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to a method for producing the membrane and a filter device
comprising the membrane.
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Filter membrane and device

Technical Field

The present disclosure relates to a microporous hollow fi-
ber filter membrane having a large inner diameter and a
thin wall. The fiber can be used for sterile filtration of
liguids or removal of particles from liquids. The disclo-
sure further relates to a method for producing the membrane

and a filter device comprising the membrane.

Background of the Invention

WO 2004/056459 Al discloses a permselective asymmetric mem-—
brane suitable for hemodialysis, comprising at least one
hydrophobic polymer, e.g. polyethersulfone, and at least
one hydrophilic polymer, e.g. polyvinylpyrrolidone. The
outer surface of the hollow fiber membrane has pore open-
ings in the range of 0.5 to 3 pum and the number of pores in
the outer surface is in the range of 10,000 to 150,000
pores per mm’. Pore size of the membrane is in the range of
5 to 20 nm. The internal diameter of the membrane is less

than 500 pm and its wall strength is less than 90 um.

US 2014/0175006 Al discloses a composite membrane module with
hollow fiber membranes comprising a hollow fiber support
layer and an active layer on the surface of the support
layer. The active layer is formed by interfacial
polymerization of an amine and an acyl halide on the support.
The support layer may have an inner diameter of about 0.1 to

about 3.0 mm and a thickness of about 10 to about 500 pm,
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e.g., 50 to 200 pm. In the examples, a support layer having
an inner diameter of 0.5 to 1.0 mm and a thickness of 0.1 to

0.15 mm was used.

EP 0 998 972 Al discloses self-supporting capillary membranes
which are longitudinally reinforced by continuous reinforcing
fibers incorporated in the wall of the capillary membrane.
The inner diameter of the capillary membranes generally is
from 0.2 to 6 mm and particularly from 0.4 to 3 mm. The wall
thickness is generally from 0.1 to 2 mm and particularly from
0.2 to 1 mm. In the comparative examples, membranes without
reinforcing fibers are disclosed which have an inner diameter
of 1.5 mm and a wall thickness of 0.5 mm; or an inner

diameter of 3 mm and a wall thickness of 1 mm, respectively.

Summary of the Invention

The present disclosure provides a filtration device comprising
a tubular housing, the ends of the tubular housing defining an
inlet and an outlet, respectively, of the device; a single
porous hollow fiber membrane being disposed within the tubular
housing, wherein one end of the hollow fiber membrane is
connected to the inlet of the device, and the other end of the
hollow fiber membrane is sealed; the membrane having a sponge
structure and having an internal diameter of from 2,300 to
4,000 pm and a wall strength of from 150 to 500 pm, and the
ratio of inner diameter to wall strength of the membrane being
larger than 10. The membrane has a mean flow pore size,
determined by capillary flow porometry, which is larger than
0.2 pm and comprises polyethersulfone and
polyvinylpyrrolidone. The present disclosure also provides a
continuous sclvent phase inversion spinning process for making
the porous hollow fiber membrane. The present disclosure

further provides filter devices comprising the porous hollow

Date Regue/Date Received 2021-07-26
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fiber membrane. The filter devices can be used for sterile
filtration of liquids, removal of bacteria and/or endotoxins

from liquids, or removal of particles from liquids.

Date Regue/Date Received 2021-07-26
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Brief description of the drawings

Fig. 1 shows a schematic cross-sectional view of an embodi-
ment of a filter device according to the present

disclosure;

Fig. 2 shows a set-up for determining the burst pressure of

a hollow fiber membrane;

Fig. 3 shows a set-up for determining bacterial and endo-
toxin log reduction values (LRV) of filter devices

according to the present disclosure

Detailed Description of the Invention

In one aspect of the present invention, a porous hollow fi-
ber membrane having a sponge-like structure is provided.
The membrane has a mean flow pore size, determined by ca-
pillary flow porometry, which is larger than 0.2 um. In one
embodiment, the mean flow pore size is in the range of from
0.2 to 0.4 pm. In another embodiment, the mean flow pore
size is larger than 0.3 pm, e.g., in the range of from 0.3
to 0.7 pm. In still another embodiment, the mean flow pore
size is larger than 1 um, e.g., in the range of from 1 to

10 pm, or in the range of from 1 to 5 pm.

Capillary flow porometry is a liquid extrusion technique in
which at differential gas pressure the flow rates through
wet and dry membranes are measured. Before measurement the
membrane is immersed in a low surface tension liquid (e.g.,
a perfluoroether commercially available under the trade
name Porofil®) to ensure that all pores including the small
ones are filled with the wetting liguid. By measuring the
pressure at which the liquid is pressed out of the pores

its corresponding diameter can be calculated using the La-
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place equation. With this method the pore size distribution
is determined of those pores that are active in the mass
transport. Dead end and isolated pores are omitted. The

hollow fiber membranes are measured inside-out.

Laplace equation:

Dp =4 Y cos © / AP

Dp = diameter pores [m]

Y = surface tension [N/m]; for Porofil® 0.016 [N/m]
AP = pressure [Pa]

Cos © = contact angle; by complete wetting cos & =1

The membrane comprises polyethersulfone (PESU) and polyvi-
nylpyrrolidone (PVP). In one embodiment, the membrane addi-
tionally comprises a polymer bearing cationic charges. Ex-
amples of suitable polymers bearing cationic charges in-
clude polyethyleneimines, modified polyethyleneimines, and
modified polyphenyleneoxides. In one embodiment, a polyeth-
yleneimine having a weight average molecular weight of 750
kDa is used. In another embodiment, a polyethyleneimine
having a weight average molecular weight of 2,000 kDa is

used.

Examples of suitable polyethersulfones include polyether-
sulfones having a weight average molecular weight of about
70,000 to 100,000 Da. In one embodiment, a polyethersulfone
having a weight average molecular weight M, in the range of
from 90 to 95 kDa is used. An example is a polyethersulfone
having a weight average molecular weight M, of 92 kDa and a
polydispersity M,/M, of 3. In another embodiment, a poly-
ethersulfone having a weight average molecular weight M, in
the range of from 70 to 80 kDa is used. An example is a
polyethersulfone having a weight average molecular weight

M, of 75 kDa and a polydispersity M,/M, of 3.4.
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Suitable polyvinylpyrrolidones include homopolymers of vi-
nylpyrrolidone having a weight average molecular weight in
the range of from 50 kDa to 2,000 kDa. These homopolymers
generally have a number average molecular weight in the
range of from 14 kDa to 375 kDa. Examples of suitable poly-
vinylpyrrolidones for preparing the membranes of the inven-
tion are Luvitec® K30, Luvitec® K85, Luvitec® K90, and Lu-

vitec® K90HM, respectively, all available from BASF SE.

In one embodiment of the invention, the polyvinylpyrroli-
dorne comprised in the porous hollow fiber membrane consists
of a high (2 100 kDa) and a low (< 100 kDa) weight average

molecular weight component.

An example of a suitable polyvinylpyrrolidone having a
weight average molecular weight <100 kDa is a polyvinylpyr-
rolidone having a weight average molecular weight of 50 kDa
and a number average molecular weight of 14 kDa. Such a
product is available from BASEF SE under the trade name Lu-

vitec® K30.

Examples of suitable polyvinylpyrrolidones having a weight
average molecular weight >100 kDa include poylvinylpyrrol-
idones having a weight average molecular weight in the
range of about 1,000 to 2,000 kDa, e.g., 1,100 to 1,400
kDa, or 1,400 to 1,800 kDa; a number average molecular
weight of about 200 to 400 kDa, e.g., 250 to 325 kDa, or
325 to 325 kDa; and a polydispersity M,/M, of about 4 to 5,
for instance, 4.3 to 4.4, or 4.3 to 4.8.

One embodiment of the invention uses a polyvinylpyrrolidone
homopolymer having a weight average molecular weight of
about 1,100 kDa; and a number average molecular weight of

about 250 kDa.
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Another embodiment of the invention uses a polyvinylpyrrol-
idone homopolymer having a weight average molecular weight
of about 1,400 kDa; and a number average molecular weight
of about 325 kDa.

Still another embodiment of the invention uses a polyvi-
nylpyrrolidone homopolymer having a weight average molecu-
lar weight of about 1,800 kDa; and a number average molecu-

lar weight of about 375 kDa.

The membrane has an inner diameter of from 2,300 to 4,000
um and a wall strength of from 150 to 500 pm. In one embod-
iment, the inner diameter is larger than 3,000 pm and
smaller than or equal to 3,700 pm and the wall strength is
in the range of from 180 to 320 pm. In another embodiment,
the inner diameter is 2,300 to 2,500 um and the wall
strength is 180 to 320 um. In yet another embodiment, the
inner diameter is 2,900 to 3,400 pum and the wall strength
is 180 to 320 pm.

The ratio of the inner diameter of the membrane to its wall
strength is larger than 10. In one embodiment, the ratio of
inner diameter to wall strength is larger than 15. Mem-
branes having a large ratio of inner diameter to wall
strength, i.e. thin-walled membranes, are more flexible an
easily deformable. These membranes are less prone to form
kinks on bending than thick-walled membranes. The ends of
the thin-walled hollow fibers also can readily be closed by

crimping to produce dead-end filter elements.

In one embodiment, the membrane shows a burst pressure, de-
termined as described in the methods section below, of at
least 2.5 bar(g), for instance, more than 3 bar(g). In one
embodiment, the membrane shows a burst pressure in the

range of from 3 to 5 bar(g).
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In one embodiment, the membrane has a bacterial log reduc-
tion value (LRV) greater than 7. In another embodiment, the
membrane has an LRV greater than 8. The LRV is tested with
suspensions of Brevundimonas diminuta (BD) ATCC 19146, as

described in the methods section below.

The present disclosure also provides a continuous solvent
phase inversion spinning process for preparing a porous

hollow fiber membrane, comprising the steps of

a) dissolving at least one polyethersulfone, at least
one polyvinylpyrrolidone, and, optionally, a polymer
bearing cationic charges, 1in N-methyl-2-pyrrolidone

to form a polymer solution;

b) extruding the polymer solution through an outer ring
slit of a nozzle with two concentric openings into a

precipitation bath; simultaneously

c) extruding a center fluid through the inner opening of

the nozzle;

d) washing the membrane obtained; and subsequently

e) drying the membrane;

f) sterilizing the membrane with steam or gamma radia-

tion subsequently to drying;

wherein the polymer solution comprises from 15 to 20 wts,
relative to the total weight of the polymer solution, of pol-
yethersulfone, and from 10 to 15 wt%, relative to the total

weight of the polymer solution, of polyvinylpyrrolidone.

In one embodiment, the polymer solution comprises from 0.1

to 2 wt%, relative to the total weight of the solution, of
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a polymer bearing cationic charges. Examples of suitable
polymers bearing cationic charges include polyethylene-
imines, modified polyethyleneimines, and modified polyphe-

nyleneoxides.

In one embodiment, the polymer solution comprises from 0.1
to 2 wt%, relative to the total weight of the solution, of
a polyethyleneimine. In one embodiment, a polyethyleneimine
having a weight average molecular weight of 750 kDa 1is
used. In another embodiment, a polyethyleneimine having a

weight average molecular weight of 2,000 kDa is used.

The concentration o©f ©polyethersulfone in the ©polymer
solution generally is in the range of from 15 to 20 wt%, for

instance, 17 to 19 wt%.

In one embodiment, the polymer solution comprises a poly-
ethersulfone having a weight average molecular weight M, in
the range of from 90 to 95 kDa is used. An example is a
polyethersulfone having a weight average molecular weight
M, of 92 kDa and a polydispersity M,/M, of 3. In another em-
bodiment, polymer solution comprises a polyethersulfone
having a weight average molecular weight M, in the range of
from 70 to 80 kDa is used. An example is a polyethersulfone
having a weight average molecular weight M, of 75 kDa and a

polydispersity M,/M, of 3.4.

The concentration of polyvinylpyrrolidone in the polymer
solution generally is in the range of from 10 to 15 wt$%,

e.g., from 11 to 12 wt%.

In one embodiment of the process, the polymer sclution com-
prises a high (2 100 kDa) and a low (< 100 kDa) molecular
weight PVP. In one embodiment, 50-60 wt%, e.g., 50-55 wt%,
based on the total weight of PVP in the polymer solution,
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is high molecular weight component, and 40-60 wt%, e.qg.,
45-50 wt%, based on the total weight of PVP in the polymer

solution, is low molecular weight component.

In one embodiment, the polymer solution comprises 5 to 6
wt% of a polyvinylpyrrolidone having a weight average mo-
lecular weight of 50 kDa; and 6 wt% of a polyvinylpyrroli-

done having a weight average molecular weight of 1,100 kDa.

In one embodiment of the process for preparing the mem-
brane, the center fluid comprises 35 to 50 wt% of water and
50 to 65 wt% of NMP, for instance, 35 to 45 wt% of water
and bb to 65 wt® of NMP, or 40 to 50 wts of water and 50 to
60 wts of NMP, e.g., 40 wt3 of water and 60 wts of NMP,
relative to the total weight of the center fluid.

In one embodiment of the process, the precipitation bath is
comprised of water. In one embodiment of the process, the
precipitation bath has a temperature in the range of from

80 to 99°C, for instance, 85 to 95°C, or 85 to 90°C.

In one embodiment of the process for preparing the mem-
brane, the temperature of the spinneret is in the range of
from 50 to 60°C, e.g., 52-56°C.

In one embodiment of the process, the distance between the
opening of the nozzle and the precipitation bath is in the

range of from 30 to 70 cm, e.g., 40 to 60 cm.

In one embodiment of the process, the spinning speed is in

the range of 5 to 15 m/min, e.g., 8 to 13 m/min.

The membrane then is washed to remove residual solvent and
low molecular weight components. In a particular embodiment

of a continuous process for producing the membrane, the
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membrane is guided through several water baths. In certain
embodiments of the process, the individual water baths have
different temperatures. For instance, each water bath may

have a higher temperature than the preceding water bath.

The membrane then is dried and subsequently sterilized. The
sterilization step is important to increase the liquid per-
meability (Lp) of the hollow fiber membrane. Larger fluid
flows can be achieved with a sterilized membrane, compared
to a membrane that has not gone through the sterilization
step. In one embodiment, the hollow fiber membrane subse-
quently is sterilized with gamma radiation. In a particular
embodiment, radiation dose used is in the range of from 25
to 50 kGy, for instance, 25 kGy. In another embodiment, the
hollow fiber membrane subseguently is sterilized with steam
at a temperature of at least 121°C for at least 21 min. Af-
ter the sterilization step, the hollow fiber membrane shows

a greatly increased hydraulic permeability.

The present disclosure also provides a filtration device
comprising a single hollow fiber membrane having the char-
acteristics described above. In one embodiment, the filtra-
tion device 1s a sterilization grade filter which is able

to remove microbial contaminants from a liquid.

The filtration device comprises a tubular housing, the ends
of the tubular housing defining an inlet and an outlet, re-
spectively, of the device; a single hollow fiber membrane
disposed within the tubular housing, one end of the hollow
fiber membrane being connected to the inlet of the device,
and the other end of the hollow fiber membrane being

sealed.

Fig. 1 shows a schematic cross-sectional view of one embod-

iment of the filtration device. A hollow fiber membrane 2
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is disposed within a tubular housing 1. Connector 3 seals
one end of the tubular housing 1 and provides an inlet 4 of
the device. In one embodiment of the device, the inlet 4
takes the form of a tapered fitting, for instance, a Luer
taper. Hollow fiber membrane 2 is joined to connector 3 at
fitting 5. The second end 6 of hollow fiber membrane 2 is
sealed. The second end of the tubular housing 1 is open and
provides an outlet 7 to the device. In some embodiments
within the scope of the present disclosure, the outlet 7 is
joined to the inlet of a fluid container, e.g., a drum, a
bottle, an ampulla, or a bag. In other embodiments within
the scope of the present disclosure, the outlet 7 1is
equipped with a connector; a Jjoint; or a fitting, for in-

stance, a tapered fitting, e.g., a Luer taper.

In one embodiment within the scope of the present disclo-
sure, the outlet 7 is fluidly connected to a sterile fluid
container. A solution may enter the inlet 4 of the device
and pass through the connector 3 into the hollow fiber mem-
brane 2. The solution then filters through the hollow fiber
membrane 2 out a filter outlet 7 into the sterile container
fluidly connected to the ocutlet 7. The device provides an
isolated fluid connection between the inlet 4 and the con-
tainer, such that once the solution is filtered through the
membrane, the filtered solution passes directly into the
sterilized environment of the container. The part of the
housing 1 between the outlet 7 of the filter and an inlet
of the container may be configured as a cut and seal area.
Once the solution has been filtered into the container, the
connection between the outlet 7 of the filter and an inlet
of the container may be sealed and the filter device cut

off upstream of the sealed area.

In one version of the filter device shown in Fig. 1, the

hosing 1 surrounds the hollow fiber membrane 2 in a gener-
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ally concentric configuration. Filtered fluid exiting the
hollow fiber membrane 2 is contained within the housing 1
and ultimately passed through outlet 7. A hollow connector
3 secures the housing 1 and the hollow fiber membrane 2 to-
gether. The open inlet end 4 of the filter device is seal-
ingly connected to fitting 5 which constitutes an open out-
let end of the hollow connector 3. The connection may be
achieved by gluing the open inlet end of the hollow fiber
membrane 2 to the fitting 5 of the connector 3 with, for
example, an epoxy resin, a polyurethane regin, a cyanoacry-
late resin, or a solvent for the material of the hollow
connector 3 such as cyclohexanone. In the version depicted,
the fitting 5 of the connector 3 comprises a hollow cylin-
drical member that fits inside of and is fixed to the open
inlet end of the hollow fiber membrane 2. As such, a diam-
eter of the fitting 5 of the connector 3 is substantially
similar to or slightly smaller than an inner diameter of
the hollow fiber membrane 2. The open inlet end of the hol-
low fiber membrane 2 may be welded to the open outlet end 5
of the connector 3 by, for example, laser welding if the
hollow connector 3 is made from a material that absorbs la-
ser radiation, mirror welding, ultrasound welding, or fric-
tion welding. In other versions, the internal diameter of
the fitting 5 of the connector 3 is slightly larger than an
outer diameter of the hollow fiber membrane 2, and the open
inlet end of the hollow fiber membrane 2 1is inserted into
the fitting 5 of the connector 3. The open inlet end of the
hollow fiber membrane 2 may be welded to the fitting 5 of
the connector 3 by, for example, heat welding (e.g., intro-
ducing a hot conical metal tip into the open inlet end 4 of
the connector 3 to partially melt the inside of the fitting
5 of the connector 3), laser welding if the hollow connect-
or 3 1s made from a material that absorbs laser radiation,

mirror welding, ultrasound welding, or friction welding.
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In an alternative embodiment, the hollow fiber membrane 2
is inserted into a mold, and a thermoplastic polymer is in-
jection-molded around it to form the hollow connector 3. In
one embodiment, both the connector 3 and the housing 1 are
formed by injection-molding a thermoplastic polymer around

the hollow fiber membrane 2.

The hollow connector 3 further includes a fluid inlet 4. A
fluid can be fed via a connected fluid supply line, for ex-
ample, into the fluid inlet 4 of the hollow connector 3.
In some versions, the fluid inlet 4 can include a Luer lock
type fitting or other standard medical fitting. The housing
1 is attached to a sealing surface of the hollow connector
3. The sealing surface in this version is cylindrical and
has a diameter larger than a diameter of the fitting 5, and
is disposed generally concentric with the fitting 5. In
fact, in this wversion, the diameter of the sealing surface
is generally identical to or slightly smaller than an inner
diameter of the housing 1. So configured, the housing 1 re-
ceives the gealing surface and extends therefrom to sur-
round and protect the hollow fiber membrane 2 without con-
tacting the surface of the hollow fiber membrane 2. The
housing 1 can be fixed to the sealing surface with adhe-
sive, epoxy, welding, bonding, etc. The housing 1 receives
the fluid after it passes through the pores of the hollow
fiber membrane 2. From there, the now filtered fluid passes

into the container.

In one version of the foregoing assembly of Fig. 1, the
housing 1 includes an internal diameter that is larger than
an external diameter of the hollow fiber membrane 2, and
the housing 1 includes a longitudinal dimension that 1is
larger than a longitudinal dimension of the hollow fiber
membrane 2. As such, when the housing 1 and hollow fiber

membrane 2 are assembled onto the connector 3, the hollow
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fiber membrane 2 resides entirely within (i.e., entirely
inside of) the housing 1 and a gap exists between the in-
ternal sidewall of the housing 1 and the external sidewall
of the hollow fiber membrane 2. As such, solution passing
into the hollow fiber membrane 2 passes out of the pores of
hollow fiber membrane 2 and flows without obstruction
through the gap and along the inside of the housing 1 to
the container. In some versions, the housing 1 can be a
flexible tube, a rigid tube, or can include a tube with
portions that are flexible and other portions that are rig-
id. Specifically, in some versions, a housing 1 with at
least a rigid portion adjacent to the hollow fiber membrane
2 can serve to further protect the hollow fiber membrane 2
and/or prevent the hollow fiber membrane 2 from becoming
pinched or kinked in a flexible tube. In other wversions,
such protection may not be needed or desirable. In one em-
bodiment, the housing 1 has an internal diameter which is
from 0.2 to 3 mm larger than the outer diameter of hollow
fiber membrane 2, and a longitudinal dimension which 1is
from 1 to 5 cm longer than then length of the hollow fiber
membrane 2. In one embodiment, the hollow fiber membrane 2
has an outer diameter in the range of approximately 2.3 mm
to approximately 5 mm, a longitudinal dimension in the
range of approximately 3 cm to approximately 20 cm, and a
wall thickness in the range of approximately 150 um to ap-
proximately 500 pm. The pore size of the hollow fiber mem-
brane 2, coupled with the disclosed geometrical dimension
of the housing 1 and hollow fiber membrane 2, ensure ac-
ceptable flow rates through the hollow fiber membrane 2 for
filling the container, for instance, a product bag with pa-
tient injectable solutions such as sterile water, sterile
saline, etc. In other versions, any or all of the dimen-

sions could vary depending on the specific application.
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Suitable materials for the housing 1 include PVC; polyes-
ters like PET; poly{(meth)acrylates like PMMA; polycar-
bonates (PC); polyolefins like PE, PP, or cycloolefin co-
polymers (COC); polystyrene (PS); silicone polymers, etc.

The membrane and the filtration device of the present dis-
closure may advantageously be used to remove particles from
a ligquid. Examples of particles that may be removed include
microorganisms like bacteria; solids like undissolved con-
stituents of a solution (e.g., salt crystals or agglomer-
ates of active ingredients), dust particles, or plastic
particles generated during manufacture by abrasion, welding
etc. When the filtration device incorporates a membrane
bearing cationic charges, it is alsc able to remove endo-

toxins and bacterial DNA from a liquid.

In one embodiment intended to be covered by the scope of
the present disclosure, the device of the present disclo-
sure forms part of an infusion line for injecting fluid in-
to the bloodstream of a patient. Examples of such fluids
include sterile medical fluids like saline, drug solutions,
glucose solutions, parenteral nutrition solutions, substi-
tution fluids supplied to the patient in the course of he-
modiafiltration or hemofiltration treatments. The device of
the present disclosure forms a final sterile barrier for

the fluid entering the bloodstream of the patient.

A further aspect of the present disclosure is a method of
removing particles from a liguid, comprising filtration of
the liguid through the filtration device of the present
disclosure. The filtration is normal-flow filtration (NFF),
which is also called dead-end or direct flow filtration. As
the membrane of the present disclosure does not have a
skin, it is possible to perform both inside-out and out-

side-in filtration with it.
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Examples of suitable ligquids that can be filtered with the
device of the present disclosure include medical liquids
like sterile water, saline, drug solutions, dialysis fluid,

substitution fluid, parenteral nutrition fluids etc.

Element Number Listing

- housing

- hollow fiber membrane
connector

- filter inlet

- fitting

oY U w N
|

- sealed end of hollow fiber membrane
7 - filter outlet

11 - mini module feed inlet

12 - mini module filtrate outlet

13 - mini module retentate outlet

14 - pressure regulator

15 - pressure sensor equipped with data logger
21 - Challenge suspension

22 — Peristaltic pump

23 — Pressure monitor pre-filtration

24 - Single fiber filter inlet port

25 - Single fiber filter outlet port

26 - Filtrate collection bottle
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Methods

Capillary flow porometry

A POROLUX™ 1000 (POROMETER N.V., 9810 Eke, Belgium) is
used for these measurements; Porofil® wetting fluid is used

as low surface tension liquid.

The POROLUX"1000 series uses a pressure step/stability
method to measure pore diameters. The inlet valve for the
gas 1s a large, specially designed needle valve that is
opened with very accurate and precise movements. To in-
crease pressure, the valve opens to a precise point and
then stops its movement. The pressure and flow sensors
will only take a data point when the used defined stabil-
ity algorithms are met for both pressure and flow. In
this way, the POROLUX™ 1000 detects the opening of a
pore at a certain pressure and waits until all pores of
the same diameter are completely opened before accepting
a data point. This results in very accurate measurement
of pore sizes and allows a calculation of the real pore
size distribution. The POROLUX™ 1000 measures mean flow
pore size. Measurable pore size ranges from ca. 13 nm to
500 um equivalent diameter (depending on the wetting lig-
uid) .

The hollow fiber samples were cut into pieces of 8 cm.
These were glued into a module with epoxy resin and meas-
ured with the POROLUX™ 1000. The effective fiber length

after potting was about 5 cm.

At differential gas pressure the flow rates through wet and
dry membranes were measured. Before measurement the mem-
brane was immersed in a low surface tension liquid (Poro-
fil®, 16 dyne/cm) to ensure that all pores including the

small ones are filled with the wetting ligquid. By measuring
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the pressure at which the liquid is pressed out of the
pores, its corresponding diameter can be calculated using

the Laplace equation.

TLaplace equation:

Dp = 4 Y cos © / AP

Dp = diameter pores [m]

Y = gurface tension [N/m]; for Porofil® 0.016 [N/m]
AP = pressure [Pa]

Cog © = contact angle; by complete wetting cos 8 =1

The flow rate was measured at a certain pressure over the
wet and over the dry membrane, resulting in a wet curve,
a dry curve, and a half dry curve in between. The point
where the half dry curve crosses the wet curve is the
mean flow pore size. The pore size is calculated via the
first derivative from the flow pressure. All measurements
were carried out in two independent, different modules,

duplicate measurements were made.

Preparation of mini-modules

Mini-modules [= fiber in a housing] are prepared by cutting
the fiber to a length of 20 cm, drying the fiber for 1 h at
40°C and <100 mbar and subsequently transferring the fiber
into the housing. The ends of the fiber are closed using a
UV-curable adhesive. The mini-module 1is dried in a wvacuum
drying oven at 60 °C over night, and then the ends of the
fiber are potted with polyurethane. After the polyurethane
has hardened, the ends of the potted membrane bundle are cut
to reopen the fibers. The mini-module ensures protection of

the fiber.

Hydraulic Permeability (Lp) of mini-modules

The hydraulic permeability of a mini-module is determined by

pressing a defined volume of water under pressure through the
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mini-module, which has been sealed on one side, and measuring
the required time. The hydraulic permeability is calculated
from the determined time t, the effective membrane surface
area A, the applied pressure p and the volume of water

pressed through the membrane V, according to equation (1):

Ip =V / [p A - t] (1)

The effective membrane surface area A is calculated from the

fiber length and the inner diameter of the fiber according to

equation (2)

A=m - d -1 [cm’] (2)
with

d; = inner diameter of fiber [cm]

1 = effective fiber length [cm]

The mini-module is wetted thirty minutes before the Lp-test
is performed. For this purpose, the mini-module is put in a
box containing 500 ml of ultrapure water. After 30 minutes,
the mini-module is transferred into the testing system. The
testing cgystem consists of a water bath that is maintained at
37°C and a device where the mini-module can be mounted. The
filling height of the water bath has to ensure that the mini-
module 1is located underneath the water surface 1in the

designated device.

In order to avoid that a leakage of the membrane leads to a
wrong test result, an integrity test of the mini-module and
the test system is carried out in advance. The integrity test
is performed by pressing air through the mini-module that is
closed on one side. Air bubbles indicate a leakage of the
mini-module or the test device. It has to be checked if the

leakage is due to an incorrect mounting of the mini-module in
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the test device or if the membrane leaks. The mini-module has

to be discarded if a leakage of the membrane is detected. The

pressure applied in the integrity test has to be at least the

same value as the pressure applied during the determination

of the hydraulic permeability in order to ensure that no

leakage can occur during the measurement of the hydraulic

permeability because the pressure applied is too high.

Burst pressure

Before testing the burst pressure, an integrity test
followed by measurement of the hydraulic permeability
(Lp) 1s performed on the mini-module as described

above.

The set-up for the burst pressure test is shown in
Fig. 2.

The feed (11) and the filtrate sides (12) are purged
using compressed air having 0.5 bar gauge pressure.
The tubing is glued to the mini module’s feed (11) and
retentate (13) connectors using cyclohexanone and a

UV-curing adhesive.

The mini-module then is connected to the pressure reg-
ulator (14) and the retentate connector (13) 1is
closed. The pressure sensor equipped with a data log-
ger (15) is connected. The filtrate connectors (12)
stay open.

The measurement is started (logging interval 3 sec.).

Using pressure regulator (14), the test pressure 1is
set to an initial value, e.g., 2 bar(g) and kept for 1

minute.

Subsequently, the pressure is increased by 0.1 bar
every minute until the fibers burst. The burst is au-
dible and at the same time a slight pressure decrease

is observed.
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e The test is passed if the fibers withstand 7 bar (g)

without bursting.

e At the end of the test, the data from the data logger

is read out and the burst pressure is determined.

Bacterial and endotoxin log reduction value (LRV)

LRV of the membranes was tested with suspensions of Bre-
vundimonas diminuta (BD) ATCC 19146 according to the fol-

lowing procedure:

A. Preparation of BD Bacterial Challenge Suspension

It is important that the method for production of BD pass
the criteria set forth in ASTM F838-05 (reapproved 2013)
and that the challenge suspension reach a challenge of 210’
CFU/cm” membrane area.

1. From a stock culture of Brevundimcnas diminuta (BD) ATCC
19146, inoculate 3 Trypticase Soy Agar (TSA) plates and
incubate at 28-34°C for 48+2 hours.

2. From the BD TSA plates (section A step 1, not older than
one week), remove several colonies of BD growth and sus-
pend in Trypticase Soy Broth (TSB). Spectrophotometri-
cally adjust the suspension to >1.0 Absorbance at 625nm
wavelength.

3. Add 12mL of this adjusted suspension into a sterile
150mL polystyrene bottle containing 120 ml TSB. Mix the
bottle thoroughly and incubate at 28-34°C for 2412
hours.

4. Remove the TSR bottle from 28-34°C.

5. Prepare 1 - 1L flask containing 0.5L of SLB. Place the
flask at room temperature overnight.

6. Inoculate 1 - 1L flask containing 0.5L SLB with 2 ml of
BD per flask from A 4. Swirl to mix inoculum. Check
for purity in the TSB by inoculating onto a TSA plate
and incubating at 28-34°C for 24-48 hours.
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10.

. Incubate the inoculated flask (with loosened caps) at

28-34°C for 48%2 hours while shaking at 50 rpm. Note -
The SLB suspension may be stored at 5°C for up to 8

hours prior to use.

. Mix the flask and add 10mL to a flask containing 990mL

of sterile - this is the BD challenge suspension. The

will be made for every filter tested.

. Remove a sample to check the concentration of the BD

challenge suspension by use of the plate count method.
Prepare serial 1:10 dilutions in sterile water to
107°. Prepare duplicate 1lmL TSA pour plates from 1077,
107, 107* and 107 dilutions. Incubate pour plates at
28-34°C for up to 72 hours. The expected concentration

is 10° CFU/mL.

. Test Procedure for Controlling the BD Bacterial Chal-

lenge Suspension

To determine if the colonies are monodispersed, the BD
challenge organism will be tested with membrane filtra-
tion on filters with pore size 0.45 um and microscopi-

cally.

. Take a sample from the 1L BD challenge flask. If the

sample will not be processed right away, store the sam-

ple at 2-8°C.

. Filter 1ImL through a 0.45 um membrane filter and rinse

with a volume of sterile water egqual to or greater than
the volume filtered. The filtrate will be collected in

a sterile bottle.

. Filter the filtrate through a 0.2 um membrane filter.

. Rinse the filter with a volume of sterile water equal to

or greater than the volume filtered.

. Aseptically place the 0.2pum membrane filter on a TSA

plate and incubate at 28-34°C for up to 72 hours.

. The size control of BD should show growth in the fil-

trate from the 0.45 um filter.
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7. Colonies of BD are yellow-beige, slightly convex, com-
plete and shiny.

8. Take a sample from the BD challenge suspension and per-
form a gram stain. The BD challenge suspension shall
consist of predominantly single cells and should reveal
a gram negative, rod-shaped organism about 0.3 to 0.4 um
by 0.6 to 1.0pm in size.

9. Take a 40mL sample from the original BD challenge sus-
pensions and transfer to a 50mL centrifuge tube. Cen-
trifuge at 3000rpm for 10 minutes. Pour off supernatant
and add 10mL 2% Glutaraldehyde in 0.1M Cacodylate buff-
er. Vortex centrifuge tube and deliver to William Gra-

ham for SEM.

C. Test Procedure for Challenging the Single Fiber Filter
The challenge of the filter shall be performed at 19-24 °C.

The set-up for the test is shown in Fig. 3.

1. Prepare the BD challenge suspension according to section
A step 8.

2. Sterilize tubing and single fiber filter (filter line
tubing sets with attached tubing, required tubing con-
nection for pressure gauge) and disinfect any accesso-
ries if unable to steam sterilize. Set-up pump, clamp
and pressure gauge.

3. Take a sample from the BD challenge suspension to check
the concentration by use of the plate count method (see
section A 8).

4. Set up the single fiber filter for the test.

5. Aseptically place the single fiber filter inlet line in
a sterile nonpyrogenic bottle, through the pump and into
a flask containing sterile water and start the pump.
Prime the line and validate pump flow rates (150, 255
and 500mL/min) using a calibrated scale and timer.

Aseptically connect the inlet line, waste line and out-
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let lines to the single fiber filter. Hemostat the sin-
gle fiber filter outlet lines. Remove approximately 5mL
of priming scolution from the sterile water flask for en-

dotoxin analysis and store at 2-8°C.

. Start the pump (152.6mL/min for filter 1, 253.7mL/min

for filter 2 and 489.4mL/min for filter 3) in order to
remove the air from inside the single fiber. Test for
sterilant residuals if used. They must be 0 ppm before
going to step 7. If not, continue priming with sterile

water until residual sterilant is 0 ppm.

. Stop the pump and hemostat the single fiber filter waste

line. Remove the hemostat from the single fiber filter
outlet lines. Start the pump again (at flow rates from
step 6 above) in order to remove the air from the single
fiber filter outlet lines. Test for sterilant residuals
if used. They must be 0 ppm before going to step 8. If
not, continue priming with sterile water until residual

sterilant is 0 ppm.

. Stop the pump and hemostat the single fiber filter out-

let line closest to the inlet line. Start the pump again
(at flow rates from step 6 above). Place an empty 1L
sterile bottle onto a balance and tare. Aseptically col-
lect the 1L priming solution into a sterile bottle from
the single fiber filter outlet line; this will be called
Prime/Negative control. Stop the pump. Remove approxi-
mately 5mlL of priming solution from the 1L bottle for
endotoxin analysis and store at 2-8°C. Filter the re-
maining priming solution through 0.2 um membrane filter.
Rinse membrane filter with sterile water equal to the
total volume of the filtration unit. Aseptically place
the membrane filter onto a TSA plate and incubate at 28-

34°C for up to 72 hours.

. Hemostat the single fiber filter inlet line and asepti-

cally move the single fiber filter inlet line into the

BD challenge suspension (see section A step 8). Remove
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10.

11.

12.

13.

14.

15.

the hemostat from the single fiber filter inlet line and
start the pump. Challenge the single fiber filter with

the approximately 1L of the BD challenge suspension at a
flow rates from step 6 above.

Place an empty 1L sterile bottle onto a balance and
tare. Start the pump and remove the hemostat from the
single fiber filter outlet line. Collect the filtrate
and measure the pressure toward the end of the 1L chal-
lenge. This will be called Test Filtrate.

After collection of the approximately 1L, Stop the
pump and hemostat the single fiber filter inlet and out-
let lines. Transfer the single fiber filter inlet line
into a flask containing approximately 1L sterile water.
Remove the hemostats from the single fiber filter inlet
and outlet lines. Start the pump and rinse the single
fiber filter with 1L of sterile water at a flow rates
flow from step 6 above. Clamp off all lines on the sin-
gle fiber filter and store at 2-8°C.

In a Biological Safety Cabinet, mix the Test Filtrate
and remove approximately bml for endotoxin analysis and
store at 2-8°C. Filter the Test Filtrate in aligquots of
ImL, 10mL, 100mL and the rest through an analytical mem-
brane filter with pore size (0.2pm. Rinse membrane fil-
ters with sterile water equal to the total volume of the

filtration unit.

Aseptically place the membrane filters onto TSA
plates.
Incubate the TSA plates in 28-34°C. Record the number

of colonies observed at approximately 48hr (greater than
48hr if over the weekend) and at 7 days.

If colonies appear on the membrane filters, perform a
gram stain on the colonies. If the gram stain shows an-
ything other than gram negative rods, report as contami-

nation. If the gram stain shows gram negative rods,
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le.

17.

compare the growth to the BD challenge growth to deter-
mine if the same organism.

Calculate a log reduction value (LRV) for bacteria,
see section D step 1.

Calculate a log reduction value (LRV) for endotoxin,

see section D step 2.

. Calculation of LRV

. A bacterial log reduction value (LRV) will be calculated

for each of the three (3) single fiber filters.

e Bacterial LRV = logl0 (total CFU in challenge/total
CFU in filtrate)

. An endotoxin log reduction value (LRV) will be calculat-

ed for each of the three (3) single fiber filters.

e Endotoxin LRV = logl0 (total EU in challenge/total EU

in filtrate)

. Negative Filtration Control

1. In a biosafety cabinet, shake sterile water bottle to

mix. The sterile water will be the same lot as used in

rinsing the day’s samples.

. Place an analytical membrane filter with pore size 0.2pm

onto manifold.

. Filter 100mL and 300mL of sterile water under vacuum.
. Aseptically place the membrane filters TSA plates.
. Incubate the TSA plates in 28-32°C. Record the number

of colonies observed at approximately 48hrs (greater

than 48hr if over the weekend) and 7 days.

The negative control membrane filters should show no
growth.

The size control of BD should show growth in the fil-
trate from the 0.45um membrane filter.

The size of the BD organism should be 0.3-0.4pm in width
and 0.6-1.0pm in length.
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Examples

Example 1

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASFEF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec” K30, BASF SE); in 5% w/w water and 64% w/w
NMP was thermostatted at 55°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 um and
an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 85°C
and the air gap 52.5 cm. The fibers were spun at a speed of

10 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,282 uym and a wall thickness of 213 um. Mean flow pore
size was determined to be 599 nm. A portion of the fibers
was sterilized with steam at 121°C for 21 min, another por-
tion of the fibers was sterilized with gamma radiation at a

dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.
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The mini-module comprising a non-sterilized fiber showed an
Lp of 112:107" cm’/ (cm? -bar -sec) .

The mini-module comprising a steam-sterilized fiber showed
an Lp of 848-10"" cm’/ (cm? ‘bar -sec) .

The mini-module comprising a gamma-sterilized fiber showed

an Lp of 2,777-107" cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 3.0 bar(g) for the
steam-sterilized fiber; and 2.7 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-

sterilized fiber was determined to be 8.9.

Example 2

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); in 5% w/w water and 64% w/w
NMP was thermostatted at 55°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 pm and
an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 pm; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 85°C
and the air gap 52.5 cm. The fibers were spun at a speed of
11.4 m/min.

The fibers subsequently were washed with demineralized wa-

ter and dried for 150 min at 50°C under a constant flow of
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dry air. The fiber obtained had an inner diameter of
3,086 um and a wall thickness of 254 um. Mean flow pore
size was determined to be 380 nm. A portion of the fibers
was sterilized with steam at 121°C for 21 min, another por-
tion of the fibers was sterilized with gamma radiation at a

dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 145:107" cm’/ (cm? ‘bar 'sec) .

The mini-module comprising a steam-sterilized fiber showed
an Ip of 1,680-107" cm’/ (cm? -bar -sec) .

The mini-module comprising a gamma-sterilized fiber showed

an Lp of 3,432-107% cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 3.5 bar(g) for the
steam-sterilized fiber; and 3.3 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a sSteam-

sterilized fiber was determined to be 7.8.

Example 3

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weilght average molecular
weight of about 1,100 kDa (Luvitec® K85, BASFEF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); in 5% w/w water and 64% w/w
NMP was thermostatted at 55°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,

the outer opening having an outer diameter of 2,500 um and
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an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 85°C
and the air gap 52.5 cm. The fibers were spun at a speed of

12.7 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,026 um and a wall thickness of 265 um. Mean flow pore
size was determined to be 380 nm. A portion of the fibers
was sterilized with steam at 121°C for 21 min, another por-
tion of the fibers was sterilized with gamma radiation at a

dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 100:10™* cm’/ (cm? ‘bar -sec) .

The mini-module comprising a steam-sterilized fiber showed
an Lp of 929-107* cm’/ (cm? ‘bar -sec).

The mini-module comprising a gamma-sterilized fiber showed

an Lp of 3,003-10'4 cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 3.6 bar(g) for the
steam-sterilized fiber; and 3.4 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-

sterilized fiber was determined to be 8.9.
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Example 4

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); in 5% w/w water and 64% w/w
NMP was thermostatted at 55°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 um and
an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of
12.7 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,028 um and a wall thickness of 271 um. A portion of the
fibers was sterilized with steam at 121°C for 21 min, an-
other portion of the fibers was sterilized with gamma radi-

ation at a dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an

Lp of 86-:107" cm’/ (cm? ‘bar 'sec) .
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The mini-module comprising a steam-sterilized fiber showed
an Lp of 1,218-107" cm’/ (cm? -bar -sec) .
The mini-module comprising a gamma-sterilized fiber showed

an Lp of 3,647:107* cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 3.7 bar(g) for the
steam-sterilized fiber; and 3.3 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-

sterilized fiber was determined to be 7.8.

Example 5

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec®” K30, BASF SE); in 5% w/w water and 64% w/w
NMP was thermostatted at 55°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 um and
an inner diameter of 1,600 pm; the inner opening having a
diameter of 1,400 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of

10.9 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of

3,108 pym and a wall thickness of 309 um. A portion of the
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fibers was sterilized with steam at 121°C for 21 min, an-
other portion of the fibers was sterilized with gamma radi-

ation at a dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 57-107" cm’/ (cm? ‘bar 'sec) .

The mini-module comprising a steam-sterilized fiber showed
an Lp of 813-107" cm’/ (cm? ‘bar -sec).

The mini-module comprising a gamma-sterilized fiber showed

an Lp of 3,225-107% cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 4.1 bar(g) for the
steam-sterilized fiber; and 3.8 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-

sterilized fiber was determined to be 8.0.

Example 6

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason” 6020,
BASEF SE); 6% w/w PVP having a weilght average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 5% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); and 1% w/w of a polyethyl-
enimine having a weight average molecular weight of about 2
MDa (Lupasol® SK, BASF SE) in 5% w/w water and 64% w/w NMP
was thermostatted at 55°C and extruded through the outer
ring slit of a spinneret with two concentric openings, the
outer opening having an outer diameter of 3,000 um and an

inner diameter of 2,400 pm; the inner opening having a di-
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ameter of 2,200 pm; into a coagulation bath containing wa-
ter. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of

9.5 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,641 um and a wall thickness of 241 um. A portion of the
fibers was sterilized with steam at 121°C for 21 min, an-
other portion of the fibers was sterilized with gamma radi-

ation at a dose of 25 kGy.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 167:107" cm’/ (cm? -bar -sec) .

The mini-module comprising a steam-sterilized fiber showed
an Lp of 2,568-107* cm’/ (cm? ‘bar -sec) .

The mini-module comprising a gamma-sterilized fiber showed

an Lp of 3,258-10" cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 2.7 bar(g) for the
steam-sterilized fiber; and 2.5 bar(g) for the gamma-

sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-
sterilized fiber was determined to be 6.5, endotoxin LRV

was determined to be 4.1.
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Example 7

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 5.5% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); and 0.5% w/w of a polyeth-
vlenimine having a weight average molecular weight of about
2 MDa (Lupasol® SK, BASF SE) in 5% w/w water and 64% w/w
NMP was thermostatted at 53°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 um and
an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded through the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of

9.5 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,164 uym and a wall thickness of 180 um. A portion of the

fibers was sterilized with steam at 121°C for 21 min.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 101:107" cm’/ (cm? -bar -sec) .
The mini-module comprising a steam-sterilized fiber showed

an Lp of 2,299:107" cm’/ (cm? ‘bar -sec) .
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Burst pressure was determined to be 2.8 bar(g) for the

steam-sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-
sterilized fiber was determined to be 8.8, endotoxin LRV

was determined to be 4.1.

Example 8

A solution of 19% w/w polyethersulfone having a weight av-
erage molecular weight of about 75 kDa (Ultrason® 6020,
BASF SE); 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASE SE); 5% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec®” K30, BASF SE); and 0.2% w/w of a polyeth-
ylenimine having a weight average molecular weight of about
750 kDa (Lupasol® P, BASF SE) in 5% w/w water and 64.8% w/w
NMP was thermostatted at 53°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 pm and
an inner diameter of 1,900 pm; the inner opening having a
diameter of 1,700 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded throucgh the inner
opening of the spinneret. The temperature of the spinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of

9.5 m/min.

The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,283 um and a wall thickness of 184 um. A portion of the

fibers was sterilized with steam at 121°C for 21 min.
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Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 69:107" cm’/ (cm? ‘bar 'sec) .
The mini-module comprising a steam-sterilized fiber showed

an Lp of 1,999:107" cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 2.6 bar(g) for the

steam-sterilized fiber.

Bacterial LRV for the mini-modules comprising a sSteam-
sterilized fiber was determined to be 8.0, endotoxin LRV

was determined to be 4.0.

Example 9

A solution of 17% w/w polyethersulfone having a weight av-
erage molecular weight of about 92 kDa (Ultrason® 7020,
BASF SE): 6% w/w PVP having a weight average molecular
weight of about 1,100 kDa (Luvitec® K85, BASF SE); 6% w/w
PVP having a weight average molecular weight of about
50 kDa (Luvitec® K30, BASF SE); in 5% w/w water and 66% w/w
NMP was thermostatted at 53°C and extruded through the out-
er ring slit of a spinneret with two concentric openings,
the outer opening having an outer diameter of 2,500 um and
an inner diameter of 1,600 pm; the inner opening having a
diameter of 1,400 um; into a coagulation bath containing
water. A solution containing 40% w/w water and 60% w/w NMP
was used as the center fluid and extruded throucgh the inner
opening of the spinneret. The temperature of the gspinneret
was 55°C; the temperature of the coagulation bath was 90°C
and the air gap 52.5 cm. The fibers were spun at a speed of

9.5 m/min.
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The fibers subsequently were washed with demineralized wa-
ter and dried for 150 min at 50°C under a constant flow of
dry air. The fiber obtained had an inner diameter of
3,211 uym and a wall thickness of 244 um. A portion of the

fibers was sterilized with steam at 121°C for 21 min.

Mini-modules were prepared as described above and hydraulic
permeability of the fibers and burst pressure was tested as

described above.

The mini-module comprising a non-sterilized fiber showed an
Lp of 204:107" cm’/ (cm? -bar -sec) .
The mini-module comprising a steam-sterilized fiber showed

an Lp of 2,786-107% cm’/ (cm? ‘bar -sec) .

Burst pressure was determined to be 2.9 bar(g) for the

steam-sterilized fiber.

Bacterial LRV for the mini-modules comprising a steam-

sterilized fiber was determined to be 8.3.



Claims

1. A filtration device comprising a tubular housing, the
ends of the tubular housing defining an inlet and an outlet,
respectively, of the device; a single porous hollow fiber
membrane being disposed within the tubular housing, wherein
one end of the hollow fiber membrane is connected to the
inlet of the device, and the other end of the hollow fiber
membrane is sealed; the membrane having a sponge-like struc-
ture; the membrane having a mean flow pore size, determined
by porometry, which is larger than 0.2 upm; the membrane
comprising polyethersulfone and polyvinylpyrrolidone; the
membrane having an inner diameter of from 2,300 to 4,000 um
and a wall strength of from 150 to 500 pm; and the ratio of
inner diameter to wall strength of the membrane being larger

than 10.

2. The filtration device of claim 1, wherein the inner
diameter of the membrane is larger than 3000 pm and smaller
than or equal to 3,700 pm and the wall strength of the

membrane is in the range of from 180 to 320 um.

3. The filtration device of claim 1, wherein the ratio of
inner diameter to wall strength of the membrane is larger

than 15.

4, The filtration device of any one of claims 1 to 3,
wherein the membrane has a burst pressure of at least 2.5

bar.

5. The filtration device of any one of claims 1 to 4,
wherein the membrane has a bacterial log reduction value

greater than 7.

Date Regue/Date Received 2021-07-26



6. The filtration device of any one of claims 1 to 5,
wherein the membrane additionally comprises a polymer bear-

ing cationic charges.

7. The filtration device of claim 6, wherein the polymer

bearing cationic charges is polyethyleneimine.
8. A use of a filtration device according to any one of

claims 1 to 7 for removing particles from a liquid by dead-

end filtration.

Date Regue/Date Received 2021-07-26
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