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(57) Abstract

A method is provided for processing donated blood, particularly a platelet-containing solution such as platelet-containing
plasma, involving separating blood into a red cell containing sediment layer and a supernatant layer, and passing the supernatant
layer through a filter until the filter is blocked, thereby leaving platelets to be harvested. The preferred filter comprises a housing
(1) having an inlet (2) and an outlet (3) defining a liquid flow path between the inlet (2) and the outlet (3) and a porous medium
(4) having a plurality of zones of progressively increasing density positioned inside the housing (1) across the liquid flow path.
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FILTER AND METHOD FOR OBTAINING PLATELETS

TECHNICAL FIELD OF THE INVENTION
The present invention relates to a method and
apparatus for processing blood donated for the
purpose of therapeutic transfusion of blood
components and, particularly, to improved methods
and apparatuses for harvesting platelets from
donated whole blood.

BACKGROUND OF THE INVENTION

Blood may be separated into its various
components, e.g., platelet concentrate (hereinafter
"PC"), packed red cells (hereinafter "PRC"), and
plasma, thereby making platelet concentrates
available as a transfusion product. The separation
of a single unit of donated whole blood into its
components is typically accomplished by use of
differential sedimentation.

A typical procedure used to separate donated
blood into its components is disclosed in U.s.
Patent 5,100,564.

Blood bank personnel have responded to the
increased need for blood components by attempting to
increase platelet yield in a variety of ways, in-
cluding attempting to express more platelet-rich
plasma (PRP) prior to stopping flow from the blood
collection bag. This can be counterproductive in
that the PRP, and the PC subsequently extracted from
it, may be contaminated by red cells, giving a pink
or red color to the normally light yellow PC. The
presence of red cells in PC is so highly undesirable
that pink or red PC may be discarded, or recen-
trifuged, both of which increase operating costs.
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Further, the platelets in PC have been sub-
jected, during two centrifugation steps, to severe

L

conditions and may not as readily disperse. It has
been suggested that the high forces to which the \d
5 platelets are subjected as they reach the bottom of
the bag during sedimentation, promote increased
aggregation by particle-to-particle adhesion.
For these and perhaps other reasons, platelets
in PC show a much higher tendency to be retained
10 within the filter during leucocyte depletion
cdmpared with platelets in PRP. Accordingly, a much
better recovery is obtained when platelets are
leucocyte~-depleted in the form of PRP, compared with
PC. For example, while optimal recovery from PC is
15 about 90 to 95%, recovery from PRP can exceed 99%.
The separation of the various blood components
using centrifugation is attended by a number of
problems. First, in the separation of platelet-rich
plasma from PRC, it is difficult to efficiently
20 obtain the maximum yield of platelets while
preventing red cells from entering the plasma.
Secondly, when PRP is expressed, it is difficult to
efficiently recover the more desirable younger
platelets located near or in the PRC/PRP interface.
25 A method and apparatus which may be used to
express more PRP from the blood collection bag is
disclosed in U.S. Patent 5,152,905.
The method and apparatus of the present
invention alleviate the above-described problems
30 and, in addition, provide a higher yield of superior
quality platelets.

-

BRIEF SUMMARY OF THE INVENTION '
In the methods of this invention, leucocyte de-
pletion is preferably accomplished at the time the
35 blood is processed. During the separation of PRP
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from PRC, the process may be enhanced by interposing
a red cell barrier medium immediately downstream of
the blood collection bag. Thus, the supernatant PRP
passes through the red cell barrier medium until the
medium is blocked. The platelet-containing solution
such as PRP may be subsequently centrifuged to
obtain a supernatant leucocyte-depleted plasma layer
and a sediment leucocyte-depleted PC layer. The
method and apparatus of the present invention permit
the recovery of an increased amount of more
desirable platelets and of plasma more efficiently
in comparison to conventional blood processing
practices.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross section view of an
embodiment of a red cell barrier filter assembly,
taken along A-A of Figure 2a.

Figure 2a is a top view of an embodiment of a
red cell barrier filter assembly according to the
invention.

Figure 2b is a bottom view of an embodiment of
a red cell barrier filter assembly according to the
invention.

Figure 3 is an embodiment of a biological fluid
processing system accofding to the invention,
whereby a red cell barrier filter assembly is
interposed between a collection container and a
satellite bag.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The present invention involves a method for
harvesting an increased amount of platelets from a
platelet-containing suspension, particularly PRP,
which comprises separating a red cell containing
biological fluid such as whole blood into a red
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cell-containing sediment layer and a non-red cell
containing supernatant layer, and passing the
supernatant layer of the separated fluid through a
filter until the filter is blocked. An increased
5 amount of platelets and/or plasma may then be
recovered. The present invention also involves an
apparatus which permits the increased recovery of
platelets comprising a porous medium which passes
platelets and/or plasma therethrough, but blocks the
10 passage of red cells. The present invention also
involves a system for harvesting an increased amount
of platelets and/or plasma which comprises a first
container in fluid communication with second
container, and, interposed between the first
15 container and the second container, a red cell
barrier medium.
An exemplary biological fluid red cell barrier
filter assembly is shown in Figures 1 and 2. A red
cell barrier filter assembly may include a housing 1
20 having an inlet 2 and an outlet 3 and defining a
liquid flow path between the inlet and the outlet.
A red cell barrier medium 4, preferably positioned
inside the housing across the liquid flow path,
includes a porous medium which permits a platelet-
25 containing solution such as PRP to pass
therethrough, but blocks the passage of red cells.
In a preferred embodiment, flow through the filter
assembly is stopped automatically when red cells,
directly or indirectly, contact the red cell barrier
30 medium.
) While the red cell barrier medium can be
produced from any suitable material compatible with
a biological fluid such as blood, practical
considerations dictate that consideration be given
35 first to the use of commercially available

materials. The porous medium of this invention may
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be formed, for example, from any synthetic polymer
capable of forming fibers and of serving as a sub-
strate for grafting. Preferably, the polymer should
be capable of reacting with at least one

5 ethylenically unsaturated monomer under the
influence of ionizing radiation without the matrix
being significantly or excessively adversely
affected by the radiation. Suitable polymers for
use as the substrate include, but are not limited

10 to, polyolefins, polyesters, polyamides, polysul-
fones, acrylics, polyacrylonitriles, polyaramides,
polyarylene oxides and sulfides, and polymers and
copolymers made from halogenated olefins and un-
saturated nitriles. Examples include, but are not

15 limited to, polyvinylidene fluoride, polyethylene,
polypropylene, cellulose acetate, and Nylon 6 and
66. Preferred polymers are polyolefins, polyesters,
and polyamides. The most preferred polymer is poly-
butylene terephthalate (PBT).

20 Although the fibers of the porous medium may
remain untreated, they are preferably treated to
make them even more effective. For example,uthe
fibers may be surface modified to increase the
critical wetting surface tension (CWST) of the

25 fibers. 7

Surface characteristics of a fiber can be
modified by a number of methods, for example, by
chemical reaction including wet or dry oxidation, by
coating the surface by depositing a polymer thereon,

30 by grafting reactions which are activated by
exposure to an energy source such as gas plasma,
heat, a Van der Graff generator, ultraviolet light,
or to various other forms of radiation, or by
surface etching or deposition using a gas plasma

35 treatment. The preferred method is a grafting
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reaction using gamma-radiation, for example, from a
cobalt source.

In a preferred form of the porous medium of the
subject invention, the fibers of which the filter
element is composed may be modified by grafting
thereon a mixture of two monomers, one containing
hydroxyl groups and another containing anionic
groups, such as carboxyl groups, with the hydroxyl
groups present in larger numbers. As described in
U.S. Patent 4,880,548, and U.S. Patent 5,152,905 the
filter media of this invention are preferably sur-
face modified using a mixture comprising hydroxyl-
terminated and carboxyl-terminated monomers. In a
preferred form of this invention, the monomers are
respectively hydroxyethyl methacrylate (HEMA) and
methacrylic acid (MAA), and the monomer ratios
(carboxyl:hydroxyl) are preferably in the range of
about 0.01:1 to about 0.5:1, and more preferably in
the range of about 0.05:1 to about 0.35:1. A
preferred monomer ratio is one which produces a
desired zeta potential at the pH of plasma (7.3) of
about -3 to about -30 millivolts, a more préferred
ratio produces a zeta potential of about -7 to about
-20 millivolts, and a still more preferred ratio
produces a zeta potential of about ~10 to about -14
millivolts.

An exemplary radiation grafting technique may
employ at least one of a variety of monomers each
comprising an ethylene or acrylic moiety and a
second group, which can be selected from hydrophilic
groups (e.g., -COOH, or -OH). Grafting of the
fibrous medium may also be accomplished by compounds
containing an ethylenically unsaturated group, such
as an acrylic moiety, combined with a hydroxyl
group, preferably monomers such as HEMA or acrylic
acid. The compounds containing an ethylenically

A3
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unsaturated group may be combined with a second

monomer such as MAA. Use of HEMA as the monomer

contributes to a very high CWST. Analogues with .

similar functional characteristics may also be used
5 to modify the surface characteristics of fibers.

The number of carboxyl groups per unit of /.
surface area appears to have an important effect on
the adhesion of platelets to fiber surfaces. This
effect is reflected in the proportion of platelets

10 recovered in the filter effluent as a fraction of
the number present prior to filtration. Platelet
recovery typically peaks at the optimum proportion
of MAA. The number of carboxyl groups per unit of
fiber surface is, over the range of interest of this

15 invention, thought to be close to proportional to
the amount of MAA in the monomeric grafting solu-
tion.

The CWST of the porous media made with the PBT
fibers typically have a CWST as formed of about 50

20 to about 54 dynes/cm, and most or all other fibers
which may be used have a CWST below about 55
dynes/cm. Surface grafting using the monomers noted
above causes the CWST of the fibers to increase, the
exact value obtained being dependent on the ratio of

25 the two monomers. A preferred range for the CWST of
the devices of this invention is greater than about
70 dynes/cm, typically from about 70 dynes/cm to
about 115 dynes/cma more preferred range is about 90
to about 100 dynes/cm and a still more preferred

30 range is about 93 to about 97 dynes/cm, these ranges
being obtained by varying the ratio of carboxyl-
terminated and hydroxyl-terminated monomers.

A red cell barrier filter assembly produced in
accordance with the present invention and suitable

35 for passing about one unit of PRP preferably has a
fiber surface area of about 0.04 to about 3.0 Mz,
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more preferably about 0.06 to about 2.0 M?. A
preferred range for the filter element flow area is

about 3 to about 8 cm?

, more preferably about 4 to
about 6 cm?. A preferred range for the relative

5 voids volume is about 71% to about 83%
(corresponding for PBT fibers to a density of about
.23 to about .40 g/cc), more preferably about 73% to
about 80% (about .27 to about .37 g/cc). Because of
its small size, a preferred filter in accordance

10 with the present invention retains internally only

' about 0.5 to 1 cc of PRP, representing less than a
0.5% loss of platelets.

In another embodiment of the invention, the

fiber may be surface modified in the same manner as

15 noted above, but the fiber surface area of the
element is increased while, at the same time, the
density of the filter element is somewhat reduced.
In this way, the automatic blockage of flow on
contact by red cells is combined with higher

20 efficiency of leucocyte depletion.

A preferred range of fiber surface area for

this embodiment of the invention is from about 0.3
to about 2.0 Mz, and a more preferred range is from
about 0.35 to about 0.6 M?>. The upper limits of

25 fiber surface area reflect the desire to accomplish
the filtration in a relatively short time period,
and may be increased if longer filtration times are
acceptable. A preferred voids volume of a porous
medium of this embodiment is in the range of about

30 71% to about 83% (i.e., if PBT fiber is used,
corresponding to a density of the filter element in
the range of about 0.23 g/cc to about 0.40 g/cc),
and more preferably about 75% to about 80% (for PBRT,
about 0.28 g/cc to about 0.35 g/cc). A preferred

35 filter element flow area is from about 2.5 to about

10 cm?, and a more preferred area is from about 3 to
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about 6 cm®. The upper limits of the filter element
flow area reflect the desire to accomplish the
filtration in a relatively short time period, and .
may be increased if longer filtration times are
acceptable. Leucocyte depletion efficiencies in
excess of about 99.9% or more, preferably about
99.99% or more, which corresponds to an average
residual leucocyte content per unit of less than
about .005 x 107, can be obtained. 7
Although the porous medium of the present
invention may have a substantially uniform density,
the porous medium of a preferred embodiment of the
bpresent invention is of a construction such that an
upstream portion of the porous medium is of
generally lower density than a downstream portion of
the filter. For example, the density of the porous
medium may vary in a continuous or stepwise manner
while maintaining an average density range suitable
for blocking red cells. An exemplary porous medium
may include a density range in the upstream portion
from about .1 g/cc to about .23 g/cc; and a density
range in the downstream portion from about .£3Vg/cc
to about .40 g/cc. In another embodiment of the
invention, the porous medium may include two or more
layers, preferably of different or varying density.
An exemplary zoned or layered medium is illustrated
in Figure 1. Using PBT as the fiber, upstream layer
5 of the porous medium may include a density range
from about .1 g/cc to about .2 g/cc, middle layer 6
may include a density range from about .20 g/cc to
about .25 g/cc, and downstream layer 7 may include a
density range from about .23 g/cc to about .40 g/cc.
Included within the scope of the present
invention are the use of other density valves, in a
particular zone or layer as well as throughout the
porous medium. These alternative density ranges may
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be chosen based on achieving a desired result, in
addition to blocking red cells, e.g., the flow rate,
the type of fiber used, the amount of leucocytes .
removed, as well as other considerations.

4

The porous medium may act as an automatic
"valve" by instantly stopping the flow of the
supernatant layer of the centrifuged whole blood,
which supernatant layer will typically be a
platelet-rich solution such as PRP, when red cells
from the sediment layer, typically a red cell
containing solution such as PRC, directly or
indirectly contact the porous medium, i.e., directly
contact the medium or contact leukocytes which in
turn may directly contact the medium. The mechanism
of this valve-like action may reflect aggregation of
the red cells, or red cells and leukocytes,
concentrated at the PRP/PRC transition zone (buffy
coat) as they reach the medium’s surface, forming a
barrier which prevents or blocks further flow of the
supernatant layer through the porous medium.
Aggregation of red blood cells on contact with the
porous medium appears to be related to the CWST
and/or to other less understood surface charac-
teristics of the fibers. This theory for the
proposed mechanism is supported by the existence of
filters capable of highly efficient leucocyte
depletion of human red blood cell suspensions and
which have pore sizes as small as 0.5um, through
which red cells pass freely and completely with no
clogging, with applied pressure of the same mag-
nitude as that used in the present invention. On
the other hand, the filters of the present
invention, which typically have pore diameters
larger than about 0.5um, abruptly stop the flow of
red blood cells when the porous medium is contacted
by the red cells.
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Housings for the filter assembly to be used in
conjunction with the present invention can be
fabricated from any suitably impervious material,
including an impervious thermoplastic material. For

5 example, the housing may preferably be fabricated by
injection molding from a transparent or translucent
polymer, such as an acrylic, polystyrene, or
polycarbonate resin.

Any housing of suitable shape, preferably

10 providing an inlet and an outlet, may be employed.
The housing may include an arrangement of one or
more channels, grooves, conduits, passages, ribs, or
the like, which may be serpentine, parallel, curved,
circular, or a variety of other configurations. An

15  exemplary embodiment is shown in Figures 2A and 2B,
illustrating a circular housing 1 having an inlet 2
and an outlet 3. A preferred embodiment of the
invention includes one or more ribs 8 on the
upstream side of the housing and at least one

20 channel or groove on the downstream side of the
housing. In a most preferred embodiment of the
invention, the housing 1 includes a series of -
concentric grooves or channels 9a and radial grooves
or channels 9b which provide fluid communication

25 with the outlet 3.

The housing into which the porous medium is
placed may be sealed or interference fit, and is
designed to achieve practical and economic
construction, convenience of use, rapid priming, and

30 efficient air clearance.

The porous components of devices made in
accordance with the invention are preferably pre-
formed prior to assembly to controlled. dimension and
pore diameter in order to form an integral self-

35 contained element.
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Preforming eliminates the pressure on the inlet
and outlet faces of the container which are inherent
in a packed fiber system. Pre-forming the porous
element typically leads to devices having longer

5 service life, coupled with at least equal and
usually better leucocyte removal efficiency, equal
or better platelet recovery, and less hold up of
fluid, when compared to devices that use fibers or
fibrous webs packed into a housing at assembly.

10 Furthermore, pre-forming enhances the proper
poéitioning of the porous medium in the housing.
The lateral dimensions of the porous element are
typically larger than the corresponding dimensions
of the housing into which they are assembled. For

15 example, if the porous medium is in disc form, the
outside diameter of the pre-formed medium is made
about 1% larger than the housing inside diameter.
This provides very effective sealing by an
interference fit with no loss of effective area of

20 the porous medium, and contributes further towards
minimization of the fluid hold-up volume of the
assembly. In accordance with the invention, -
assembling the porous medium in the housing using an
interference fit seal is preferred. However, edge

25 compression about the periphery, a compression seal,
or other means of positioning the porous medium in
the housing may be used.

Included within the scope of the present
invention is the inclusion of the red cell barrier

30 medium or filter assembly in biological fluid
processing systems, preferably closed, sterile
systems, having a wide variety of components, such
as one or more biological fluid containers such as
collection bags and/or satellite bags; gas or air

35 inlets and outlets; one or more flow control

devices, such as clamps, valves, closures, and the
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like; and/or one or more connectors, such as SCD
conriectors.

- An exemplary biological fluid collection and
processing system is shown in Figure 3. The

5 biological fluid processing system is generally

denoted as 10. It may comprise a first container or
collection bag 11; a needle 50 adapted to be
inserted into the donor; a red cell barrier filter
assembly 12; a first leucocyte depletion assembly 13

10 (optional); a second container (first satellite bag)
41, typically for receiving a platelet-rich solution
or suspension 31; an optional fourth container
(third satellite bag) 42, typically for receiving
platelet concentrate; a second leucocyte depletion

15 assembly 17; and a third container (second satellite
bag) 18, typically for receiving a red cell
containing solution or suspension 32. Each of the
assemblies or containers may be in fluid
communication through tubing, preferably flexible

20  tubing, 20, 21, 25, 26, 27 or 28. The first
leucocyte depletion assembly preferably includes a
porous medium for passing PRP; the second leﬁcocyte
depletion assembly preferably includes a porous
medium suitable for passing PRC. A seal, valve,

25 clamp, or transfer leg closure (not illustrated) may
also be positioned in or on the tubing or in the
collection and/or satellite bags. The seal (or
seals) is opened when fluid is to be transferred
between bags.

30 The invention also involves a method for
processing a biological fluid containing red blood
cells comprising collecting whole blood in a
container; forming a supernatant layer and a
sediment layer, typically by differential

35 sedimentation such as centrifugation; and passing
the supernatant layer through a porous medium, the
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porous medium comprising a red cell barrier medium
or a combined leucocyte depletion red cell barrier
medium. The supernatant layer passes through the
porous medium, typically until, red cells, or red
cells and leukocytes, contact the porous medium, at
which point flow through the medium stops
automatically.

In general, donated whole blood is processed as
soon as practicable in order to more effectively
reduce or eliminate contaminating factors, including
but not limited to leucocytes and microaggregates.
In accordance with the subject invention, leucocyte
depletion may be accomplished during the initial
processing of the whole blood, which in United
States practice is generally within 8 hours of
collection from the donor. After the cellular
component of whole blood, i.e., red cells, have
sedimented, the liquid portion, i.e. supernatant
PRP, is expressed from the blood collection bag into
a first satellite bag through one or more porous
media which diminish the amount of leucocytes and/or
block red cells. S

In a secondary aspect of the invention, the
porous medium may slow the flow of the non-red cell
containing fluid, which allows the operator to
manually stop the flow prior to red cells passing
through the porous medium. This embodiment of the
invention allows the operator more time to intervene
and stop the flow. For example, a supernatant
platelet-containing fluid may flow through the red
cell barrier medium at an initial rate of about 15
ml/min, but the flow may decrease to about 5 ml/min
as a red cell containing fluid approaches the
medium. This reduction in flow, e.g., a 33%
reduction, may provide the operator sufficient time
to stop the flow at the appropriate time. In some

°»

LP}
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circumstances, for example, when platelet-containing

fluid is expressed from a plurality of separate bags

at approximately the same time, this reduction in

flow allows the operator to process a greater number
5 of containers more efficiently.

In general, using the Figures for reference,
the biological fluid (e.g., donor’s whole blood) is
received directly into the collection bag 11. The
collection bag 11, with or without the other

10 elements of the system, may then be centrifuged in
order to separate the biological fluid into a
supernatant layer, typically a platelet-containing
solution such as PRP, and a sediment layer,
typically a red cell solution such as PRC. The

15 Dbiological fluid may be expressed from the
collection bag as separate supernatant and sediment
layers, respectively. There may be a clamp or the
like on or in the bag or tubing to prevent the flow
of the supernatant layer from entering the wrong

20 conduit.

Movement of the biological fluid through the
system is effected by maintaining a pressure -
differential between the collection bag and the
destination of the biological fluid (e.g., a

25 container such as a satellite bag). Exemplary means
of establishing this pressure differential may be by
expressor, gravity head, applying pressure to the
collection bag (e.g., by hand or with a pressure
cuff), or by placing the other container (e.qg.,

30 satellite bag) in a chamber (e.g., a vacuum chamber)
which establishes a pressure differential between
the collection bag and the other container. Also
included within the scope of the invention may be
expressors which generate substantially equal

35 pressure over the entire collection bag.
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As the biological fluid passes from one bag to
the next, it may pass through at least one porous
medium. Typically, if the biological fluid is the
supernatant layer (e.g., PRP), it may pass from the
collection bag through one or more devices or
assemblies comprising one or more porous media -- a
leucocyte-depletion medium, a red cell barrier
medium, a porous medium which combines the red cell
barrier with leucocyte depletion in one porous
medium, or a leucocyte depletion medium and a red
cell barrier medium in series. The supernatant
layer is expressed from the first container 11 until
flow is stopped. Additional processing, if desired,
may occur downstream of the red cell barrier medium,
either connected to the system or after being
separated from the system.

In accordance with an additional embodiment of
the invention, a method is provided whereby the
recovery of various biological fluids is maximized.
Recovery of an increased amount of PRP in and of
itself may increase the amount of platelets
recovered. Furthermore, recovering a greatef'amount
of the platelets located in or near the PRP/PRC
interface may increase the recovery of the more
useful and/or more desirable younger platelets.

The advantages to be gained by the use of the
methods and devices of the invention include the
following:

(a) The PC derived from the PRP is
substantially free of red cells, and may include a
higher proportion of younger platelets.

(b) The operator needs only to start the flow
of platelet-rich solution, which will continue to
flow into the first satellite bag until red cells
contact the filter surface, at which point flow

stops automatically. This eliminates the need for a

L ¥
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skilled operator to estimate when to stop flow and
decreases the possibility of red cell contamination.

(c) The volume of plasma and PC recovered from
the blood collection bag during the extraction

5 operation may be increased by about 5% or more when
compared with very competent manual operation, and
the concentration of platelets recovered may be
increased by about 15% to about 30% or more.

(d) About 90% or greater of the platelets in

10 whole blood are recovered.

(e) Labor input is reduced, as monitoring of
the interface during decantation is not required.

(f) Freshly donated blood contains platelets
varying in age from newly formed to nine days or

15 more (platelet half-life in vivo is about nine
days). Newly formed platelets are larger and are
generally believed to be more active. Because the
younger platelets are larger, they tend to sediment
faster during centrifugation and, consequently, are

20 present in larger numbers in the PRP nearest to the
red cell interface. Measurements have shown that
the concentration of platelets in the 10% of the PRP
volume nearest the interface is about twice that in
the uppermost 10% of PRP. Taking this into account,

25 the total number of platelets recovered may be
increased by about 4 to 10%.

(g) The larger proportion of younger platelets
in the PC administered to the patient means that
their life within the patient after administration

30 will be longer and that the platelets will be more
‘active, compared with current blood bank practice.

(h) The yield of plasma, a component of value
comparable with that of PRC and PC, may also in-
creased by about 2 to about 5%.

35 (i) 1Insofar as the plasma yield is increased,
the plasma content of the PRC is decreased. This is
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advantageous because the MHC (major histocompatibil-
ity complex) contained in the plasma is responsible
for the occurrence of Urticaria (hives) in a propor-

tion of transfusion recipients transfused with PRC.

Definitions: The following definitions are used in

reference to the invention:

A) Blood Product or Biological Fluid:
Biological fluid includes any treated or untreated
fluid associated with living organisms, particularly
blood, including whole blood, warm or cold blood,
and stored or fresh blood; treated blood,bsuch as
blood diluted with a physiological solution,
including but not limited to saline, nutrient,
and/or anticoagulant solutions; one or more blood
components, such as platelet concentrate (PC),
platelet-rich plasma (PRP), platelet-free plasma,
platelet-poor plasma (PPP), plasma, packed red cells
(PRC), transition zone material, buffy coat;
analogous blood products derived from blood or a
blood component or derived from bone marrow; red
cell containing suspensions; and platelet-céntaining
suspensions. The biological fluid may include
leukocytes, or may be treated to remove leukocytes.
As used herein, biological fluid refers to the
components described above, and to similar blood
products obtained by other means and with similar
properties.

A "unit" is the quantity of biological fluid
from a donor or derived from one unit of whole
blood. It may also refer to the quantity drawn
during a single donation. Typically, the volume of
a unit varies, the amount differing from patient to
patient and donation to donation. Multiple units of
some blood components, particularly platelets, and
transition zone material or buffy coat, may be

4
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pooled or combined, typically by combining four or
more units.

B) Porous medium: refers to at least one
porous structure through which a biological fluid

5 passes. The porous medium typically refers
generically to any one of the media which deplete
leucocytes from the non-PRC blood components, i.e.,
from PRP or from PC and/or which block the passage
of red cells while allowing the passage of platelets

10 and plasma.

The porous medium for use with a platelet-rich
solution such as PRP may be formed from any natural
or synthetic fiber or other porous material
compatible with blood. Preferably, the CWST and

15 zeta potential of the porous medium are within
certain ranges, as disclosed above and as dictated
by its intended use. For example, the CWST of a PRP
porous medium is typically above about 70 dynes/cm.

The porous medium may be pre-formed, multi-

20 layered, and/or may be treated to modify the fiber
surfaces either before or after forming the fibrous
lay-up. The porous medium may include at least one
of a prefilter element or layer and a filter element
or layer. The porous medium may additionally

25 include at least one element or layer to provide
support, better drainage, and/or improved flow
characteristics, such as more uniform flow"
distribution. The porous medium may be configured
in any suitable fashion, such as a flat sheet, a

30 composite of two or more layers, a corrugated sheet,
a web, a fibrous mat, a depth filter, or a membrane,
although it is intended that the invention should
not be limited thereby.

C) Voids volume is the total volume of all of

35 the pores within a porous medium. Voids volume is
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expressed hereinafter as a percentage of the appa-
rent volume of the porous medium.

D) Conversion of density when using fibers
other than PBT: 1In the preceding exposition the
term density has been used, and the density values
quoted for the filter element have been based on the
use of PBT fibers. Other fibers which differ in
density from the PBT may be used, as noted above,
providing that their surfaces have, or have been
modified to have, the characteristics noted above,
e.g., a CWST of greater than 70 dynes/cm. 1In
accordance with the invention, to use an alternate
fiber of different density, the density of an ele-
ment made using an alternate fiber (i.e., the PBT
equivalent density) may be calculated as disclosed
in U.S. Patent 5,152,905:

The more preferred fiber diameter range for the
practice of this invention is about 2 to 3 um, the
diameter being defined in terms of surface area, as
described in U.S. Patent 4,880,548. This range is
preferred because much above this range, the dimen-
sions of the elements and consequently the iiquid
hold-up volumes of the filters become significantly
larger; below this range, the filter elements become
relatively less coherent and are more easily com~
pressed. For example, an element made using less
than 2 um polypropylene fibers would be compressed
by the pressure developed by the plasma extractor,
which can be as high as 300 mm of Hg.

Pore diameters of filter elements in accordance
with the invention can be determined using the modi-
fied OSU F2 method as described in U.S. Patent
4,925,572. Filter assemblies with good efficiency
and recovery can be made using large pore diameters,
but such filter assemblies typically retain a higher
proportion of platelets. A filter assembly having a

w,;

a
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pore diameter of about 15 um to 30 pm or higher may
allow some red cells and leucocytes to pass, thereby
reducing platelet recovery efficiency. Therefore,.
it is preferred that the pore diameter not exceed 15
5 pm, more preferably, less than about 10 im. The
most preferred pore diameter range is less than
about 6 gm.
E) 1In accordance with the invention, a useful
technique for the measurement of fiber surface area,
10 for example by nitrogen gas adsorption, is that
. developed by Brunauer, Emmet, and Teller in the
1930’s (often referred to as the "BET" measurement),
described in U.S. Patent 5,152,905.
F) A general procedure for measuring zeta
15 potential is described in U.S. Patent 5,152,905.

Examples

Each of the examples was run using the follow-
ing basic procedure to process and test a bag of
donated blood. The blood collection set was consti-

20  tuted as shown in Figure 3. Bag 11, into which
anticoagulant had been placed, was used to collect
one unit of about 450cc of blood from a human volun-
teer. Bag 11 along with its two satellite bags 18,
41 was then centrifuged for 5 minutes at 2280 X

25 gravity, causing the red cells. to sediment into the
lower parts of the collection bag and leave a
transparent, yellowish layer of red cell-free plasma
in the upper part of the collection bag. This bag
was then transferred, with care not to disturb its

30 contents, to a plasma extractor. With tube 20
clamped adjacent to bag 11 to prevent flow, tube 20
was cut and red cell barrier filter assembly 12
and/or leucocyte depletion filter assembly 13 were
inserted at the position as shown in Figure 3. With
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the plasma extractor applying sufficient force to
the bag to generate a pressure of about 200 to 300
millimeters of mercury within the bag, the clamp on
tube 20 was removed, allowing the supernatant liquid
5 to flow through the filter assemblies 12 and/or 13
into bag 41 which had been placed on a weight scale.
One of several skilled operators was instructed to
signal when, in normal blood bank practice, flow
would have been manually shut off. For examples 1
10 and 2, which were in accordance with an embodiment
of the invention having a PRP leucocyte depletion
filter assembly 13, tube 20 was at the signal
promptly shut-off, the weight of PRP collected was
recorded, and the contents of the bag analyzed, with
15 results recorded in Table I.
For examples 3-8 and 9-10, the weight of the
PRP bag 41 was recorded at the signal, i.e., the
precise moment when flow would in normal blood bank
practice have been shut off, while flow was allowed
20  to continue until the red cell layer reached red
cell barrier filter assembly 12, at which time flow
automatically and abruptly stopped, and the weight
of PRP collected was recorded. The results for
examples 3-8 are shown in Table II, and for examples
25 9 and 10 in Table III.
In each of the ten examples, the resulting PRP
was visually free of red cells, and weights of the
PRP were converted to volume by dividing by the den-
sity of plasma (1.04 g/cc). The data on residual
30 leucocyte content of the PC derived from the fil-
tered PRP are reported in Tables II and IIT as mul-
tiples of 107 (i.e., ¥ 107), which can be conve-
niently compared with a target criterion of fewer
than about 1 x 107 leucocytes per unit, which is a
35 level believed adequate to significantly reduce

i)
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alloimmunization in patients receiving platelet
transfusions.

The widely used melt blowing process for making
fibrous plastic webs is a convenient, economical,

5 and effective means for manufacturing fibrous webs
with fiber diameter in the 1 - 4um range. It is
characteristic of this process that the quality of
melt blown webs is optimal when the web weight is
maintained in a preferred range of about .0005 to

10 about .01 g/cmz, and more preferably between about
.0005 and about .007 g/cm?. For this reason, the
webs used to form the examples of this invention
were, wherever necessary, formed by laying up two or
more layers of web of weight about .006 g/cm?, and

15 then hot compressing these to form an integral
filter element.

Examples 1-2
PRP leucocyte depletion filter assemblies were

prepared in the manner described in the

20 specification. The filter elements of these devices
were preformed from 2.6um average diameter PBT
fibers, which had been surface modified in the
manner as described above and as taught in U.S.
Patent 4,880,548 using a mixture of hydroxyethyl

25 methacrylate and methacrylic acid in a monomer ratio
of .35:1 to obtain a CWST of 95 dynes/cm and a zeta
potential of -11.4 millivolts. Filter element
effective diameter was 4.74 cm, presenting a filter
area of 17.6 cm?, thickness was 0.15 cm, voids volume

30 was 83% (density = 0.23 g/cc), and fiber surface
area was 0.69 M?°. The volume of PRP held up within
the filter housing was 2.5 cc, representing a loss
of PRP due to hold-up of about 1%. The results,
obtained using the operating procedure described

35 earlier in this section, are shown in Table I.
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TABLE I

Leucocyte Depletion Efficiency of the First

Variation

PCT/US93/02010

Leucocyte
Volume content of Leucocyte
of PRP PC after removal
Example passed, filtration efficiency, **
Number cc (per unit)* %
237 <.006 x 107 >99.9%
206 <.006 x 107  >99.9%

* Total leucocyte count in the PC after centrifug-
ing the filtered PRP to obtain the PcC.

** Assumes that the leucocyte content of the PRP

prior to filtration conformed to an average value of
5 x 107 per unit.

Examples 3-8

Red cell barrier filter assemblies were
prepared in the manner described in the
specification. The filter elements of these devices
were preformed from 2.6um average diameter PBT
fibers, which had been surface modified in the
manner as described above and as taught in U.S.
Patent 4,880,548 using hydroxyethyl methacrylate and
methacrylic acid in a monomer ratio of .35:1 to
obtain a CWST of 95 dynes/cm and a zeta potential of
=11.4 millivolts. The filter element’s effective
diameter was 2.31 cm, presenting a filter area of
4.2 cm?, thickness was .051 cm, voids volume was 75%

(density, 0.34 g/cc), and fiber surface area was .08

me.

The volume of PRP held up within the filter
housing was <0.4 cc, representing a loss of PRP due
to hold-up of less than 0.2%. In each test, flow
stopped abruptly as red cells reached the upstream

<.
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surface of the filter element, and there was no

visible evidence of red cells or hemoglobin down-

stream. The results obtained, using the operating.

procedure described earlier in this section for the
5 second variation, are shown in

Table II.
TABLE II
1 2 3 4 5
Leuco-
10 ' cyte
Volume content
of PRP - after
Estimated obtained filtrat~
volume/PRP using the Incre- ion (per
15 using normal procedure mental unit)
Example blood bank of inven- volume, . of PC*

Number practice, ml tion, ml1 percent x 107

3 175.2 178.8 2.0 1.0
4 212.9 218.8 2.7 1.7
20 5 221.1 225.7 2.0 0.5
6 185.9 191.4 2.9 0.2
7 257.2 263.2 2.3 <0.1
8 196.6 200.7 2.1 . 0.1

* Total leucocyte count in the PC after centrifuging
25 the filtered PRP to obtain PC.

Examples 9-10

Combined PRP leucocyte depletion/red cell
barrier filter assemblies were prepared in the
manner described in the specification i.e., the

30 combination of an automatic shut-off valve and a
high efficiency filter, both included in a single
filter. The filter elements of these devices were
preformed from 2.6um average diameter PBT fibers,
which had been surface modified in the manner as

35 described above and as taught in U.S. Patent
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4,880,548 using a mixture of hydroxyethyl
methacrylate and methacrylic acid in a monomer ratio
of .35:1 to obtain a CWST of 95 dynes/cm and a zeta
potential of -11.4 millivolts at the pH of plasma
(7.3). The filter element effective diameter was
2.31 cm presenting a filter area of 4.2 cm? thickness
was 0.305 cm, density was 0.31 g/cc (voids volume =
77.5%), and fiber surface area was 0.46 M?. The
volume of PRP held up within the filter housing was
1.3 cc, representing a loss of PRP due to hold up
within the filter of about 0.5%. In each case, flow
stopped abruptly as red cells reached the upstream
surface of the filter element, and there was no
visible evidence of red cells or hemoglobin down~
stream. The results obtained, using the operating
procedure described earlier in this section are
shown in Table III.

TABLE ITT

Incremental Volume and Leucocyte Depletion
Efficiency of the Third Variation

Leuco- v

cyte
Volume content
of PRP after Leuco-
Estimated obtained filtrat- cyte
volume/PRP using the Incre- ion (per remov-
using normal procedure mental unit) al

Example blood bank  of inven- volume, of PG* effi-
Number practice, ml tion, ml % x 10 ciency**

9 251 256 2 <.006  >99.9%
10 212 216 1.9 005  >99.9%

* Total leucocyte count in the PC after centrifuging
the filtered PRP to obtain PC.

*%* Assumes that the leucocyte content of the PRP

prior to filtration conformed to an average value of
5 x 107 per unit.

Example 11

2]
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The processing system used to perform this
example is set up in a manner that generally
corresponds to that shown above, with the difference
in this example pertaining to the red cell barrier
filter assembly. '

The red cell barrier filter assembly is
configured in a manner that generally corresponds to
Figures 1 and 2. The housing, having a radially 7
positioned inlet and outlet, includes four ribs 8 on
the inlet side, and, on the outlet side, concentric
channels 9a and eight radial channels 9b in fluid
communication with the outlet. The porous medium of
the red cell barrier filter assembly, positioned in
the housing between the inlet and the outlet,
includes three zones of differing density, with the
lowest density at the upstream side of the medium,
and increasing toward the highest density at the
downstream side of the medium. The first (upstream)
zone of the porous medium has a density of about
0.130 g/cc. The second (middle) zone of the porous
medium has a density of about 0.236 g/cc, while the
third (downstream) zone of the porous medium has a
density of about 0.294 g/cc.

The zones of the porous medium are preformed
from 2.6 micron average diameter PBT fibers, which
have been surface modified in the manner as
described above and as taught in U.S. Patent
4,880,548, using a mixture of hydroxyethyl
methacrylate and methacrylic acid in a monomer ratio
of .35:1 to obtain a CWST of 95 dynes/cm and a zeta
potential of =-11.4 millivolts.

For each of the 20 tests summarized in this
example, a human volunteer donates a unit of whole
blood, which passes through the needle line to be
collected in the collection bag (which already
contains anticoagulant). After mixing the blood

PCT/US93/02010
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with the anticoagulant in the collection bag, air
may be displaced into the needle line by stripping
blood from the needle line into the blood bag
without releasing the stripper. The blood bag may
be oriented so that the remaining air bubble is just
below the needle line, and then the stripper may be
released, and the needle line tubing may be sealed,
e.g., heat sealed.

Within approximately 8 hours after collection,
the blood is processed as described in the previous
examples. As the PRP is expressed from the
collection bag, the red cell barrier assembiy is
held horizontally, with the outlet of the assembly
facing up, for priming. Once the PRP enters the
inlet of the assembly, the assembly may be laid
down, if desired. PRP may be expressed from the
blood collection bag until red cells reach the
upstream surface of the porous medium, at which
point the flow abruptly stops, signalling the
completion of filtration. The tubing from the
outlet side of the red cell barrier filter assembly
may be clamped and heat sealed, and the PRP b;g'may
then be removed for further processing.

The PRP may be processed according to normal
blood bank procedures to create plasma and PC.
Platelet counts may be taken and averaged for the 20
samples, and compared to the average platelet counts
of 20 units of PC prepared by conventional methods
(i.e., without the red cell barrier filter assembly)
and obtained from a local blood bank. Using
conventional methods, the average platelet count may
be about 6 - 7 x 10" platelets per bag, while using
the method according the instant invention may yield
a platelet count of about 9 - 9.5 x 10" platelets
per bag, reflecting an increased yield of over 20%.

73
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While the invention has been described in some
detail by way of illustration and example, it should
be understood that the invention is susceptible to .
various modifications and alternative forms, and is
not restricted to the specific embodiments set forth
in the Examples. It should also be understood that
these Examples are not intended to limit the inven-
tion but, on the contrary, the intention is to cover
all modifications, equivalents, and alternatives

falling within the spirit and scope of the inven-
tion.
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WHAT IS CLAIMED IS:

1. A method of processing a platelet-
containing biological fluid comprising:

separating the biological fluid into a
supernatant layer and a sediment layer containing
red cells; and

passing the supernatant layer through a red
cell barrier filter until the filter is blocked,
said filter including a porous medium having zones
of different density.

2. The method of claim 1 wherein passing the
supernatant layer through a filter comprises passing
the supernatant layer through a filter having a
density range in an upstream portion from about .23
g/cc to about .23 g/cc, and a density range in the
downstream portion from about .23 g/cc to about .40
g/cc.

3. The method of claim 1 wherein passing the
supernatant layer through zones of different éensity
comprises passing the supernatant layer through
zones of successively higher density.

4, The method of claim 3 wherein passing the
supernatant layer through at least two zones of
different density comprises passing the supernatant
layer through an upstream zone including a density
range from about .1 g/cc to about .2 g/cc, through
an intermediate zone including a density range from
about .20 g/cc to about .25 g/cc, and through a
downstream zone including a density range from about
.23 g/cc to about .40 g/cc.

73
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5. The method of claim 1 wherein red cells in
the presence of leukocytes contact the filter and
flow stops.
6. A device for treating a platelet-

containing biological fluid comprising a porous
medium which prevents red blood cells from passing
therethrough, but which permits platelets to pass
therethrough, said porous medium having zones of
different density.

7. The device of claim 6 wherein the porous
medium has a CWST greater than about 70 dynes/cm.

8. The device of claim 6 wherein the porous
medium comprises at least two zones of different
density.

9. The device of claim 8 wherein each zone is
of successively increasing density.

10. The device of claim 9 wherein an up;tream
zone includes a density range from about .1 g/cc to
about .2 g/cc, an intermediate zone includes a
density range from about .20 g/cc to about .25 g/cc,
and a downstream zone includes a density range from
about .23 g/cc to about .40 g/cc.

11. The device of claim 8 wherein an upstream
zone includes a density range from about .18 g/cc to
about .23 g/cc, and a downstream zone includes a
density range from about .23 g/cc to about .40 g/cc.

12. The device of claim 6 wherein the porous
medium includes fibers modified by exposure to a
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monomer comprising a polymerizable group and a
hydroxyl-containing group.

13. The device of claim 12 wherein the fibers
of the porous medium have been modified with a
mixture of monomers comprising hydroxyethyl
methacrylate and methacrylic acid.

14. The device of claim 6 wherein the porous
medium comprises polybutylene terephthalate fibers.

15. The device of claim 6 wherein the hold-up
volume is less than about 1 ml.

16. The device of claim 6 wherein the zeta
potential of the porous medium is about -3 to about
-30 millivolts at a pH of 7.3.

17. A system for the collection and processing
of blood comprising:

a blood collection bag and at least one
satellite bag connected thereto;

a porous medium interposed between the blood
collection bag and a satellite bag, the porous
medium comprising fibers having a CWST of greater
than about 70 dynes/cm, at least two zones of
different density, and said porous medium bars the
passage of red blood cells therethrough, but permits
the passage of platelets.

18. A method of harvesting platelets from a
platelet-containing suspension comprising:

expressing a platelet-containing suspension
through a red cell barrier filter having zones of
different density until the red cell barrier filter
is blocked; and

harvesting the platelets passing through the
red cell barrier filter.

h
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