 1 was prepared.
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However, the content of the fibril fibers was adjusted
to 0.08 wt¥% based on the total fiber weight. A
leukocyte-removing filter medium having a basis weight
of 20 g/m® and a bulk density of 0.15 g/em’ was produced
by making the dispersicn into paper.

A concentrated red cell product was filtered
through this filter medium by the same method as in
Example 1 to find that the leukocyte residual rate was

10°? and the pressure loss 17 mmHg.

Example 2

The same dispersion of fibril fibers and
regenerated cellulose fiber having a total fiber
concentration of 1.0 g/L as in Example 1 was prepared.
However, the content of the fibril fibers was adjusted
to 20 wt¥ based on the total fiber weight. A leukocyte-
removing filter medium having a basis weight of 20 g/m’
and a bulk density of 0.16 g/cm’ was produced by making
the dispersion into paper.

A concentrated red cell product was filtered
through this filter medium by the same method as in
Example 1 to find that the leukocyte residual rate was

107" and the pressure loss 39 mmHg.

Lxample 3
From a whole blood product prepared by adding
56 mL of a CPD solution as an anticoagulant to 400 mlL of

blood, platelet-rich plasma was removed by
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centrifugation within 8 hours after blood-collecting, -
and a MAP solution was added to the residue as an
erythrecyte-preserving solution to prepare a concen-
trated red cell product, which was preserved at 4 - 5C
for 10 days. The concentrated red cell product was
filtered by the use of a filter apparatus obtained by
packing non-woven fabrics having fiber diameters of 32 i
m and 12 pm, respectively, produced by a spun bond
method, intc a container having an effective filtration
sectional area of 45 cm’, at a packing density of 0.28
g/cm’, to remove very small aggregates in blood.

Three hundred milliliters of the concentrated
red cell product freed of the very small aggregates was
allowed to stand until its temperature reached room
temperature of 22 - 25C. A laminate of 16 sheets of a
leukocyte-removing filter medium produced by the same
process as in Example 1 was packed into a container
having an effective filtration sectional area of 45 cm?,
at a packing density of 0.22 g/cm® to produce a filter
apparatus. Using this filter apparatus, the
concentrated red cell preduct freed of the very small
aggregates was filtered at a fall of 1 m; For starting
the filtration, the filter was connected to a blood bag
containing the concentrated red cell product, through a
blood line, after which the bloocd bag was pressed by
grasping it with a hand, to forcibly fill the filter
with the blood.

As a result of the above procedure, the
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leukocyte residual rate was 107"f and the average

treatment rate in the blood filtration was 22.3 g/min.

Comparative Fxample 4

A laminate of 16 sheets of a leukocyte-
removing filter medium produced by the same process as
in Comparative Example 2 was packed into a container
having an effective filtration sectional area of 45 cm?,
at a packing density of 0.22 g/cm’® to produce a filter
apparatus. Using this apparatus, blood was filtered by
the same method as in Example 3 to find that the leuco-

cyte remaining rate was 107" and the average treatment

rate 19.3 g/min.

Example 4

Regenerated cellulose fiber having a fiber
diameter of about 15.4 um (Bemberg® NP-spinning fiber,
manufactured by ASAHI Chemical Industry Co., Ltd.) was
cut to a fiber length of about 5 mm. The resulting
fiber pieces were immersed in an agueous sodium
hydroxide solution (8 wt%) at about 10°C and stirred at
60 rpm for 60 minutes. After removing the sodium
hydroxide by washing with water, the pieces of the
regenerated fiber were dispersed in water to a
concentration of 2.0 g/L and vigorously stirred with a
mixer at 10,000 rpm for 60 minutes. Thus, a suspension
of fibril fibers formed by fibrillation of the

regenerated cellulose fiber was prepared. When the
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fibril fibers obtained were photographed by the use of a
scanning electron microscope and observed, almost all
the fibers had a fiber diameter of 0.1 gm to 0.5 gm and
a curved shape. Then, poly(ethylene terephthalate)
fiber having a fiber diameter of about 4 gm was cut to a
fiber length of about 3 mm and dispersed in water. At
the time of the dispersion, a commercially available
surfactant (Tween® 20) was added to a concentration of
0.1 wt%. The fibril fibers were added to the resulting
dispersion to obtain a dispersion of both the
poly(ethylene terephthalate} fiber and the fibril
fibers. The total fiber concentration was 0.25 g/L and
the content of the fibril fibers was adjusted to 10 wt$%
based on the total fiber weight,

Using the above-mentioned dispersion, a
leukocyte-removing filter medium was produced by the
same process as in Example 1, The filter medium
obtained had a basis weight of 40 g/m® and a bulk density
of 0.17 g/cm’. When the filter medium was photographed
by the use of a scanning electron microscope and
observed, a plurality of curved fibril fibers formed a
curvilinear porous structure by their entanglement with
cne another. The roundness and the diameter in terms of
circle were measured for 100 pores formed by the fibril
fibers, tc find that the roundness was 1.3 and the
diameter in terms of circle 3.8 um.

A laminate of 4 sheets of the filter medium

preduced in the manner described above was packed into a
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cylindrical container with a diameter of 25 mm at a
packing density of 0.20 g/cm’. Ten milliliters of a
concentrated red cell product (hematocrit 63%) preserved
at 4 - 5C for 7 days after addition of a MAP solution as
erythrocyte-preserving solution was allowed to stand at
room temperature until its temperature reached 22 - 23C,
after which this preparation was filtered by the same
method as in Example 1. As a result, the leukocyte
residual rate was 107%' and the pressure loss was 27

mmHg .

Comparative Example 5

A dispersion was prepared by dispersing the
same poly(ethylene terephthalate) fiber with a fiber
diameter of about 4 um and a fiber length of about 3 mm
as in Example 4 into water containing a surfactant, so
that the total fiber concentration might be 0.25 g/L.
Using this dispersion, paper was made by the same method
as in Example 4. However, the filter medium thus
ocbtained was poor in mechénical strength, and hence was
treated with a high-pressure liguid after the paper

making. The high-pressure liquid treatment was carried

out under the following conditions: nozzle diameter 0.2

mm, nozzle pitch 5 mm, number of revolution of nozzle
header 15C rpm, and pressure 70 kg/cm’. The leukocyte-
removing filter medium had a basis weight of 40 g/m’ and
a bulk density of 0.14 g/cm’.

A concentrated red cell product was filtered
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through this filter medium by the same method as in
Example 1 to find that the leukocyte residual rate was

107 and the pressure loss 22 mmHg.

Comparative Example 6

A dispersion of both polyacrylonitrile fiber
with a fiber diameter of 0.2 um to 0.6 gm and the same
poly(ethylene terephthalate) fiber with a fiber diameter
of about 4 um and a fiber length of about 3 mm as in
Example 4 which contained a surfactant was prepared.
The total fiber concentration of the polyacrylonitrile
fiber and the poly{ethylene terephthalate) fiber in the
dispersion was 0.25 g/L, and the content of the
pelyacrylenitrile fiber was adjusted to 10 wt% based on
the total fiber weight. The dispersion was made into
paper to produce a leukocyte-removing filter medium
having a basis weight of 40 g/m’ and a bulk density of
0.17 g/cm’. When the levkocyte-removing filter medium
was photographed by the use of a scanning electron
microscope and observed, there were many portions where
a plurality of linear ultra-fine fibers were intertwined
with one another to form a bundle of the fibers or a
single ultra-fine fiber adhered to the poly{ethylene
terephthalate) fiber along the fiber axis of this fiber
without intertwining with ancther ultra-fine fiber. A
large number of photographs of the leukocyte-removing
filter medium were taken, and the roundness and the

diameter in terms of circle were measured for 100 pores
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formed by ultra-fine fibers, to find that the roundpess
was 1.9 and the diameter in terms of circle 3.5 um.
A concentrated red cell product was filtered
through the filter medium by the same method as in
Example 1 to find that the leukocyte residual rate was

107" and the pressure loss 56 mmHg.

Comparative Example 7

There was prepared a dispersion of the same
fibril fibers and poly(ethylene terephthalate) fiber as
in Example 4 which had a total fiber concentration of
0.25 g/L and contained a surfactant. However, the
content of the fibril fibers was adjusted to 60 wt$
based on the total fiber weight. The dispersion was
made intc a paper to produce a leukocyte-removing filter
medium having a basis weight of 40 g/m® and a bulk
density of 0.19 g/c’. The roundness and diameter in
terms of circle of pores formed by the ultra-fine fibers
are nmeasured by the same method as in Example 4 to find
that the roundness was 1.3 and the diameter in terms of
circle 0.7 pm.

When a concentrated red cell product was
filtered through the filter medium by'the same method as
in Example 1, the pressure loss excesded 300 mmHg and

the blood stopped flowing in the course of the

filtration.
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Comparative Example 8

There was prepared a dispersion of the same
fibril fibers and poly{ethylene terephthalate) fiber as
in Example 4 which had a total fiber concentration of
0.25 g/L and contained a surfactant. However, the
content of the fibril fibers was adjusted to 0.07 wt%
based on the total fiber weight. The dispersion was
made into a paper to produce a leukocyte-removing filter
medium having a basis weight of 40 g¢/m’ and z bulk
density of 0.15 g/cm’. The roundness and diameter in
terms of circle of pores formed by the ultra-fine fibers
are measured by the same method as in Fxample 4 to find
that the roundness was 1.4 and the diameter in terms of
circle 2.3 um.

A concentrated red cell product was filtered
through the filter medium by the same method as in
Bxample 1 to find that the leukocyte residual rate

was 107"° and the pressure loss 23 mmHg.

Example 5

A concentrated red cell product free from very
small aggregates in blood was prepared by the same
method as in Example 3, and 300 ml, of the concentrated
red cell product was allowed to stand until its
temperature reached room temperature of 22 to 25C. A
laminate of 8 sheets of a leukocyte-removing filter
medium produced by the same process as in Example 4 was

packed into a container having an effective filtration
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sectional area of 45 cm?, at a packing density of (.22
g/cm’ to produce a filter apparatus. Using this filter
apparatus, the concentrated red cell product free from
the very small aggregates was filtered by the same
method as in Example 3. As a result of the above
procedure, the leukocyte residual rate was 107 and the

average treatment rate was 20.7 g/min.

Example 6

Commercial cottony purified cellulose fiber
having a fiber diameter of about 12 pm (TENCELF,
manufactured by Courtaulds Co., Ltd.) was cut to a fiber
length of about 5 mm. The resulting fiber pieces were
immersed in an aqueous sodium hydroxide solution (1 wti)
at about 5C and mildly stirred at 60 rpm for 60 minutes.
After washing with water, the fiber pieces were treated
by immersion in an aqueous sulfuric acid solution (3
wtt) at 70C for 30 minutes with mild stirring at 60 rpm.
After re-washing with water, the pieces of the purified
cellulose fiber were dispersed in water to a concentra-
tion of 2.0 g/L and vigorously stirred with a mixer at
10,000 rpm for 30 minutes. The resulting dispersion was
filtered through polypropylene mesh (#50). By the above
treatment, there was prepared a suspension of fibril
fibers formed by fibrillation of the purified cellulose.
When the fibril fibers obtained were photographed by the
use of a scanning electron microscope and observed,

almost all the fibril fibers had a fiber diameter of 0.1
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#m to 0.4 pm and the average fiber diameter was 0.21 u
m. The degree of curvature was 1.6.

Then, poly(ethylene terephthalate) fiber
having an average fiber diameter of about 3 um was cut
to a fiber length of about 3 mm and dispersed in water.
At the time of the dispersion, a commercially available
surfactant (Tween® 20) was added to a concentration of
0.1 wt2. The fibril fibers were added to the resulting
dispersion to obtain a dispersion of both the poly-
(ethylene terephthalate) fiber and the fibril fibers.
The total fiber concentration was 0.25 g/I and the
content of the fibril fibers was adjusted to 7 wt% based
on the total fiber weight.

Using this fiber dispersion, a leukocyte-
removing filter medium was produced by the same process
as in Example 1. The filter medium obtained had & basis
weight of about 40 g/m?’. The filter medium obtained had
a porous structure formed by the fibril fibers and
having pores having a roundness of 1.27 and a diameter
in terms of circle of 4.6 um. The void content of the
filter medium was B6%, and the ratio between the average
fiber diameters of short fibers and ultra-fine fibers of
the filter medium was 14.3.

A laminate of 5 sheets of the filter medium
produced was packed inte a container having an effective
filtration sectional area of 36.0 cm® (6.0 cm x 6.0 cm),
at a packing density of 0.22 g/cm® to produce a filter

apparatus having a filter apparatus capacity of 5 mL.
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Using a line having an incorporated filter apparatus
having an inlet and an outlet, a concentrated red cell
product (100 mL) freed of wvery small aggregates was
allowed to stand until its temperature reached room
temperature of 22 - 25°C was filtered by introducing the
preparation through the inlet to pass through the filter
apparatus, and then the filtrate was discharged through
the outlet to recover the same. The filtration was
carried out at a fall of 1.0 m. As a result, the
leukocyte residual rate was 107" and the average

treatment rate 17.6 g/min.

Example 7

Regenerated cellulose fiber having a fiber
diameter of about 15 pm (Bemberg® NP-spinning fiber,
manufactured by ASAHI Chemical Industry Co., Ltd.) was
cut to a fiber length of about 5 mm. The resulting
fiber pieces were immersed in an agueous sodium
hydroxide solution (1 wt%) at about 5C and mildly
stirred at 60 rpm for 60 minutes. After washing with
water, the fiber pieces were treated by immersion in an
aqueous sulfuric acid solution (3 wt%)} at 70°C for 30
minutes with mild stirring at 60 rpm. After re-washing
with water, the pieces of the regenerated cellulose
fiber were dispersed in water tc a concentraticn of 2.0
g/L and vigorously stirred with a mixer at 10,000 rpm
for 5 minutes. Thus, the regenerated cellulose fiber

was made into fiber having a branched structure
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consisting of a trunk-like fiber and branch-like fibril
fibers branched from the trunk-like fiber, and a
dispersion containing this fiber having the branched
structure was prepared. When the fibril fibers of the
obtained fiber having the branched structure, and fibril
fibers separated from the trunk-like fiber were
photographed by the use of a scanning electron
microscope and observed, almost all the fibril fibers
had a fiber diameter of 0.2 pm to 0.7 um and the
average fiber diameter was 0.5 gm. The deqree of
curvature was 1.47,

In the fiber dispersion prepared, the total
fiber concentration was 0.5 g/L and the content of
ultra-fine fibers present in the dispersion, inclusive
of the branch-like fibril fibers, was 13 wt%.

The fiber dispersion was made inte paper to
produce a filter medium having a basis weight of about
40 g/m’. The filter medium obtained had a porous
structure formed by the fibril fibers and having pores
having a roundness of 1.42 and a diameter in terms of
circle of 4.8 um. The void content of the filter medium
was 83%, and the ratio between the average fiber
diameters of trunk-like fiber and ultra-fine fibers of
the filter medium was 30,

A concentrated red cell product was filtered
by employing the same filter apparatus and method as in
Example 6, except for using the above-mentioned filter

medium, to find that the leukocyte residual rate was
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107" and the average treatment rate 17.3 g/min.

Example §

A laminate of 10 sheets of a leukocyte-
removing filter medium produced in the same manner as in
Example 6 was packed into a container having an
effective filtration sectional area of 45 cm® (6.7 cm x
6.7 cm). On the filter medium were placed 4 sheets of
poly{ethylene terephthalate) non-woven fabric having an
average fiber diameter of about 33 um and a basis weight
of 50 g/m’ and & sheets of poly(ethylene terephthalate)
non-woven fabric having an average fiber diameter of
about 12 pm and a basis weight of 30 g/m’. Thus, a
filter apparatus was produced which contained non-woven
fabric having an average fiber diameter of about 33 um,
the ncn-woven fabric having an average fiber diameter of
about 12 pm, and the leukocyte-removing filter medium
which had been placed one upon another in this order
from the upstream side of blood. The packing density of
the leukocyte-removing filter médium was 0.22 g/em’, and
the capacity of the filter apparatus was 25 mL.

Six hundred milliliters (2 units) of a
cencentrated red cell product (hematocrit 57%) preserved
at 4 - 5C for 7 days was allowed to stand until its
temperature reached room temperature of 22 - 25%C, after
which it was filtered by using a line incorporating the
above-mentioned filter apparatus. The filtration was

carried out while adjusting the treatment rate to about
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8 g/min. by using a roller clamp.

The numbers of leukocytes before and after the
filtration were measured and the leukccyte residual rate
was calculated. Although the number cf leukocytes
before the filtration was measured by the same method as
in Reference Example, the number of leukocytes after the
filtration was measured by the following method having a
very high sensitivity. An EBSS solution containing 5%
Ficoll 4C0DL (this solution is hereinafter referred to
as Ficoll seolution) was placed in a bag containing the
filtered blood (the recovered fluid), in the same volume
as that of the recovered fluid while mixing them by
shaking, and the recovery bag was fixed on a plasma
separation stand and allowed to stand for 40 minutes.
After the standing, the supernatant was gently recovered
without agitating the precipitated erythrocyte layer,
and then Ficoll sclution was added again to the superna-
tant and the above precedure was repeated. The combined
supernatant recovered by two runs of the pﬁocedure was
dispensed into Corning 25350 centrifuge tubes and
centrifuged at 840 x g for 15 minutes, and the superna-
tant was discarded with an aspirator while taking care
not to suck up the precipitate. In each centrifuge
tube, 200 mL of a hemolyzing solution (a 1.145% solution
of ammonium oxalate in physiological saline) was placed,
followed by mixing with shaking, and the supernatant was
discarded with an aspirator by the same method as above.

The precipitate was collected in a 15-mL centrifuge tube
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and the hemolyzing solution was added thereto to make a
total volume of 15 mL, after which the resulting mixture
was allowed to stand at room temperature.for 10 minutes
and centrifuged at 468 x g for 10 minutes, and the
supernatant was discarded, leaving 0.5 mL of a liguid
containing the precipitate. The liquid containing the
precipitate was thoroughly stirred to obtain a suspen-
sicn of single cells, after which 50 uL of a fluorescent
staining sclution (69.9 mg/L Acridine Orange solution)
was added to the suspension and further stirred. The
recovery of leukocytes by a series of the operations
described above was taken as 55%, and the suspension
containing the flucrescent staining solution was poured
into a Nageotte hemocytometer, after which leukocytes
were counted under an optical microscope, whereby the
number of leukocytes after the filtration was
determined.

The leukocyte residual rate was 10%" and the

number of remaining leukocytes was 8.6 x 107,

Exampple 9

Both fibril fibers prepared by the same method
as in Example 6 and glass fiber having an average fiber
diameter of about 1.5 ugm and a fiber length of about 2
mm were dispersed in water. The total fiber concentra-
tion was about 0.25 g/L, and the content of the fibril

fibers was adjusted to 8 wt% based on the total fiber

weight.
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Using the resulting fiber dispersion, a
leukecyte-removing filter medium was produced by the
same process as in Example 1. The obtained filter
medium had a basis weight of about 40 g/m’. The obtained
filter medium contained the fibril fibers mixed in the
whole filter medium, and had a porous structure formed
by the fibril fibers. The pores formed by the fibril
fibers had a roundness of 1.21 and a diameter in terms
of circle of 3.7 pgm. The void content of the filter
medium was 84%, and the ratio between the average fiber
diameters of short fibers and ultra-fine fibers of the
filter medium was 6.5.

A laminate of 10 sheets of the leukocyte-
removing filter medium was packed into a container
having an effective filtration sectional area of 45 cm®
(6.7 cm x 6.7 cm). On the filter medium were placed 4
sheets of poly{ethylene terephthalate) non-woven fabric
having an average fiber diameter of about 33 um and a
basis weight of 50 g/m’ and 6 sheets of poly(ethylene
terephthalate) non-wocven fabric having an average fiber
diameter of about 12 um and a basis weight of 30 g/m.
Thus, a filter apparatus was produced which contained
the non-woven fabric having an average fiber diameter of
about 23 pm, the non-woven fabric having an average
fiber diameter o¢f about 12 um, and the leukocyte-
removing filter medium which had been placed one upon
another in this order from the upstream side of blood.

The packing density of the leukocyte-removing filter
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medium was 0.23 g/cm’, and the capacity of the filter
apparatus was 25 ml,

Then, a 0.2% ethanolic solution of a copolymer
of HEMA and DM (the DM content of the copolymer was 3
mel%) was poured into the apparatus at a flow rate of 80
g/min. while maintaining the solution at 40°C, and was
circulated for 1.5 minutes, after which nitrogen was
introduced into the apparatus at a flow rate of 1.5
L/min. to remove the excess coating solution. The non-
woven fabrics and the filter medium were dried in vacuo
at 60°C for another 16 hours to produce a leukocyte-
removing filter apparatus.

Using this filter apparatus, a concentrated
red cell product (hematocrit 56%) was filtered by the
same methed as in Example 8. The leukocyte residual

rate was 107-' and the number of remaining leukocytes was

6.4 x 102,

Example 10

Lyocell yarn (manufactured by Courtaulds Co.,
Ltd.) having a monofilament fiber diameter of about 12 p
m was cut to a length of about 3 mm, and 1 g of the
resulting pieces of the Lyocell yarn were dispersed in 1
L of water, after which the Lyocell yarn was
sufficiently divided and fibrillated while mechanically
vibrating the dispersion. The degree of swelling of
fiber length with water of the resulting fibril fibers

was measured on a micrograph and found to be 0.03%.
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Values of the fiber diameter were distributed between
0.03 um and 0.8 pnmn.

A mixed dispersion of twoc kinds of fibers was
prepared by dispersing the cellulose microfibrils and
polyester short fibers having an average fiber diameter
of about 1.2 pm in water so that the proportion of the
cellulose microfibrils to the polyester short fibers
might be 0.1 g of the former to 0.9 g of the latter.

Then, the mixed dispersion was made into paper
on.mesh and dried in vacuo at 407C for 16 hours to obtain
a leukocyte-removing filter medium. The leukocyte-
removing filter medium obtained had a thickness of 0.2
mm, an average pore size of 6.0 pm as measured by a
bubble point method (Coulter® Porometer, mfd. by Coulter
Electrenics Inc.), a void content of 81%, and a content
of the fibril fibers of 10 wt% based on the weight of
the whole filter medium. As a result of observation of
the filter medium by an electron microscope, it was
confirmed that the fibril fibers had formed a porous
structure. The void content and the fibril fiber
content were measured by the same methods as in
Reference Example.

A leukocyte-removing f£ilter apparatus was
produced by packing a laminate of 10 sheets of the
filter medium produced in the manner described above
into the same container as in the Reference Example.

The tctal volume of the filter medium was 1.8 cm’. Then,

50 g of a concentrated red cell product {hematocrit 59%,
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number of leukocytes 6,400/ uL) containing a MAP solution
was filtered by the use of the aforesaid leukocyte-
removing filter apparatus by the same method as in
Reference Example. The leukocyte residual rate was
107*, First 2 mL of the filtrate obtained by the blood
filtration using the leukocyte-removing filter apparatus
was collected, and the level of free hemoglobin in
plasma was measured and found to be not different from
that before the filtration.

Cn the other hand, regenerated cellulose fiber
having a fiber diameter of about 20 um (Bemberg®,
250d/60f, manufactured by ASAHI Chemical Industry Co.,
Ltd.) was fibrillated by the same method as above. The
degree of swelling of fiber length with water of the
resulting fibril fibers was measured and found to be
2.7%. Values of the fiber diameter were distributed
between 0.1 gm and 0.8 pm,

A filter medium was produced from the fibril
fibers and polyester short fibers having an average
fiber diameter of about 1.2 um by the same process as
above. Physical properties of the filter medium
obtained were measured by the same methods as above. As
a result, it was found that the filter medium had a
thickness of 0.2 mm, an average pore size of 6.4 um, a
veid content of 82%, and a content of the fibril fibers
of 9 wt% based on the weight of the whole filter medium.

The same filter apparatus as above was

produced by packing a laminate of 10 sheets of the
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filter medium produced in the manner described above,
and 50 g of a concentrated red cell product was filtered
by the use of this apparatus by the same method as
above. As a result, the leukocyte residual rate was 10
**. The level of free hemoglobins in plasma obtained
from first 2 mL of the filtrate obtained by the blood
filtration was measured and found to be about 1.3 times
that in blood before the filtration. That is, hemolysis

was observed.

Example 11

Lyocell yarn (manufactured by Courtaulds Co.,
Ltd.) having a monofilament fiber diameter of about 12 u
m was used as cellulose fiber having a fibril index of
10 or more. When the fibril index of this cellulose
fiber was measured at 10 points, all the measured values
were more than 10, namely, they were 36, 19, 21, 50, 14,
13, 18, 28, 17 and 27. The cellulose fiber was cut to a
fiber length of about 3 mm and fibrillated by the same
method as in Reference Example to prepare ultra-fine
fibril fibers.

A matrix material obtained by subjecting
polyester non-woven fabric with an average fiber
diameter of 1.0 um, produced by a melt blow method, to
the same coating treatment as in the Reference Example
by using a copolymer of HEMA and DM (the DM content in

the copolymer was 3 mol%) was used. The polyester non-

woven fabric had an average pore size of 8.5 um, a
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thickness of 0.19 mm, a bulk density of 0.22 g/cm®, and a
basis weight of 42 g/m’. The average pore size was
measured by the same method as in the Reference Example.

By the same process as in the Reference
Example, a filter medium was produced by supporting
fibril fibers on each side of the non-woven fabric
coated abeve. The average fiber diameter of the fibril
fibers supported on the non-woven fabric was 0.23 pum.
The average fiber diameter was measured by the same
method as in Reference Example. Thus, the ratio of the
average pore size of the non-woven fabric used as a
matrix to the average fiber diameter of the fiber
structure was 37.0, and the ratioc of the average fiber
diameter of the non-woven fabric used as a matrix to the
average fiber diameter of the fiber structure was 4.3,

The void content of the filter medium was 84%
and the content of the fibril fibers was 1.0 wt% based
on the weight of the filter medium. The void content
and the content of the fibril fibers were alsc measured
by the same methods as in Reference Example.

A leukocyte-removing filter apparatus was
produced by packing a laminate of 7 sheets of the filter
medium preduced in the manner described above into a
container having an effective filtration sectional area
of 9.0 cm® (3.0 cm x 3.0 cm). The total volume of the
filter medium was 1.20 crm’.

Using the aforesaid leukocyte-removing filter

apparatus, 50 g of an red cell concentrate (RC-MAP:
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hematocrit value 61%, number of leukothes 4,120/ u1L)
preserved at 4C for 7 days was filtered by the same
method as in Reference Example.

As a result, the average treatment rate in the
filtration of the red cell concentrate was 12.3 g/min.
and the leukocyte residual rate was 107, The levels
of free hemoglobin before and after the filtration were
compared and found not to be different at all.

On the other hand, the fibril index of re-
generated celluleose fiber having a fiber diameter of
about 8 pm (Bemberg®, 60d/90f, manufactured by ASAHI
Chemical Industry Co., Ltd.) was measured at 10 points
by the same method as above, all the measured values
were less than 10, namely, they were 3, 5, 1, 5, 6, 4,
3, 1, 2 and 3, The regenerated cellulose fiber was
fibrillated by the same procedure as above to find that
the average fiber diameter of the resulting fibril
fibers was 0.31 um.

A filter medium was produced by making a
dispersion of the fibril fibers into paper on each side
of the same non-woven fabric used as a matrix as above,
by the same method as above. The ratioc of the average
pore size of the non-woven fabric used as a matrix to
the average fiber diameter of the fiber structure is
27.4, and the ratio of the average fiber diameter of the
non-woven fabric¢ used as a matriz to the average fiber
diameter of the fiber structure is 3.2. The void

content of the filter medium was 82% and the content of
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the fibril fibers was 1.1 wt% based on the weight of the
filter medium.

A leukocyte-removing filter apparatus was
produced by packing a laminate of 7 sheets of the filter
medium produced in the manner described above into a
container having an effective filtration sectional area
of 9.0 em® (3.0 cm x 3.0 cm). The total volume of the
filter medium was 1.22 cn’,

Using the leukocyte-removing filter apparatus,
50 g of an red cell concentrate (RC-MAP: hematocrit
value 61%, number of leukocytes 4,120/ ul) preserved at
4°C for 7 days was filtered.

As a result, the average treatment rate in the
filtration of the red cell concentrate was 11.3 g/min.
and the leukocyte residual rate was 107%% g/min. The
levels of free hemoglobin before and after the

filtration were compared and found to ke the same.

Example 12

Non-woven fabric of splittable cellulose
containing cellulose microfibril fibers having a fiber
diameter of less than 1.0 gm and not less than 0.01 gm
was prepared by the following procedure.

Lyocell yarn (manufactured by Courtaulds Co.,
Ltd.) having a monofilament fiber diameter of about 12 2
m was used as splittable cellulose fiber. The
splittable cellulose fiber was immersed in a 1 wt%

aqueous sodium hydroxide solution and subjected to
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alkali treatment therein at 0°C to 5T for 60 minutes.
After washing with water, the splittable cellulose fiber
was immersed in a 3 wt% agueous sulfuric acid sglution
and subjected to acid treatment therein at 70C for 30

5 minutes. After washing with water, the splittable
cellulose fiber was split and then spread on a net in
the form of a mat. Subsequently, the mat obtained was
treated with a high-pressure liquid. 1In detail, a
pillar-shaped jet was directed to the mat from a

10 distance of 30 cm for 10 seconds on each side, i.e., 20
seconds in total under the following conditions: nozzle
diameter 0.2 mm, nozzle pitch 5 mm, and pressure 30
kg/em,

The resulting non-woven fabric was dried and

15 its physical properties were investigated. The thick-
ness was 0.2 mm, the void content was 82%, the
percentage of the total area of cellulose microfibrils
having a fiber diameter of less than 1.0 gm and not less
than 0.01 pm was 28% based on the area of the whole

20  cellulose when observed by a scanning electron micro-
scope, and the fiber diameter values of cellulose fibers
having a fiber diameter of 1.0 pum or more were distri-
buted between 1.0 gm and 13 um. The fibril fibers
having a fiber diameter of less than 1.0 um and not less

25 than 0.01 um formed a porous structure having nearly
round pores, and were entangled sufficiently with the
cellulose fibers having a fiber diameter of 1.0 pum.

The non-woven fabric obtained was subjected to
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the follewing experiment as the leukocyte-removing
filter medium of the present invention. A leukocyte-
removing filter apparatus was produced by paéking a
laminate cof 8 sheets of the filter medium produced in
the manner described above into a container having an
effective filtration secticnal area of 9.0 cm’ (3.0 cm x

3.0 cm).  The total volume of the filter medium was 1.44

cm’.

Using the leukocyte-removing filter apparatus,
30 g of a concentrated red cell product (RC-MAP:
hematocrit value 58%, number of leukocytes 5,200/ul)
preserved at 4°C for 7 days was filtered by the same
method as Reference Example.

As a result, the average treatment rate in the
filtration of the red cell concentrate was 10.8 g/min.
and the leukocyte residual rate was 103, The levels
of free hemoglobin before and after the filtration were

compared and found to not be different.

Example 13

As splittable fiber, cuprammonium rayon yarn
having a fiber diameter of about 10 um (Bemberg"
continuocus-spinning yarn 40d/45f, manufactured by ASAHI
Chemical Industry Co., Ltd.) was cut to a fiber length
of about 3.0 mm. The resulting pieces were immersed in
a 1 wt% aqueous sodium hydroxide sclution and subjected
to alkali treatment therein at 0T to 5C for 60 minutes

with mild stirring at 60 rpm. After washing with water,
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the pieces were immersed in a 3 wt% agqueous sulfuric
acid solution and subjected to acid treatment therein at
70C for 30 minutes with mild stirring at 60 rpm. The
sulfuric acid was washed away with pure water to Prepare
splittable fiber.

As a matrix material, poly(ethylene
terephathalate) short fibers with a fiber diameter of
3.2 4m obtained by cutting to a fiber length of 5.0 mm
were used.

The splittable fiber and the matrix material
were added to a 0.1 wt% agqueous Tween® solution so that
their concentration in a prepared dispersion was 0.1
wt%, and the resulting mixture was vigorously stirred
with a mixer at 10,000 rpm for 2 seconds to prepare the
fiber dispersion. The mixing ratio of the splittable
fiber to the matrix material was as follows: splittable
fiber: matrix material = 1 : 9§ by weight. Polypropylene
mesh (#200) was cut into a sheet 30 cm square, and the
bottom of & funnel-like paper-making apparatus was
covered with the sheet, after which pure water was
accumulated to a height of about 1 cm above the mesh
surface. 3.6 Liters of the fiber dispersion was gently
poured into the pure water and mildly stirred, after
which water was discharged from the bottom of the paper-
making apparatus, whereby a fiber composite of the
splittable fiber and the matrix material was formed on

the mesh.

Subsequently, the fiber composite obtained was
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treated with a high-pressure liquid. 1In detail, each
side of the fiber composite was treated with a pillar-
shaped jet (100 kg/cm’) for 5 minutes under the following
conditions: nozzle diameter 0.2 mm, nozzle pitch 5 mm,
number of rows of nozzles 18, distance between nozzle
tip and the fiber composite 30 mm, number of revolution
of nozzle header 150 rpm, and rate of movement of the
filter medium 5 m/min. After the high-pressure liquid
treatment, the fiber composite was dried in vacuo at 40T
for 16 hours te produce a leukocyte-removing filter
medium.

The leukocyte-removing filter medium thus
obtained had a thickness of 0.2 mm, a bulk density of
0.2 g/c’ and a basis weight of 40 g/m’. The average
fiber diameter of ultra-fine fibers obtained by
splitting of the splittable fiber was 0.39 um, Thée void
content of the leukocyte-removing filter medium was 85%,
and the content of the ultra-fine fibers obtained by
splitting of the splittable fiber was 7.1 wt% based on
the weight of the leukocyte-removing filter medium. The
measurement of the average fiber diameter of the ultra-
fine fibers, the measurement of the void content of the
filter medium, and the measurement of the content of the
ultra-fine fibers were carried out by the same methods
as in Reference Example.

A leukocyte-removing filter apparatus was
produced by packing a laminate of 8 sheets of the

leukocyte-removing filter medium produced in the manner
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described above intc a container having an effective
filtration sectional area of 9.0 cm’ (3.0 cm x 3.0 cm),
at a packing density of 0.22 g/cm®. The total volume of
the leukocyte-removing filter medium was 1.36 cm’. 3
0.2% ethanolic solution of a copolymer of HEMA and DM
(the DM content of the copolymer was 3 mol%) was poured
into the apparatus at a flow rate of 80 g/min. while
maintaining the solution at 40°C, and was circulated for
1.5 minutes, after which nitrogen was introduced into
the apparatus at a flow rate of 1.5 L/min. to remove the
excess coating solution. The filter medium was dried in
vacuo at 40°C for another 16 hours to produce a
leukocyte-removing filter apparatus.

Using the leukocyte-removing filter apparatus,
50 g of an red cell concentrate (RC-MAP: hematocrit
value 64%, number of leukocytes 6,330/pl) preserved at
4°C for 8 days was filtered by the same method as
Reference Example.

As a result, the average treatment rate in the
filtration of the red cell concentrate was 11.4 g/min.

and the leukocyte residual rate was 107,

Comparative Fxample 9

A fiber composite prepared by the same
procedure as in Example 13 was dried in vacuo at 40°C for
16 hours without high-pressure liquid treatment to
produce a leukocyte-removing filter medium. The

leukocyte-removing filter medium obtained had a thick-
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ness of 0.22 mm, a bulk density of 0.18 g/cmg, a basis weight of 40 ¢/m® and a
void content of 88%.

A leukocyte-removing filter apparatus was produced by packing a
taminate of 8 sheets of the leukocyte-removing filter medium into a container
having an effective filtration sectional area of 9.0 cm® (3.0 cm x 3.0 ¢cm), at a
packing density of 0.21 g/em’.” The total volume of the Iedkocyte-removing
filter medium was 1.45 cm. This apparatus was subjected to the same coating
treatment as in Example 13 to produce a leukocyte-removing filter apparatus,
50 g of the same red cell concentrate as in Example 13 was filtered by the
same procedure as in Example 13. The temperature of the red cell
concentrate immediately before starting the fitration was 10°C. As a resuit,
the average freatment rate was 21.5 g/min. and the leukocyle residual rate
was 10°* g/min.

The ferm "comprises”, and grammatical variations thereof such as
"comprising" when used in the description and claims does not preclude the
presence of additional features, integers, steps or components, or groups
thereof.
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CLAIMS
1. A leukocyte-removing filter medium which
comprises a matrix and ultra-fine fibers having a fiber
diameter of less than 1.0 pm and not less than 0.01 um
and contains said ultra-fine fibers in an amount of less
than 50 wt% and not less than 0.1 wt%, the degree of
curvature of said ultra-fine fibers being 1.2 or more,
and/or said ultra-fine fibers forming pores having a
roundness of 1.7 or less.
2. A leukocyte-removing filter medium according
to claim 1, wherein the diameter in terms of a circle of
the pores formed by the ultra-fine fibers is less than
20 pgm and not less than 1 um.
3. A leukocyte-removing filter medium according
to claim 1, wherein the matrix is a fiber assembly
composed of short fibers having a fiber diameter cof less
than 30 gm and not less than 1 um and a fiber length of
less than 10 mm and not less than 0.1 mm as a matrix
material.
4, A leukocyte-removing filter medium according
to claim 1, comprising fiber having a branched structure
formed by uniting a matrix material compcsed of short
fibers and ultra-fine fibers into a body.
5. A leukocyte-removing filter medium according
to claim 1, wherein the matrix is a porous menbrane or a
spongy structure, which has an average pore size of less
than 100 pm and nct less than 1 umn.

6. A leukocyte-removing filter medium according
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to claim 1, wherein the matrix is a particle assembly
compesed of particles having an average particle
diameter of less than 300 um and not less than 1 um as
a matrix material,
7. A leukocyte-removing filter medium comprising
a matrix and ultra-fine fibers, said ultra-fine fibers
comprising fibril fibers having a fiber diameter of less
than 1.0 pm and not less than 0.01 gm, said ultra-fine
fibers being contained in an amount of less than 50 wt%
and not less than 0.1 wts.
8. A leukocyte-removing filter medium according
to claim 7, wherein the fibril fibers are fibers
obtained by fibrillating fiber having a fibril index of
10 or more.
9. A leukocyte-removing filter medium according
to claim 7, wherein the fibril fibers are purified
cellulose fibers.
10. A leukocyte-removing filter medium according
to claim 7, wherein the fibril fibers are fibers having
a degree of swelling of fiber length with water of 1.0%
or less.
11. A leukocyte-removing filter medium according
to any one of claims 8 to 10, wherein the fibril fibers
have a degree of curvature of 1.2 or more.
12, A leukocyte-removing filter medium according
to any one of claims 8 to 10, wherein the fibril fibers
form pcres having a roundness of 1.7 or less.

13. A leukocyte-removing filter medium according
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to claim 12, wherein the diameter in terms of a circle
cof the pores formed by the fibril fibers is less than 20
#m and not less than 1 ugm.
14. A leukocyte-removing filter medium according
to claim 7, wherein the matrix is a fiber assembly
composed of fibers having a fiber diameter of less than
30 pm and not less than 1 um as a matrix material.
15. A leukocyte-removing filter medium according
to claim 14, wherein the matrix material is long fibers
having a fiber length of 10 mm or more.
16. A leukocyte-removing filter medium according
to claim 14, wherein the matrix material is .short fibers
having a fiber length of less than 10 mm and not less
than 0.1 mm.
17. A leukocyte-removing filter medium according
to claim 7, wherein the matrix is a porous membrane or a
spongy structure, which has an average pore size of less
than 100 um and not less than 1 um.
18. A leukocyte-removing filter medium accerding
te claim 7, wherein the matrix is a particle assembly
composed of ﬁarticles having an average particle
diameter of less than 300 gm and not less than 1 LM as
a matrix material.
19, A leukocyte-removing filter medium comprising
non-woven fabric of splittable cellulose containing
ultra-fine fibers, i.e., cellulose microfibrils having a
fiber diameter of less than 1.0 pum and not less than

0.01 gm.
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20. A leukocyte-removing filter medium according
to claim 19, wherein the percentage of the area of the
cellulose microfibrils is less than 50% and not less
than 1% based on the area of the whole cellulose fiber.
21. A process for producing a leukocyte-removing
filter medium which comprises previously mixing a matrix
material with ultra-fine fibers having a fiber diameter
of less than 1.0 um and not less than 0.01 um, and then
preoducing a filter medium, said filter medium containing
said ultra-fine fibers in an amount of less than 50 wt%
and not less than 0.1 wt?%, the degree of curvature of
sald ultra-fine fibers being 1.2 or more, and/or said
ultra-fine fibers forming pores having a roundness of
1.7 or less.

22, A production process according to claim 21,
wherein the matrix material is short fibers having a
fiber diameter of less than 30 um and not less than 1.0
em and z fiber length of less than 10 mm and not less
than 0.1 mm, and said matrix material and said ultra-
fine fibers are previously mixed and dispersed in a
dispersion medium and then made into paper.

23. A production process according to claim 21,
wherein the main constituent of said filter medium is
fiber having a branched structure obtained by uniting a
matrix material composed of short fibers with ultra-fine
fibers in a body.

24, A production process according to claim 21;

wherein the matrix material is particles having an
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average particle diameter of less than 300 gm and not
less than 1.0 pm, and said matrix material and said
ultra-fine fibers are previously dispersed in a
dispersion medium and then made into papef.
25, A production process accerding to claim 21,
wherein the matrix material is & peolymer solution
capable of forming a porous membrane or a spongy
structure, and the filter medium is produced after
dispersing said ultra-fine fibers in said polymer
solution,
26. A process for producing a leukocyte-removing
fiiter medium which comprises previously mixing a matrix
material with fibril fibers having a fiber diameter of
less than 1.0 pm and not less than 0.01 um, or making a
dispersion of said fibril fibers in a matrix made of a
matrix material into paper, and thereby producing a
filter medium, said filter medium containing said fibril
fibers in an amount of less than 50 wt% and not less
than 0.1 wt$%.
27, A process for producing a leukocyte-removing
filter medium which comprises fibrillating a portiocn of
splittable cellulose fiber constituting non-woven fabric
of splittable cellulese, to produce a filter medium,
said filter medium being composed of the resulting non-
woven fabric of splittable cellulose containing
cellulose microfibrils having a fiber diameter of less
than 1.0 um and not less than 0.01 gm,.

28. A process for producing a leukocyte-removing
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filter medium which comprises mixing a matrix material
with splittable fiber and then splitting the splittable
fiber into ultra-fine fibers having a fiber diameter of
less than 1.0 gm and not less than 0.01 gm, to produce
a filter medium, said filter medium containing said
ultra-fine fibers in an amount of less than 50 wt% and
not less than 0.1 wt%, the degree of curvature of said
ultra-fine fibers being 1.2 or more, and/or said ultra-
fine fibers forming pores having a roundness of 1.7 or
less.
29. A production process according to claim 28,
wherein a treatment for the splitting is treatment with
a high-pressure liquid.
30. A leukocyte-removing filter apparatus for
removing leukocytes from a leukocyte-containing fluid,
said filter apparatus comprising 1) an inlet, 2) a |
filter comprising at least one sheet of the filter
medium according to any cne of claims 1, 7 and 19, and
3), and an outlet.
31. A method for removing leukocytes from a
leukocyte-containing fluid which comprises using an
apparatus comprising 1) an inlet, 2) a filter comprising
at least one sheet of the filter medium according to any
one of claims 1, 7 and 19, and 3} an cutlet, introducing
the leukocyte-containing fluid through the inlet, and
fecovering the filtrate obtained by filtration through

said filter, through the outlet,
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