AFFINITY CHROMATOGRAPHY DEVICES

FIELD
[0001] The present disclosure relates generally to affinity chromatography,
and more specifically to chromatography devices containing a multilayered
membrane assembly that enables the separation of a targeted protein or antibody

from an aqueous mixture.

BACKGROUND

[0002] Chromatographic methods generally are used to separate and/or
purify molecules of interest such as proteins, nucleic acids, and polysaccharides
from a mixture. Affinity chromatography specifically involves passing the mixture
over a matrix having a ligand specific (i.e. a specific binding partner) for the molecule
of interest bound to it. Upon contacting the ligand, the molecule of interest is bound
to the matrix and is therefore retained from the mixture. Affinity chromatography
provides certain advantages over other types of chromatography. For example,
affinity chromatography provides a purification method that can isolate a target
protein from a mixture of the target protein and other biomolecules in a single step in
high yield.

[0003] Despite the advantages of current affinity chromatography devices,
there exists a need in the art for a chromatography device that can be used at
shorter residence times than conventional devices while providing the same binding
capacity or better binding capacities than current offerings and that is re-useable.

SUMMARY

[0003a] In one aspect, the present disclosure refers to an affinity
chromatography device comprising: a housing; an inlet to permit fluid flow into
said housing; first and second flow distributors, said first flow distributor and said
second flow distributor being positioned at opposing ends of said housing; an outlet
to permit fluid flow out of said housing, and a wound membrane assembly disposed
within said housing, said wound membrane assembly comprising: at least one
polytetrafluoroethylene membrane containing therein inorganic particles having at
least one nominal particle size; and at least one impermeable layer, wherein at least

one of said polytetrafluoroethylene membrane and said inorganic particles has
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covalently bonded thereto an affinity ligand that reversibly binds to a targeted protein
or antibody, and wherein in cross-section, the wound membrane assembly
comprises said polytetrafluoroethylene membrane in an alternating configuration with
said impermeable layer.

[0003b] In another aspect, the present disclosure refers to an affinity
chromatography device comprising: a housing; an inlet to permit fluid flow into
said housing; first and second flow distributors, said first flow distributor and said
second flow distributor positioned at opposing ends of said housing; an outlet to
permit fluid flow out of said housing, and a wound membrane assembly disposed
within said housing, said wound membrane assembly comprising: a first
polytetrafluoroethylene membrane containing therein first inorganic particles having
a first nominal particle size; a second polytetrafluoroethylene membrane containing
therein second inorganic particles having a second nominal particle size; and at least
one impermeable layer, wherein said at least one of said first polytetrafluoroethylene
membrane, said second polytetrafluoroethylene membrane, said first inorganic
particles, and said second inorganic particles has covalently bonded thereto an
affinity ligand that reversibly binds to a targeted protein or antibody, wherein the at
least one impermeable layer is stacked between the first and second
polytetrafluoroethylene membrane.

[0003c] In another aspect, the present disclosure refers to a method for
separating a target protein or antibody from an aqueous mixture comprising: passing
an aqueous mixture through a chromatography device comprising: a housing;  first
and second flow distributors, said first flow distributor and said second flow
distributor being positioned at opposing ends of said housing; and a wound
membrane assembly disposed within said housing, said wound membrane assembly
comprising: at least one polytetrafluoroethylene membrane containing therein
inorganic particles having at least one nominal particle size; and at least one
impermeable layer, wherein said at least one of said polytetrafluoroethylene
membrane and said inorganic particles has covalently bonded thereto an affinity
ligand that reversibly binds to a targeted protein or antibody, and wherein in cross-
section, the wound membrane assembly comprises said polytetrafluoroethylene
membrane in an alternating configuration with said impermeable layer.

[0003d] In another aspect, the present disclosure refers to a method for
separating a target protein or antibody from an aqueous mixture comprising: passing
an aqueous mixture through a chromatography device comprising: a housing;  first
and second flow distributors, said first flow distributor and said second flow
distributor being positioned at opposing ends of said housing; and a wound
membrane assembly disposed within said housing, wound membrane assembly
comprising: a first polytetrafluoroethylene membrane containing therein first
inorganic particles having a first nominal particle size; a second

la



polytetrafluoroethylene membrane containing therein second inorganic particles
having a second nominal particle size; and at least one impermeable layer, wherein
at least one of said first polytetrafluoroethylene membrane, said second
polytetrafluoroethylene membrane, said first inorganic particles, and said second
inorganic particles has covalently bonded thereto an affinity ligand that reversibly
binds to a targeted protein or antibody; wherein the at least one impermeable layer is
stacked between the first and second polytetrafluoroethylene membrane.

[0003e] In another aspect, the present disclosure refers to a multi-well affinity
chromatography device comprising: a plurality of wells; and a wound membrane
assembly disposed within each of said wells, said wound membrane assembly
comprising: a wound membrane assembly disposed within each of said wells, said
wound membrane assembly comprising: at least one polytetrafluoroethylene
membrane containing therein inorganic particles having at least one nominal particle
size; and at least one impermeable layer, wherein at least one of said
polytetrafluoroethylene membrane and said inorganic particles has covalently
bonded thereto an affinity ligand that reversibly binds to a targeted protein or
antibody, and wherein in cross-section, the wound membrane assembly comprises
said polytetrafluoroethylene membrane in an alternating configuration with said
impermeable layer.

[0003f] In another aspect, the present disclosure refers to a multi-well affinity
chromatography device comprising: a plurality of wells; and a wound membrane
assembly disposed within each of said wells, said wound membrane assembly
comprising: a first polytetrafluoroethylene membrane containing therein first
inorganic particles having a first nominal particle size; a second
polytetrafluoroethylene membrane containing therein second inorganic particles
having a second nominal particle size; and at least one impermeable layer,
wherein at least one of said first polytetrafluoroethylene membrane, said second
polytetrafluoroethylene membrane, said first inorganic particles, and said second
inorganic particles has covalently bonded thereto an affinity ligand that reversibly
binds to a targeted protein or antibody; wherein the at least one impermeable layer is
stacked between the first and second polytetrafluoroethylene membrane.

[0003g] In one example, the present disclosure refers to an affinity
chromatography device comprising: a housing; an inlet to permit fluid flow into said
housing; first and second flow distributors, said first flow distributor and said second
flow distributor positioned at opposing ends of said housing; an outlet to permit fluid
flow out of said housing, and a wound membrane assembly disposed within said
housing, said wound membrane assembly comprising at least one
polytetrafluoroethylene membrane containing therein inorganic particles having at
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least one nominal particle size, wherein said inorganic particles have both epoxide
and aldehyde functional groups attached thereto, and wherein at least one of said
epoxide and aldehyde functional groups has bonded thereto an affinity ligand that
reversibly binds to a targeted protein or antibody.

[0003h] In another example, the present disclosure refers to an affinity
chromatography device comprising: a housing; an inlet to permit fluid flow into said
housing; first and second flow distributors, said first flow distributor and said second
flow distributor positioned at opposing ends of said housing; an outlet to permit fluid
flow out of said housing, and a stacked membrane assembly disposed within said
housing, said stacked membrane assembly comprising at least one
polytetrafluoroethylene membrane containing therein inorganic particles having at
least one nominal particle size; wherein said inorganic particles have both epoxide
and aldehyde functional groups attached thereto, and wherein at least one of said
epoxide and aldehyde said functional group has bonded thereto an affinity ligand
that reversibly binds to a targeted protein or antibody.

[0004] One example relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positioned at
opposing ends of the housing, an inlet to permit fluid flow into the housing, an outlet
to permit fluid flow out of the housing, and a wound membrane assembly disposed
within the housing. The wound membrane assembly includes (1) at least one
polymer membrane containing therein inorganic particles having at least one nominal
particle size and (2) at least one impermeable layer. The impermeable layer may
include at least one thermoplastic polymer in a solid state. At least one polymer
membrane and/or the inorganic particles has covalently bound thereto an affinity
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ligand that reversibly binds to a targeted protein or antibody. In one example, the
inorganic particles may have a single nominal particle size. The impermeable layer
may be formed of a thermoplastic polymer in a solid state. In another example, the
inorganic particles may have a first nominal particle size and a second nominal
particle size. In yet another example, the polymer membrane may include first
inorganic particles having a first nominal particle size and second inorganic particles
having a second nominal particle size. In one or more example, the first and second
inorganic particles are of the same particle type. The inorganic particles have a
nominal particle size that may be about 5 microns, about 10 microns, about 15
microns, about 20 microns, about 25 microns and combinations thereof.

[0005] Another example relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positioned at
opposing ends of the housing, an inlet to permit fluid flow into the housing, an outlet
to permit fluid flow out of the housing, and a wound membrane assembly disposed
within said housing. The wound membrane assembly includes (1) a first polymer
membrane containing therein first inorganic particles having a first nominal particle
size, (2) a second polymer membrane containing therein second inorganic particles
having a second nominal particle size, and (3) at least one impermeable layer. The
impermeable layer may include at least one thermoplastic polymer in a solid state.
At least one of the first polymer membrane, the second polymer membrane, and the
inorganic particles has covalently bound thereto an affinity ligand that reversibly
binds to a targeted protein or antibody. In one example, the first and second
inorganic particles may have a single nominal particle size. In another example, the
first inorganic particles may have a first nominal particle size and the second
inorganic particles may have a second nominal particle size. The first and second
nominal particle sizes may be the same or different. Also, the first and second
polymer membranes may be the same type or different types. The inorganic
particles have a nominal particle size that may be about 5 microns, about 10
microns, about 15 microns, about 20 microns, about 25 microns and combinations
thereof.

[0006] A further example relates to a method for separating a target protein
or antibody from an aqueous mixture that includes passing an aqueous mixture

through a chromatography device that includes a housing, a first flow



distributor and a second flow distributor positioned at opposing ends of the housing,
an inlet to permit fluid flow into the housing, an outlet to permit fluid flow out of the
housing, and a wound membrane assembly disposed within the housing. The
wound membrane assembly includes (1) at least one polymer membrane containing
therein inorganic particles having at least one nominal particle size and (2) at least
one impermeable layer. The impermeable layer may include at least one
thermoplastic polymer in a solid state. At least one polymer membrane and/or the
inorganic particles has covalently bound thereto an affinity ligand that reversibly
binds to a targeted protein or antibody.

[0007] Yet another example relates to a method for separating a target
protein or antibody from an aqueous mixture that includes passing an aqueous
mixture through a chromatography device that includes a housing, a first flow
distributor and a second flow distributor positioned at opposing ends of the housing,
an inlet to permit fluid flow into the housing, an outlet to permit fluid flow out of the
housing, and a wound membrane assembly disposed within the housing. The
wound membrane assembly includes (1) a first polymer membrane containing
therein first inorganic particles having a first nominal particle size, (2) a second
polymer membrane containing therein second inorganic particles having a second
nominal particle size, and (3) at least one impermeable layer. The impermeable
layer may include at least one thermoplastic polymer in a solid state. At least one of
the first polymer membrane, the second polymer membrane, and the inorganic
particles has covalently bound thereto an affinity ligand that reversibly binds to a
targeted protein or antibody.

[0008] Another example relates to a multi-well affinity chromatography device
that includes a plurality of wells and a wound membrane assembly disposed within at
least one of the wells. The wound membrane assembly includes (1) at least one
polymer membrane containing therein inorganic particles having at least one nominal
particle size and (2) at least one impermeable layer. The impermeable layer may
include at least one thermoplastic polymer in a solid state. At least one polymer
membrane and/or the inorganic particles has covalently bound thereto an affinity
ligand that reversibly binds to a targeted protein or antibody.

[0009] Yet another example relates to a multi-well affinity chromatography
device that includes a plurality of wells and a wound membrane assembly disposed

within at least one of the wells. The wound membrane assembly
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includes (1) a first polymer membrane containing therein first inorganic particles
having a first nominal particle size, (2) a second polymer membrane containing
therein second inorganic particles having a second nominal particle size, and (3) at
least one impermeable layer. The impermeable layer may include at least one
thermoplastic polymer in a solid state. At least one of the first polymer membrane,
the second polymer membrane, and the inorganic particles has covalently bound
thereto an affinity ligand that reversibly binds to a targeted protein or antibody.
[00010] A further example relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positioned at
opposing ends of the housing, an inlet to permit fluid flow into the housing, an outlet
to permit fluid flow out of the housing, and a wound membrane assembly disposed
within the housing. The wound membrane includes at least one polymer membrane
containing therein inorganic particles having at least one nominal particle size. The
organic particles have both epoxide and aldehyde functional groups attached
thereto. At least one of the epoxide and aldehyde functional groups has bonded
thereto an affinity ligand that reversibly binds to a targeted protein or antibody.
[00011] Another example relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positioned at
opposing ends of the housing, an inlet to permit fluid flow into the housing, an outlet
to permit fluid flow out of the housing, and a stacked membrane assembly disposed
within the housing. The stacked membrane includes at least one polymer
membrane containing therein inorganic particles having at least one nominal particle
size. The organic particles have both epoxide and aldehyde functional groups
attached thereto. At least one of the epoxide and aldehyde functional groups has
bonded thereto an affinity ligand that reversibly binds to a targeted protein or

antibody.

BRIEF DESCRIPTION OF THE DRAWINGS
[00012] The accompanying drawings are included to provide a further
understanding of the disclosure and are incorporated in and constitute a part of this
specification, illustrate embodiments, and together with the description serve to

explain the principles of the disclosure.
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[06013] FIG. 1is an exploded view of a stacked membrane assembly
containing polymer membranes having therein inorganic particles according to at
least one embodiment;

{08014 FIG. 2 is an exploded view of polymer membranes having an
altermating configuration within a stacked membrane assembly according to at least
one exemplary embodiment;

{00015} FIG. 3 is an exploded view of a chromatography device containing a
stacked membrane assembly in accordance with an exemplary embodiment;

{00016] FIG. 4 is a schematic lllustration of a cross-section of a
chromatography device containing a stacked membrane assembly according to an
sxemplary embodiment;

[00017] FIG. 5 is a schematic Hllustration of a cross-section of a
chromatography device containing a wound membrane assembly having & polymer
membrane in accordance with an embodiment;

[00018] FIG. 6 is a schematic llustration of a cross-section of a
chromatography device containing a wound membrane assembly having two
polymer membranes in an alternating configuration in accordance with an
embodiment;

[86619]  FIG. 7 is a schematic illustration of a cross-section of a
chromatography device containing a wound membrane assembly having a polymer
membrane and a theymoplastic polymer in a solid state in accordance with an
embodiment;

[80020] FiG. 8 is an exploded view of a chromatography device containing a
spirally wound membrane assembly in accordance with an embodiment;

[§0021] FIG. 9Ais a schematic illustration of a multi-well plate in accordance
with an embodiment of the invention;

{00022] FIG. 9B is a schematic illustration of a portion of the multi-well plate
depicted in FIG. 9A showing a portion of a stacked membrane assembly positioned
on a porous substrate according to at least one exemplary embodiment;

[00023] FIG. 10 is a graphical illustration of the dynamic binding capacity
(DBC) at twenty (20) second residence time at 10% breakthrough (milligrams IgG
bound per milliliter bed volume) of various chromatography devices; and
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[00024] FIG. 111s a graphical iflustration of the dynamic binding capacity
(DBC) at sixty (60) second residence fime at 10% hreakthrough (milligrams IgG
bound per milliliter bed volume) of two comparative chromatography devices.

DETAILED DESCRIPTION

{00025] Persons skilled in the art will readily appreciate that various aspects of
the present disclosure can be realized by any number of methods and apparatus
configured to perform the intended functions. It should also be noted that the
accompanying figures referred to herein are not necessarily drawn fo scale, but may
be exaggerated to flustrate various aspects of the present disclosure, and in that
regard, the figures should not be construed as limiting. Itis to be understood that, as
used herein, the term “on” is meant to denote an element, such as a polymer
membrane, is directly on another element or intervening elements may also be
present. it is fo be noted that the terms “silica” and “porous silica” may be used
interchangeably herein.

{00026] The present invention is directed fo affinity chromatography devices
that separate a targeted protein or antibody from an agueous mixture containing the
targeted protein or antibody. The chromatography device contains a membrane
assembly that includes at least one polymer membrane, such as a fluoropolymer
membrane, that contains therein inorganic patticles. An affinity ligand may be
bonded to the inorganic particles andfor {o the polymer membrane. The
chromatography device may be repeatedly used and may be cleaned with a caustic
solution between uses. In addition, the chromatography devices have a dynamic
binding capacity {DBC) of at least 30 mg/ml at 10% breakthrough at a residence time
of 20 seconds or less in devices where an Fc binding protein is the affinity igand. In
chromatography devices where an antibody, a non-Fc binding profein, or a
polysaccharide is the affinity ligand, the chromatography devices have a dynamic
binding capacity (DBC) of at least 0.07 micromel/mi at 10% breakthrough.

[00027] The membrane assemblies described herein include at least one
polymer membrane that contains therein inorganic particles. The polymer
membranes may contain up to about 85 mass % inorganic particles, or from about
20 mass % to about 85 mass %, from about 35 mass % to about 80 mass %, or from
about 50 mass % to about 85 mass % inorganic particies. Non-limiting examples of
suitable inorganic particles inciude, but are not limited to, silica, zeolites,
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hydroxyapatite, metal oxides, and combinations thereof. The inorganic particles may
have a nominal particle size of about 0.1 microns, about 0.5 microns, about 1

micron, about 5 microns, about 10 microns, about 15 microns, about 20 microns, or
about 25 microns, or greater. Additionally, the inorganic particles may be either solid
or porous and may have a variety of sizes and shapes. Further, the inorganic
parlicles may be monodisperse or polydisperse.

[00028] In an exemplary embodiment, the affinity ligand is covalently bonded to
the inorganic particles. In another embodiment, the affinity ligand is covalently
bonded to the polymer membrane. in a further embodiment, the affinity ligand may
be honded to bath the polymer membrane and the inorganic particle{s). The affinity
ligand may be a protein, antibody, or polysaccharide that reversibly binds to a
targeted protein or antibody. in one embediment, the affinity ligand is a protein that
reversibly binds, for example, to an Fc region of an antibody, an antibody fragment,
an Fe fusion protein, or an antibody/drug conjugate. In another embodiment, the
affinity ligand is an antibody, Profein L, or a polysaccharide that reversibly hinds to a
protein or a protein fragment to which it is specific. Exemplary affinity figands for use
in the affinity chromatography device include, but are not limited to, Protein A,
Protein G, Protein L, human Fc receptor protein, antibodies that specifically bind to
other proteins, and heparin. The affinity ligand may be native, recombinant, ar
synthetic. In yet another embodiment, the affinity ligand is a metal affinity ligand that
reversibly binds to His-Tagged Proteins. |

{60029  In one embodiment, the membrane assembly includes at least one
polymer membrane that contains therein inorganic particles where the polymer
membranes are positioned in a stacked or layered configuration to form a stacked
membrane assembly. The tern "stacked membrane assembly” is meant to denote a
chromatographic article that contains at least two polymer membranes positioned
such that one polymer membrane is located on another polymer membrane. The
polymer membranes may be positioned in a stacked configuration by simply laying
the membranes on top of each other. FIG. 1 depicts one exemplary orientation of a
stacked membrane assembly 10 that includes polymer membranes 20 confaining
therein inorganic particles having at least one nominal particle size. His fo be
appreciated that the inorganic particles are described herein with respect to nominal
particle size {0 take into consideration the variability of sizes and shapes of the
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inorganic paricles. The arrow 5 depicts the direction of fluid flow through the
membrane assembly 10.

[00030]  In one exemplary embodiment, the polymer membrane 20 contains a
single type of inorganic particle having a single nominal particle size. For instance,
the polymer membrane 20 may contain therein porous silica particles that have a
nominal particle size of about 20 microns. It is to be understood that the term “silica”
as used herein is meant to denote silicon dioxide that does not contain any -
measurable amount of boron or contains no boron as measured by x-ray
photoelectron spectroscopy (APS).

[00031] Alternatively, the polymer membrane 20 may contain more than one
type of inorganic particle and/or more than one nominal particle size within the
polymer membrane 20. In other words, the polymer mambrane 20 may contain at
least first inorganic particles and second inorganic particles where the first inorganic
particles are different from the second inorganic particles in nominal particle size
andfor type. For example, the polymer membrane 20 may include a mixture of a first
particle size (e.g., 20 microns) and a second particle size (e.g., 10 microns) of the
same or different inorganic particle (.g., porous silica). The mixture of inorganic
particles within the polymer membrane 20 may be any mixture, such as a 50/50
blend, a 30/70 blend, a 60/40 blend, a 25/75, or a 20/80 blend.

[00632F  In another embodiment depicted generally in FIG. 2, the stacked
membrane assembly 10 includes a first polymer membrane 20 and a second
polymer membrane 30 that is the same as or different from the first polymer
membrane 20. Frits 40 are depicted for reference only. The difference may be, for
example, in the type of polymer forming the polymer membrane 30 and/or the
nominal particle size, amount and/or type of inorganic particles contained within the
polymer membrane 30. For instance, the first polymer membrane 20 may contain
inarganic particles having a first nominal particle size and the second polymer
membrane 30 may contain inorganic particles having a second nominal particle size.
The first polymer membrane 20 and the second polymer membrane 30 may be
stacked in an alternating fashion to form the membrane assembly 10, such as is
exemplified in FIG. 2. The tirst and second polymer membranes 20. 30 may
alternatively be stacked in a non-alternating configuration, For instance, multiple first
polymer membranes 20 may be positioned on muiltiple second polymer membranes
30. In angther embodiment, multiple polymer membranes 20 may be alternatively
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stacked with multiple second membranes 30 to form the membrane assembly 10.
Alsg, a plurality of first polymer membranes 20 may be alternatively layered on a
single (or lesser or greater number of) second polymer membrane 30, and vice
versa, to form a stacked membrane assembly 10. Additional polymer membranes
containing inorganic particles may also be present in the membrane assembly 10,

[60033] The polymer membranes 20, 30 may be positioned in a stacked
configuration by simply laving the membranes on top of each other. Alternatively,
the polymer membranes 20, 30 may be stacked and subsequently laminated
together with heat and/or pressure or other conventional methocisf Embodiments
employing two polymer membranes that are co-expanded to produce a composite
membirane assembly is also considered {o be within the purview of the invention.
Such a composite membrane assembly may contain two (or more) layers of polymer
membranes that may be co-extruded or infegrated fogether. In exemplary
embodiments, the first polymer membrane 20 and second polymer membrane 30 are
in a stacked configuration and the distance between the first and second polymer
membranes is zero or substantially zero.

[06034] In ancther embodiment, the ihorganic particles are of the same type in
both the first polymer membrane 20 and the second polymer membrane 30. For
example, both polymer membranes 20, 30 may include porous silica particles.
Alternatively, the inorganic particles in the first and second membranes 20, 30 may
have different nominal particle sizes. In some embodimants, the inorganic particles
in the first polymer membrane 20 and the second polymer membrane 30 have the
same nominal particle size or substantially the same nominal particle size.

{00035] In a further embodiment, the first and/or second polymer membranes
20, 30 may contain more than one type of inorganic particle within the polymer
membrane. In other words, the first polymer membrane 20 and/or the second
polymer membrane 30 may contain at least a first inorganic particle and a second
inorganic particle where the first inorganic particle is different from the second
inorganic particle in nominal particle size and/or type. For example, the polymer
membrane(s) 20, 30 may include a 50/50 mixture of a first nominal particle size (a.¢.,
20 microns) and a second nominal particle size (e.g., 10 microns) of the same or
different inorganic particle. The mixture of inorganic paricles within the first and/or
second polymer membrane 20, 30 may be any mixture, such as, for example, a
50/50 blend, a 30/70 blend, a 80/40 blend, a 25/75, or a 20/80 blend. In at least one
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gmbodiment, the membrane assembly 10 includes first and second polymer
membranes 20, 30 that are formed of the same polymer membrane (e.g.,
polytetrafluoroethylene (PFTFE) membranes) and the inorganic particles are the same
{e.g., porous silica particles) but the inorganic particles have different nominal
particle sizes {e.g., 20 micron silica particles in one polymer membrane and 10
micron silica particles in the other polymer membrane).

[08036] The polymer membranes 20, 30 discussed herein may be formed of
the same or different polymer(s). In one or more exemplary embodiment, at least
one of the polymer membranes is a fluoropolymer membrane. 1t is to be appreciated
that one, or more than one, flucropalymer membrane may form part or all of the
stacked membrane assembly 10. The fluoropolymer membranes may be derived
from the same flucropolymer source, from different sources, or a combination
thereof. In at least one exemplary embodiment, the fluoropolymer membrane is a
polytetraflucroethylene (PTFE) membrane or an expanded polytetraflucroethylene
{ePTFE) membrane. Expanded polytetrafluorcethylene (ePTFE} membranes
prepared in accordance with the methods described in U.S. Patent No. 7,306,728 to
Bacino ef al, U.&. Patent No. 3,053,566 o Gore, U.S. Patent No. 5,476,588 1o
Bacino, or U.S. Patent No. 5,183,545 {o Branca ef al, may be used herein, Further,
the fluoropoiymer membrane may be renderad hydrophilic (e.g., water-wetltable)
using known methods in the art, such as, but not limited 1o, the method disclosed in
U.S. Patent No. 4,113,912 to Okita, ef a/. A coating that effectively binds to a ligand,
such as described, for example, in U.8. Patent No. 5,897,955 {o Drumhbeller, U.8.
Patent No. 5,914,182 fo Drumheller, or U.S. Patent No. 8,581,932 to Cleek, st al.
may be applied (o the polymer membrane. '

[00037] The fluoropolymer membrane may also include a polymer material that
includes a functional tefraflucroethylene (TFE) copolymer material where the
functional TFE copolymer material includes a functional copolymer of TFE and PSVE
{perfluorosulfonyl vinyl ether), or TFE with another suitable functional monamer,
such as, but not limited to, vinylidene fluoride (VDF), vinyl acetate, or vinyl alcohol.
A functional TFE copolymer membrane may be prepared, for example, according to
the methods described in U.S. Patent No. 8,802,742 to Xu et al. or U.S. Patent No.
8,858,707 to Xu ef al.

{6838]  Itis to be understood that throughout the application, the term "PTFE®
iz utitized herein for convenience and is meant to include not only
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polytetraflucroethylene, but also expanded PTFE, expanded modified PTFE, and
expanded copolymers of PTFE, such as described in, for example, U.8. Patent No.
5,708,044 to Branca, U.S. Patent No. £ 541,589 to Baillie, U.S. Patant No. 7,531,611
to Sabol et al., U.S. Patent No. 8,637 144 to Ford, and U.S. Patent No. 9,138,868 to
Xu, et al.

{06039]  In one or more exemplary embodiment, the polymer membrane may be
formed with one or more non-fluoropolymer materials, such as, but not limited to
ultra-high molecular weight polyethylene as taught in U.S. Patent Publication No.
2014/0212612 {o Sbhriglia, polyparaxylylene as taught in U.S. Patent Publication Nos.
2018/0032069 and 2018/0136814 to Sbriglia, VDF-co-(TFE or TrFE) polymers as
taught in U.S. Patent Publication Nos, 2018/0032071 and 2016/0075854 to Shrigla,
alternating poly(ethylene tetrafiuoroethylene polymers as taughtin U.8. Patent
Publication Nos. 2016/0031130 and 2016//0000430 to Shriglia. Also, the polymer
membrane may be, for example, a polyolefin membrane (8.g. polypropylene
membrane}. Anorganic membrane {e.g., a cellulose-based membrane), a
structured hydrogel membrane, or an agarose membrane may be used alone or in
conjunction with the polymer membranes in the membrane assemblies described
herein,

[006408] The total number of polymer membranes present in the stacked
membrane assembly 10 is not particularly limited, and depends on the desired end
use and/or desired mass transit fiow within the membrane assembly. The stacked
membrane assembly may include 2, 3, 4, 5,8, 7, 8,8, 10, 11, 12, 13, 14, 15, 18, 17,
18, 18, or 20 (or more) total polymer membranes. i is to be appreciated that
hundreds or even thousands of polymer membranes may be present in the stacked
membrane assembly 10,

[(0841] In addition, the polymer membranes present in the stacked membrane
assembly 10 may have a thickness from about 1 micron to about 10,000 microns,
fromn about 100 microns to about 5,000 microns, from about 500 microns to about
3,000 microns, or from about 650 microns to about 1,000 microns. As used herein,
the term “thickness” is the direction of the polymer membrane normal to the length
area of the palymer membrane.

[00042]  Turning to FIGS. 3 and 4, a chromatography device 100 including a
stacked membrane assembly 10 is depicted. The chromatography device 100 may
further include a porous frit 40 positioned at the top and/or bottom of the membrane
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assembly 10. The stacked membrane assembly 10 may be disposed within a
housing 50 having a first flow distributor 80 and a second flow distrdbutor 70
disposed at opposite ends of the housing 50. In exemplary embodiments, the
housing 50 is cylindrical, although any geomstry that is capable of housing the
stacked membrane assembly and achieving the desired dynamic binding capacity is
considered to be within the purview of this disclosure. The porous frit 40, housing
50, and flow distributors 68, 70 may be formed of a thermoplastic ;iciy'mer such as
polypropylene, polyethylene, or other polyolefins. Alternatively, the porous frit 40
may be formed of an inorganic or metallic material, so long as the frit 40 does not
hinder the operation of the chromatography device. In one embodiment, the flow
distributor 60 contains an impingement surface so that the flow of the agqueous
mixture is redirected 90 degrees from the feed direction. This redirection prevents
the flow from directly impinging on the polymer membrane and promotes a more
uniform flow front.

[66043] The polymer membranes in the stacked membrane assembly 10 may
be adhered fo the housing 50 at the inner walls of the housing via any conventional
process {e.g., melt sealing or use of a sealant) that prevents flow between the
membrana periphery and the housing 50. The flow distributors 60, 70 may be
sealed to the housing 50 by a similar or identical process. Each flow distributor 80,
70 includes an inlet 80 and an outlet 85, respectively, to permit the flow of an
agueous mixture through the affinity chromatography device 100. Specifically, the
intet 80 permits fiuid fow into the housing 50 and the outlet 85 permits fluid flow out
of the housing 50. In use, the aqueous mixture flows sequentially through the
polymer membranes in the stacked membrane assembly 10 in the direction
Hiustrated by arrow 5. As the aqueous mixture is passed through the
chromatography device 100, the affinity ligand reversibly binds to the targeted
protein of antibody, thereby effectively removing it from the aqueous mixture. The
targeted protein or antibody may be removed from the affinity ligand, for example, by
passing a fluid that has a lower pH through the devics.

[00044]  In a further embodiment depicted generally in FIGS. 5 and 8, at least
one polymer membrane having inorganic particles therein (such as the polymer
membrane(s} described above) is wrapped around a perforated hollow or solid core
15¢ to form a wound membrane assembly 110, The wound membrane assembly
110 may be disposed within a housing 50 having a first flow distributor 80 and a
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second flow distributor 70 disposed at opposite ends of the housing 50. In

exemplary embodiments, the housing 50 is cylindrical, although any geometry that is
capable of housing the wound membrane assembly and achieve the desired

dynamic binding capacity is considered to be within the purview of this disclosure.
Similar to the stacked membrane assembly described above, the porous frit 40,
housing 50, and flow distributors 80, 70 in the wound membrane assembly 110 may
be formed of a thermoplastic polymer such as polypropyleng, polyethylene, or other
polyolefin. Additionally, the porous frit 40 may be formed of an inorganic or metallic
material, 50 long as the it 40 does not hinder the operation of the chromatography
device.

{08045] In some embodiments, such as is depicted in FIG. 5, the wound
membrane assembly 110 may be formed of a single polymer membrane 20
containing therein inorganic particles having a single nominal particle size or multiple
nominal particle sizes. For example, a polymer membrane 20 that is at least partially
filled with inorganic particles with a single nominal particle size and having an affinity
ligand bonded thereto may be wound and used as a membrane assembly 110,
Additionally, multiple polymer membranes having thereln inorganic particles of the
same or different nominal particle size may be used to form the membrane assembly
110.

[08046] In one embodiment, the wound membrane assembly 110 contains a
polymer membrane 20 that includes first inorganic particles having a first nominal
particle size and second inorganic particles having a second nominal particle size.
The first and second inorganic particles may be of the same type {€.g., porous silica)
or may be of different types (e.g., silica and zeolite), and may have the same or
different nominal particle size(s). The mixture of inorganic particles within the
polymer membrane 20 may be any mixture, such as, for example, a 50/50 blend, a
30/70 blend, a 60/40 blend, a 25/75, or a 20/80 blend.

{08047] In a further embodiment, two {or more) polymer membranes may be
present in the wound membrane assembly 110. For instance, the wound membrane
assembly 110 may include a first polymer membrane 20 and a second polymer
membrane 30 that is the same as or different from the first polymer membrane 20.
The difference may be found, for exampie, in the type of polymer forming the
polymer membrane 30 and/or the nominal particle size, amount and/or type of
inorganic particles contained within the polymer membrane 30. When more than
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one polymer membrane is present in the wound membrane assembly 110, the first
polymer membrane 20 may have a first nominal particle size and the second
polymer membrane 30 may have a second nominal polymer size. The first and
second polymer membranes 20, 30 may be layered on each other in a stacked
configuration and then wound about the core 150 In the stacked configuration to form
the wound membrane assembly 110, such as is depicted in FIG. 6. Alternatively, a
first polymer membrane 20 may be wound around the core 150 and then a second
polymer membrane 30 may be subsequently wrapped around the wound first
polymer membrane 110, i is to be appreciated that if greater than two membranes
is desired, the polymer membranes 20, 30 may be stacked in an alternating or non-
alternating configuration as discussed above prior to winding.

[00048] In some embodiments, an intermediate film is positioned on the
polymer membrane and is wrapped with the polymer membrane such that upon
winding, the intermediate film is situated between the wound layers of the polymer
membrane. The intermediate film may be a flucropolymer film or a non-
fuoropalymer film {e.g., a polypropylene, polyethylene, or other polyolefin film).
Additionally, the intermediate film may be porous or non-porous.

[8804%] In some embodiments, the intermediate film is a thermoplastic or
thermoset polymer film. In at least one embeodiment, the intermediate film is a
thermoplastic polymer film. When forming the wound membrane assembly, the
thermoplastic (or thermoset) polymer film 25 may be laid on the polymer membrans
20 such that upon winding, the thermoplastic polymer film 25 is positioned between
the wound layers of the polymer membrane 20. As the thermoplastic polymer film 25
and polymer membrane 20 are wound onto the core 150, heat is applied to at least
partially melt the thermoplastic polymer film 25 onto the polymer membrane 20 (as
well as subsequently wound palymer membranes 20), to form a wound membrane
assembly 110, as is generally shown in FIG. 7. The temperature may be at or above
the melting temperature of the thermoplastic polymer 25 but below the melting point
of the polymer membrane 20. The thermoplastic polymer film 25 also binds the
membrane assembly 110 to the housing 50 and fo the core 150. When the
thermoplastic polymer film 25 is coal, it forms a non-porous, solid, impermeable
struciure (g.g., impermeable layer} in the wound membrane assembly 110, thereby
preventing the flow of liquid therethrough and forming an integral chromatography
device 200. The solid thermoplastic polymer film 25 forces the flow of the aguecus
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mixture containing the targeted protein or antibody laterally through the membrane,
such as is shown by arrow 5. As used herein, the terms "solid thermoplastic polymer
film’, “thermoplastic film in a solid state”, and "solid state” is meant to denote that the
thermoplastic polymer film is impermeable to liquid flow therethrough.

{08056]  When more than one polymer membrane forms the wound membrane
assembly 110, a first thermoplastic polymer, a first polymer membrane, a second
thermopilastic polymer, and a second polymer membrane may be positioned in a
stacked orientation and wound around a core in the stacked orientation. The first
and second thermoplastic polymers may be of the same type or of different types.
Additionally, the first and second polymer membranes may be the same or different,
the difference being, for example, the type of polymer forming the polymer
membranes and/or the nominal particle size, amount andfor type of inorganic
particles contained within the polymer membranes. It is to be appreciated that any
number of polymer membranes may be used.

{06051] As depicted in FIGS. 5-8 the wound membrane assembly 110 may be
disposed within a housing 50 having a first flow distributor 60 and a second flow
distributor 70 disposed at opposite ends of the housing 50 The chromatography
device 200 includes an inlet 80 and arn outlet 85 to permit the flow of an agueous
mixiure through the affinity chromatography device 100, Specifically, the inlet 80
permits fluid flow into the housing 50 and the outlet 85 permits fluid flow out of the
housing 50. iIn exemplary embodiments, the housing is eylindrical. The wound
membrane assembly 110 may further include at least one porous frit 40 positioned
normal to the wound membrane assembly 110 and adjacent to flow distributor 60
and/or flow distributor 70.

[000652] In one embodiment, the core 150 is solid and the flow distributor 80
contains an impingement surface so that the flow of the aquecus mixture is
redirected radially from the feed direction. In an allernate embodiment, the core 150
is a hollow, porous core that enables the aqueous mixture to flow outwardly from the
core 150 and through the polymer membrane(s). Alternatively, the aqueous mixture
flows through the polymer membrane(s) inwardly and into the core 150.

[88053]  In use, the aqueous mixiure flows through the polymer memibrane(s) in
the membrane assembly 110 in the direction illustrated by arrow 8, orthogonal to the
areal thickness direction of the membrane. As the agueous mixture is passed
through the chromatography device 200, the affinity ligand reversibly binds to the
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targeted protein or antibody, thereby effectively removing i from the agueous
mixture. The targeted protein or antibody may be removed from the affinity ligand,
for example, by passing a fluid that has a lower pH through the device.

{00054] In yet another embodiment, a polymer membrane, a mullilayer stacked
membrane assembly, or a spiral wound membrane assembly as described above
may be affixed to a multi-well plate 130 containing a porous surface 90 separating a
lower chamber that can be operated atf reduced pressure from an upper chamber
that is operated at a higher {e.g., atmospheric) pressure. In the embodiment
depicted in FIGS. 9A and 98, the membrane assembly contains a plurality of
polymer membranes 20 having therein inorganic particles. For instance, one or
mare of the polymer membranes 20 may contain inorganic particles having a single
nominal particle size. In another embodiment, one or more of the polymer
membranes 20 may have first inorganic particles having first nominal particle size
and second inorganic particles having a second nominal particle size. Other
membrane assemblies containing different combinations of types of polymer
membranes, types of inorganic particles, and nominal particles sizes are considered
within the purview of this disclosure. In operation, the aqueous mixture flows normal
o the polymer membranes 20.

{00658] The affinity chromatography devices described herein have a dynamic
binding capacity (DBC) of at least 30 mg/ml at 10% breakthrough at a residence time
of 20 seconds or less where an Fc binding protein is the affinity ligand. Where an
antibody, 3 non-Fc binding protein, or a polysaccharide is the affinity ligand, the
chromatography devices have a dynamic binding capacity {DBC) of at least 0.07
micromaol/ml at 10% breakthrough al a residence time of 20 seconds or less. in
addition, the chromatography devices may be used multiple times without losing
substantial dynamic binding capacity, Specifically, the chromatography devices may
be cleaned with a caustic solution (e.g. sodium hydroxide) after each separation
process and reused.

[608ss] Different functional membranes can be produced to bind affinity
tigands, such as Protein A, Tor use in the affinity chromatography devices described
hersin. Process Path A and Process Path B (exemplified in Examples 7 and 8,
respectively) describe two independent reaction pathways that lead {o the formation
of functional membrane having thereon an aldehyde functional grmp. Process Path
T (exemplified in Example 9] leads to the formation of a functional membrane that
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has both an aldehyde functional group and an epoxide functional group. Process
Path D (exemplified in Example 10} leads to the formation of a functional membrane
that has thereon a epoxide functional group. The immaobilization of Protein A to
different functional membranes (e.g., aldehyde, mixed aldehyde and epoxide, and
epoxide functional groups) is described in Examples 7-10. Table 7 summarizes the
dynamic binding capacities of immobilized Protein A on the functional membranes
produced using Process Paths A, B, G, and D. Table 7 also shows the resulf using
two different types of membrane, namely, one membrane containing silica having
one nominal particle size and the other membrane having a 50/50 mixture of silica
having two different nominal particle sizes.

{00857 Although exemplary embodiments of the membrane assemblies 10,
110 are described herein, itis to be appreciated that any number of polymer
membranes as well as any and all combinations of types of polymer membranes,
types of inorganic parlicles, sizes of inorganic particles, shapes of inorganic
particles, and orientations of the polymer membranes within the membrane
assembly are within the scope of this disclosure. Also, some or all of the polymer
membranes may vary in compaosition, thickness, permeability, etc. from each other.

[66058] The chromatography devices described herein and components
thereof can be fabricated using various processes. In some embodiments, injection
molding may be used {o fabricate the chromatography components provided herein.
Other suitable processes can include, but are not limited to, extrusion, compression
molding, solvent casting and combinations thereof.

[00059] Persons skilled in the art will readily appreciate that various aspects of
the present disclosure can be realized by any number of methods and apparatus
configured to perform the intended functions. It should also be nofed that the
accompanying figures referred o herein are not necessarily drawn to scale, but may
be exaggerated lo illustrate various aspects of the present disclosure, and in that
regard, the figures should not be construed as limiting.

TEST METHODS
[00860] 1t should be understood that although certain methods and equipment
are described below, other methods or squipment determined suitable by one of
ardinary skill in the art may be alternatively utilized.
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Method for Determining the Dynamic Binding Capacity at 10%

Breakthrough

[08061]  The chromatography device was inserted in a AKTApurifier™ (GE
Healthcare) liquid chromatography system’s flow path and a smgfé cycle consisting
of the following protocol was performed mulliple times to generate the data shown in
FIG. 11, For the purpose of examining caustic solutions and their effect on dynamic

binding capacity, only a caustic clean in place {CIP) solution was used. Table 1 sels
forth the solutions utitized. Table 2 sefs forth the protoco! steps to determine the

dynamic binding capacity at 10% breakthrough.

Table 1

Solution

Description

A

50 mM Phosphate supplemented with
150 mM Sodium Chloride, pH ~ 7.4

100 mM Cilrate, pH ~ 3.5

CiP

0.1 M NaOH

Fegd

1.2-1.3 mg/mL polyclonal 1gG (Lee
Biosciences) dissolved in Solution A

Storage

20/80 viv ethanoliwater
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Table 2
Volume of Solution Used v de \e‘;:ﬁ@ur;e!
Step | Solution {Number of Bed Volumes) - volumetric Flow
Rate = Seconds
Residence Time
1 A 8 20
2 B 8 20
3 A 8 20
4 Feed Until Absorbance at 280 nm = 20
’ 10% Breakthrough ,
5 A 3 20
6 B 10 20
7 3 20
15 minutes contact time at 1
8 Cip mL/min N/A
8 A 8 20
10 Water & 20
11 Storage 8 20
12 Return to Step 1 and continue in this manner until the desired number of
- cycles is executed.
{00062] The dynamic binding capacity was determined for the above-

described chromatography devices in this manner. The dynamic binding capacity of

the commercial devices were determined by the same method, but with the following

exception: The residence time for the commercial devices was 60 seconds instead

of 20 seconds.

100063]
at threefold faster volumetric flow rates than the commercial devices were evaluated
with the exception of the CIP steps, which were identical.
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EXAMPLES

Example 1 - Stacked Membranes

[60064] A porous polytetrafluorcethylens (PTFE) membrane having 15 mass
percent PTFE and 85 mass percent porous silica particles (Grace, Baltimore, MD)
having a nominal particle size of 10 micron (Grace, Baltimore, MD) was obtained.
Additionally, a porous PTFE membrane having 15 mass percent PTFE and 85 mass
percent porous silica particles (Grace, Baltimore, MD) having a nominal particle size
of 20 micron was obtained. The porous silica particles in the PTFE membranas
were substantially the same with respect to other chemical and physical
characteristics such as chemical composition, particle shape, nominal particle
porosity, nominal particle pore dimensions, and nominal particle BET surface areas.

[60665]  Table 3 lists some of the physical characteristics of the two porous
PTFE membranes.

Table 3
Porous . Nominal
Mass o Nominal
Porous Percent | Mass Ni;:;?:ai Porous Mig;&f;sm Gurley P;i;?
Membrane | Porous | Percent . Membrane : Number
po , Particle oy Density e Porg
Silica PTFE : Thickness {sec} :
Particles Size {micron) {gramsicc) Bize
‘ {micron} {nm)
A 85 18 10 850 0.41 30 100
8 85 15 20 850 0.42 15 100
{06066] Porous membranes A and B were used to manufacture affinity

chromatography devices. A polypropylene flow distributor was affixed to one end of
a palypropylene cylinder housing. A porous polypropylene frit was placed in the

housing. The desired number of PTFE membrane layers were stacked on the

polypropylene frit within the housing. (See Table 4). A second porous

polypropylene frit was placed on top of the PTFE membrane stack. A second
polypropylene flow distributor was affixed to the end of the cylindrical housing

opposite the first polypropylene flow distributor. The chromatography device was
sealed via a heating process.
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Table 4
Membrane
Thickness g
Device RPorous Orientation with Bed intg’:;?gexate
el Membrane Respect to Fluid Volume A -
Designation Used Flow Direction (mb) ?emeabmtyz
Dur : KX A0 % end
uring
o Characlerization
10 layers of a
C membrane A Same 3.4 133
5 layers of
membrane A ;
U and & iayers of Same 45 182
membrane B
5 layers of
membrans A
E and 5 layers of Same 35 195
membrane B
5 layers of
; membrane A &
F and 5 layers of Same 35 201
membrang B
10 layers of 5
G membrana B Same | 3.5 301

000671 The intermediate devices were then freated in the same manner as the
davice of Example 3 and as a result, Protein A was covalently bonded to the stacked
PTFE membranes {e.g., membrane assembly).

{80068] The affinity chromatoegraphy devices whose manufacture was
described above were tested to evaluate their twenty (20) second residence time
dynamic binding capacities using multiple cycles and using the protocal described in
the Test Methods set forth herein. The performance of each of these affinity
chromatography devices is shown in FIG. 10,

[00069] Two different commercial packed particle bed affinity chromategraphy
devices were obtained and tested in the same manner, with the exception that they
were evaluated at a sixty (60} seconds residence time. One of the commercial
devices was packed with silica particles containing residual boron {(Commercial
Device 1} and the other commercial device was packed with agarose (Commercial

Device 2}. The performance of the two commercial affinity chromatography devices
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is depicted in FIG. 11. The affinity chromatography devices were evaluated at
threetold faster rates than the commercial affinity chromatography devices.

Example 2 -~ Spiral Wound Membrane

[00070] Porous PTFE Membrane B from Example 1 was used to construct a
spiral wound affinity chromatographic device. A length of PTFE Membrane B was
waound about a solid core with a lathe and membrane tensioning member until the
diameter of the resulting wound membrane assembly was slightly greater than the
inner diameter of a cylindrical polypropylene housing. The wound membrane
assembly was then cut to the desired length dimension with a culting ool while the
wound membrane assembly was rotating on the lathe. The wound membrane
assembly was inserted within a properly dimensioned cylindrical polypropylene
housing after the housing had been splif down iis length o enable insertion of the
wound membrane assembly. Porous polypropylene frits and polypropylene
distributors were assembled at the opposing ends of the cylindrical housing. The
device was sealed via a heating process.

{60071} Three sealed intermediate chromatography devices of 3.5 mb bed
volume were manufaciured in this manner. These devices were constructed using
the same polypropylene distributors and polypropylene frits that were used in
Example 1. The intermediate devices were then treated in the same manner as the
device of Example 3 and, as a result, Protein A was covalently bonded to the wound
rmembrane assembly.

[000672] 1t was discovered that when a test solution {(water) flowed through
these chromatography devices at various volumetric flow rates, the permeabiity of
the wound membrane assembly was substantially greater than the permeability of
the stacked membrane assembly of Example 1. In the devices containing the wound
membrane assembly, the test solution flowed orthogonal to the areal thickness
direction of the membrane.

Exampie 3
[G0073] This example illustrates one method for covalently binding Protein A to
a porous PTFE membrane or multiple porous PTFE membranes that include PTFE
and porous silica particles, where the porous membrane or multiple porous
membranes was (were) integrated into a device housing having an inlet and an
22
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outlet for flowing fluids. Although this method is described with respect to an affinity
chromatography device that contains a stacked membrane assembly, it is {o be
appreciated that this method is applicable regardiess of the orientation or
configuration of the porous membrane relative to the fluid flow path and regardiess of
the particle shape, nominal particle size, nominal particle pore size or nominal
particle pore volume of the porous silica particle phase, and whether the membrane
assembly is stacked or wound or ctherwise assembled.

[66074] All solutions were 0.2 micron filtered unless stated otherwise. In
addition, all solutions were flowed through the devices with the aid of a syringe pump
or a peristaltic pump.

{60075] A 3.5 mL bed volume chromatography device was manufactured from
a porous polytetrafiuoroethylene (PTFE) membrane having 15 mass% PTFE and 85
mass% porous silica particles {(Davisil® Silica Unbonded Grades, XWP1000A, 16-24
pm, Grace, Baltimore, MD). A stacked membrane assembly was produced. The
membrane assembly was washed with 21 mL of a solution of 95 parts by volume
ethano! (Sigma-Aldrich, St. Louis, MO} and 5 parts by volume deionized water (Neu-
ton, Inc., Baltimore, MD) at a volumetric flow rate of 0.7 mb/min. Next 105 mlL of a
non-filtered solution of 5.885 grams of 3-glycidoxypropyltrimethoxy silane (GB720,
UCT Specialties, LLC, Bartram, PA} were dissalved i 94.5 ml of a solution of 95
parts by volume ethanol and 5 parts by volume deionized water and flowed through
the membrane assembly at a volumetric flow rate of 0.7 mi/min. The device was left
standing for about seventean hours at room temperature. Then the device was
heated to 90°C and held at that temperature for two hours, followed by cooling the
device to room temperature for one hour, after which, the membrane assembly was
washed with 21 mL of a solution of 85 parts by volume ethanol and 5 parts by
volume deionized water at a volumetric flow rate of 0.7 mb/min.

1800761 The membrane assembly was then treated with a solution of sulfuric
acid and deionized water, pH = 0.8, by flowing 21 mL of the solution through the
membrane assembly at a volumetric flow rate of 0.7 mL/min, followed by heating at
90 degrees centigrade for two hours and then cooling the device to room
temperature for one hour, followed by washing the treated membrane with 42 mL of
10 mM acetate buffer, pH = 4.2, The 10 mM acstate buffer, pH=4.2 was prepared by
combining 3,852 mL of deionized water with 40 mL of 1M acelic acid (Sigma-Aldrich,
Saint Louis, MO} and 8 mbL of 1M sodium hydroxide (Sigma-Aldrich, Saint Louis,
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MO}. Then, 120 mb of 10 mM acetate buffer was combined with 8.417 grams of
sodium periodate (Sigma-Aldrich, Saint Louis, MO) and 10.5 miL. of this solution was
flowed through the membrane assembly at 0.7 mU/min. The device was then left to
react for ninety minutes at room temperature, followed by flowing through the
membrane assembly, 21 mL of 10 mM acetate buffer, pH-=4.2. This was followed
by flowing through the membrane assembly, 21 mbL of a 0.01M scdium carbonate
buffer, pH = 10.8 at a volumetric flow rate of 0.7 mL/min. The 0.01M sodium
carbonate buffer, pH=10.9, was prepared by combining 1000 mL of deionized water
with 1.06 grams of sodium carbonate (Sigma-Aldrich, Saint Louis, MO} and 5.84
grams of sodium chioride (EMD Chemicals, Inc., Gibbstown, NJ).

080777 Next, 21 mL of a 4 mg/ml solution of Protein A was flowed through the
device in a recirculating flow pattern at a volumetric flow rate of 0.7 mL/min for about
17 hours at room femperature. 4 mg/mk solution of Protein A was prepared by
combining 202.4 mL of the pH=10.9 sodium carbonate buffer prepared earlier and
17.6 mb of a 50 mg/mL Protein A solution (Repligen rSPA, Waltham, MASS). After
about 17 hours, the Protein A solution recirculation process was stopped and the
recirculated solution’s absorbance at 280 nm was measured and compared to that of
the freshly prepared 4 mg/mb Protein A solution..

[600678] The membrane assembly was then washed at a volumetric flow rate of
0.7 mb/min with 21 mL of a second 0.01M sodium carbonate buffer, pH=10.5, which
had been prepared by combining 1000 mL of deionized water, 1.08 grams sodium
carbonate and 58.4 grams sodium chioride. This was followed by another wash step
using 21 mb of 0.01M sodium carbonate buffer, pH=10.9 at a volumetric flow rate of
0.7 mUmin. Then, 31.5 mlL of a 1 mg/mL sodium borohydride {Sigma-Aldrich, Saint
Louis, MO) solution in 0.01M sodium carbonate buffer was flowed through the
membrane assembly at a volumetric flow rate of 0.26 mL/min. This was followed by
flowing through the membrane assembly 31.5 mL of a 0.05 M phosphate buffer
solution, pH=7 4, at a volumetric flow rate of 0.7 mL/min. The 0.05 M phosphate
buffer solution, pH=7 .4, had been prepared earlier by combining 1000 mL of
deionized water with 1,035 grams of sodium phosphate monobasic monchydrate
{Sigma-Aldrich, Saint Louis, MO), 11.383 grams of sodium phosphate dibasic
hepiahydrate (Sigma-Aldrich, Saint Louis, MO) and 8.766 grams of sodium chloride.
The membrang assembly was then washed with 21 vaof deionized waterat a
volumetric flow rate of 0.7 mL/min, Next, the membrane assembly was washed with
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21 mlL of a solution of 20 parts by volume ethanol and 80 parts by volume delonized
water, The device was then equipped with inlet and outlet caps and stored at 4°C to
8°C.

Example 4

[00079] This example iiustrates a second method for covalently binding Protein
A to a porous PTFE membrane or multiple porous PTFE membranes that include
PTFE and porous silica particles, where the porous membrane or multiple porous
membranes was {were) integrated into a device housing having an inlet and an
outlet for flowing fluids. Although this method is described with respect to an affinity
chromatography device that contains a stacked memdranes assembly, it is to be
appreciated that this method is applicable regardiess of the orlentation or
configuration of the porous membrane relative to the fluid flow path and regardiess of
the particle shape, nominal particle size, nominal particle pore size or nominal
particle pore volume of the porous silica particle phase, and whether the membrane
assembly is stacked or wound or otherwise assembiled,

[08080] This method is different from the method described in Example 3 in the
following aspects. An aldehyde silane (PSX1080, UCT Specialties, LLC, Bartram,
PA} was used instead of the epoxy silane of Example 3 A number of other
manufacturing steps were eliminated, as will be apparent to those skilled in the art,
tpon comparison of this method and the method of Example 3.

j0G81] Al solutions were 0.2 micron filtered unless stated otherwise. All
solutions were flowed through the devices with the aid of a syringe pump or a
peristaltic pump.

[00082] A 3.5 ml bed volume chromatography device was manufactured from
a porous membraneg sheet including polytetrafluoroethylene (PTFE) {15 mass
percent} and porous silica particles {85 mass percent) having a nominal particle size
of 20 microns {Davisil® Silica Unbonded Grades, XWP1000A, 16-24 pm, Grace,
Baltimore, MD). A stacked membrane assembly was produced. The membrane
assembly was washed with 21 mb of a solution of 85 parts by volume ethanol
{Sigma-Aldrich, St. Louis, MO} and 5 parts by volume deionized water (Neu-ion, Inc.,
Baltimore, MD) at a volumetric flow rate of 0.7 mUmin, 10.5 mL of an unfiltered
solution of 3.21 grams of aldehyde silane (PSX1050, UCT Specialties, LLC, Bartram,
PA) dissolved in 97.0 mb of a solution of 85 parts by volume ethanol and 5 parts by
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volume deionized water was flowed through the membrane assembly at a volumetric
flow rate of 0.7 mbi/min. The device was left standing for about seventeen hours at
room temperature. Then the device was healed to 80°C and held at that
temperature for two hours, followed by cooling the device to room femperature for
one hour, after which, the membrang assembly was washed with 42 mL of a solution
of 95 parts by volume ethanol and & parts by volume deionized water at a volumetric
flow rate of 0.7 mb/min. The membrane assembly was then washed with 21 mL of a
C.01M sodium carbonate buffer, pH = 10.9 at a volumetric flow rate of 0.7 mL/min.
The 0.01M sodium carbonate huffer, pH=10.8, was prepared by combining 1000 mL
of deionized water with 1.06 grams of sodium carbonate {Sigma-Aldrich, Saint Louis,
MO} and 5.84 grams of sodium chioride (EMD Chemicals, Inc., Gibbstown, NJ).

{00083] Next. 21 mb of 3 4 mg/mL solution of Protein A was flowed through the
device in a recirculating flow pattern at a volumetric flow rate of 0.7 mb/min for about
17 hours at room temperature. The 4 mg/mb solution of Protein A was prepared by
combining 202.4 mL of the pH=10.9 sodium carbonate buffer prepared earlier and
17.6 mb of a 50 mg/mL Protein A solution (Repligen rSPA, Waltham, MASS). After
about 17 hours, the Protein A solution recirculation process was stopped and the
recirculated solution’s absorbance at 280 nm was measured and compared to that of
the freshly prepared 4 mg/mb Protein A solution. .

[00884] The membrane assembly was then washed at a volumetric flow rate of
0.7 mU/min with 21 mbL of a second 0.01M sodium carbonate buffer, pH=10.5, which
had been prepared by combining 1000 mi of deionized water, 1.06 grams sodium
carbonate and 58 4 grams sodium chioride. This washing was followed by g wash
step using 21 mb of 0.01M sodium carbonate buffer, pH=10.9 at a volumetric flow
rate of 0.7 mbL/min. Then 31.5 mL of a 1 mg/mL sodium borohydride {Sigma-Aldrich,
Saint Lowis, MO} solution in 0.01M sodium carbonate buffer was flowed through the
membrane assembly at a volumetric flow rate of 0.28 ml/min. This was followed by
flowing through the membrane assembly 31.5 mbL of a 0.05 M phosphate buffer
solution, pH=7 .4, at a volumetric flow rate of 0.7 mL/min. The 0.05 M phosphate
buffer solution, pH=7.4, had been prepared earlier by combining 1000 mb of
deionized water with 1,035 grams of sodium phosphate monobasic monohydrate
{Sigma-Aldrich, Saint Louis, MO), 11.393 grams of sodium phmsphé‘te dibasic
heptahydrate {Sigma-Aldrich, Saint Louls, MO} and 8.7685 grams of sodium chiaride.
Then the membrane assembly was washed with 21 mb of deionized water at a
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volumetric flow rate of 0.7 mb/min. Then the membrane assembly was washed with

21 mb of a solution of 20 parts by volume ethanol and 80 parts by volume deionized

water. The device was then equipped with inlet and ocutlet caps and stored at 4°C to

8°C.

[00085]

The device prepared as described in this example was evaluated with

polycional lgG for one cycle and then it was evaluated with a crude Chinese Hamster

Ovary (CHO)cell clarified culture medium {Aragen, Morgan Hills, California) including

a monocional antibody and impurities such as host cell proteins. it was

demonstrated that the device of this example was useful for purifying monocional

antibodies from a crude CHO cell clarified cuiturs medium.

Example § - Stacked Membrane Device Including Porous Silica Mixture

{00086] A porous polytetrafiuorosthylene {(PTFE) membrane having 85 mass
percent porous silica particles (Davisil® Sitica Unbonded Grades, XWP1000A, 18-24
um, Grace, Baltimore, MDY} and 15 mass percent PTFE was obtained. The porous
silica particles were present as a 50/50 by mass mixture of two different nominal

particle sizes and these corresponded to the porous silicas used to produce porous

membranes A and B in Example 1.

{00871 Table 5 lists some of the physical characteristics of the membrane
oblained.
Table 5
Mass ?5%;’;?325 Nowminal Por oﬁs Nominal
Porous percent Mass neminal porous membrane Gurley | porous
membrane | porous | percent : membrane | . i Number silica
silica PTFE p:;zt;f;le thickness (g?ggfs‘fgc) | {sec) | poresize
particles (micron) {micron) | {nirm)
c 85 15 10 & 20 650 042 10 100
{00088] Porous PTFE membrane C was used to manufacture an affinity

chromatography device. A polypropyiene flow distributor was affixed to one end of a

polypropylene cylinder housing. A porous polypropylene frit was piaced inthe

housing. The desired number of PTFE membrane layers were stacked on the

polypropylene frif within the housing. (See Table 6). A second porous

polypropytene frit was placed on top of the PTFE membrane stack. A second
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opposite the first polypropylene flow distributor. The chromatography device was

sealed via a heating procsss.

Table &
Device Porous Membrane thickness Bed Volume | Inlermediate
Designation membrane arientation with respect to {mL) device
used fluid flow direction during permeability, & |
o characterization . X 10 " cm?
10459664 12 layers of Same 38 303
membrane C
{004089] The intermediale device was then treated in the same manner as the

device of Example 3 and as a result, Protein A was covalently bonded to the

membrane assembly.

{00896] The affinity chromatography device was then tested {o evaluate its 10%
dynamic binding capacity at twenty (20} second residence time using the protocol

dascribed in Test Methods set forth herein. 1t was determined that the affinity

chrormatography device had a 10% dynamic binding capacity of 44 mg IgG per mL

bed volume af 20 seconds residence fime.

Exampie 6 — Spiral Wound Membrane Device Including Porous Silica

Mixture
[00091]

Porous PTFE Membrane C from Example 5 was used to construct a

spiral wound affinity chromatographic device. A length of PTFE Membrane C was

wound about a solid core with a lathe and membrane tensioning member uniil the

diameter of the wound membrane assembly was slightly greater than the inner

diameter of a polypropylene housing. The wound membrang assembiy was then cut

to the desired length with a cutting tool while the wound membrane assembly was

rotating on the lathe. The desired dimensioned wound membrane assembly was

inserted within a properly dimensioned cylindrical polypropylene housing after the

housing had been split down ifs length to enable insertion of the wound membrane

assembly. Porous polypropyiene frits and polypropylene distributors were

assembled at the opposing ends of the cylindrical housing. The device was sealed
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via & heating process thereby producing an intermediate chromatography device of
3.5 mb bed volume.

[00892] The intermediate device was then treated in the same manner as the
device of Example 3 and, as a result, Protein A was covalently bonded to the wound
membrane assembiy. It was discovered that when a test solution (water) flowed
through the affinity chromatography device at various volumetric flow rates, the
paermeability of the wound membrane assembly was about twice the permeability of
the stacked membrane assembly of Example 5. In the device containing the wound
membrane assembly, the test solution flowed orthogonal to the areal thickness
direction of the membrane. The affinity chromatography device had a 10% dynamic
binding capacity of 31 mg 1gG per mb bed volume at 20 seconds residence time.

{60931 The invention of this application has been described above both
generically and with regard to specific embodiments. i will be apparent to those
skillad in the art that various modifications and variations can be made in the
embodiments without departing from the scope of the disclosure. Thus, i is intended
that the embodiments cover the modifications and variations of this invention
pravided they come within the scope of the appended claims and their equivalents.

{00094] Example 7 - Process Path A

[60095] A 1.0 mk bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafiuoroethylene (PTFE) membrane (PTFE
Membrane X} having 15 mass% PTFE and 85 mass% porous silica particles, (Gracs,
Baltimore, MD), having a nominal particle size of 20 microns. A first stacked
membrane assembly was produced. Another 1.0 mi bed volume chromatography
device was manufactured from a second porous polytetrafluoroethyiene (PTFE)
membrane {(FTFE Membrane Y} having 15 mass% PTFE and 85 mass% porous
silica particles, {Grace, Baltimore, MD). The membrane had a 50/50 by mass mixture
of silica particles having a nominal particle size of 20 microns and of a nominal
particle size of 10 microns. A second stacked membrane assembly was produced.

[00896] The two membrane assemblies were each washed with 20 mL of a
solution of 85 parts by volume ethano! {(Sigma-Aldrich, St Louis, MO} and 5 parts by
volume deionized water (Neu-lon, Inc., Baltimore, MD) at a volumetric flow rate of
0.2 mb/min. Next, 6.0 mL of a non-filtered solution of 5.885 grams of 3-
glycidoxypropyitrimethoxy silane (G6720, UCT Speciaities, LLC, Bartram, PA)
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dissolved in 84.5 mL of a solution of 85 parts by volume ethanol and 5 parts by
volume dejonized water was flowed through each of the two membrane assembiies
at a volumetric flow rate of 0.2 mLfmin. The devices remained about 20.5 hours at
room temperature with their inlet and outlet ports closed to prevent evaporation of
solvent.

{00971 Next, the devices were weighed with their inlet and outlet ports clased.
Then the devices were placed in a 90 °C oven after removing their inlet and cutlet
port caps. The devices were held at 90 °C for 2.5 hours, followed by gooling the
devices to room temperature for one hour, after which, the membrane assemblies
were again weighed. Next, the membrane assemblies were washed with 12 mL of a
solution of 95 parts by volume ethanot and 5 parts by volume dejonized water at a
volumetric flow rate of 1.0 mi/min.

[00098] Then, the membrane assemblies were treated with a solution of sulfuric
acid and deionized water, pH = 0.8, by flowing 6 mL of the solution through the
membrane assembly at a volumetric flow rate of 0.2 mi/min, followed by heating at
90 °C for two hours with the device inlet ports open to the atmosphere and the
device outlet ports closed and the device inlet ports oriented up. The devices were
then cooled to room temperature over the course of one hour, followed by washing
the treated membrane assemblies with 12 mL of 10 mM acetate buffer, pH = 4.2,
The 10 mM acetlate buffer, pH=4.2 was preparad by combining 3,852 mL of
deionized water with 40 mbL of 1M acetic acid {Sigma-Aldrich, Saint Louls, MQ) and 8
mb of 1M sodium hydroxide (Sigma-Aldrich, Saint Louis, MO). Then, 100 mL of 10
mM acetate buffer was combined with 5.35 grams of sadium periodate (Sigma-
Aldrich, Saint Louis, MO} and 6 mL of this solution was flowed through the
membrane assembly at 0.2 mb/min. The device was then left {o react for ninety
minutes at room temperature, followed by flowing through the membrane
assemblies, 6 mb of 10 mM acetate buffer, pH = 4.2 at 0.2 mbL/min. This was
followed by flowing through the membrane assemblies, & mb of a 0.01M sodium
carbonate buffer, pH = 10.9 at a volumetric flow rate of 0.2 mU/min. The 0.01M
sodium carbonate buffer, pH=10.9, was prepared by combining 1000 mL of
deionized water with 1.06 grams of scdium carbonate (Sigma-Aldrich, Saint Louis,
MO) and 5.84 grams of sodium chioride (EMD Chemicals, Inc., Gibbstown, NJ).

0060991  Next, 6 mbL of a 4 mg/mL solution of Protein A was flowed through the

device in a recirculating flow pattern at a volumetric flow rate of 0.2 ml/min for about
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19 hours at room temperature, The 4 mg/ml solution of Protein A was prepared by
combining 46 mL of the pH=10.9 sodium carbonate buffer, pH = 10.8, prepared
earlier and 4 mL of a 50 mg/mL Protein A solution (Repligen rSPA, Waltham,
MASS). After about 19 hours, the Protein A solution recirculation process was
stopped and the recirculated solutions’ absorbance at 280 nm were measured and
compared to that of the freshly prepared 4 mg/mL Protein A solution. In this way it
was shown that Protein A was bonded fo each of the membrane assemblies
following this recirculation process.

0001001 The membrane assemblies were then washed at a volumetric flow rate
of 0.2 mUmin with 9 mbL of a second 0.01M sodium carbonate buffer, pH=10.5,
which had bgen prepared by combining 1000 mi of delonized water, 1.08 grams
sodium carbonate and 58.4 grams sodium chioride. This was followed by another
wash step using 9 mbL of 8.01M sodium carbonate buffer, pH=10.9, whose
preparation was described above, at a volumetric flow rate of 0.2 mL/min. Then, 12
ml of a 1 mg/ml sodium borohydride (Sigma-Aldrich, Saint Louis, MQ) solution in
0.01M sodium carbonate buffer was flowed through the membrane assemblies at a
volumetric flow rate of 0.10 ml/min. This was followed by flowing through the
membrane assemblies 8 b of a 0.05 M phosphate buffer solution, pH=7.3, at a
volumetric flow rate of 0.2 mL/min. The Q.05 M phosphate buffer solution, pH=7 3,
had been prepared earlier by combining 1000 mL of deionized water with 1.035
grams of sodium phosphate monobasic monohydrate {Sigma-Aldrich, Saint Lousis,
MO}, 11.393 grams of sodium phosphate dibasic heptahydrate (Sigma-Aldrich, Saint
Louis, MO} and 8.766 grams of scdium chioride. The membrane assemblies were
then washed with 8 mL of deionized water at a volumetric flow r_até of 8.2 ml/min.
Next, the membrane assemblies ware washed with 6 mL of a solution of 20 paris by
volume ethanol and 80 paris by volume deionized water at a volumetric flow rate of
0.2 mb/min. The membrane assemblies were then equipped with inlet and outlet
caps and stored at 4°C to 8°C.

{000181] The membrane assemblies were {ested {o obtain their IgG dynamic
binding capacities at 10% breakthrough at 20 seconds residence time as described
in the dynamic binding capacity {est method. The results appear in Table 7.
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{000102] Example B - Process Path B

[800103] A 1.0 mL bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafiuorcethylene (PTFE) membrane (PTFE
Membrane X) having 15 mass% PTFE and 85 mass% porous silica particles,
{Grace, Baltimore, MD), having a nominal particle size of 20 microns. A first stacked
membrane assembly was produced. Another 1.0 mL bed volume chromatography
device was manufactured from a second porous polytetrafiuoroethylene (PTFE)
membrane (PTFE Membrane Y} having 15 mass% PTFE and 85 mass% porous
silica particles, {Grace, Baltimore, MD), comprising a 50/50 by mass mixture of silica
particles of a nominal particle size of 20 microns and of a nominal particle size of 10
micrens. A second stacked membrane assembly was produced.

[800104] The two membrane assemblies were each washed with 12 mL of a
solution of 95 parts by volume ethanol (Sigma-Aldrich, St. Louls, MO) and 5 parts by
volume deionized water (New-lon, Inc., Baltimore, MD) at a volumetric flow rate of
0.2 mbUmin. Next, 6.0 mbL of a non-filtered solution of 4.815 grams of
butanalitrimethoxy silane (PSX1050, UCT Specialties, LLC, Bartram, PA) dissolved
in 95.5 mL of a solution of 95 paris by volume ethanol and 5 parts by volume
deionized water was flowed through each of the two membrane assembliss at a
volumetric flow rate of 0.2 mU/min. The devices remained about 18 hours at room
temperature with their inlet and outlet ports closed to prevent evaporation of solvent.

[000105] Next, the devices were weighed with their inlet and outlet ports closed,
Then the devices were placed in a 80 °C oven after removing their infet and outlet
port caps. The devices were held at 90 °C for 2.5 hours, followed by cooling the
devices to room temperature for one hour, after which, the membrane assemblies
were again weighed, Nexf, the membrane assemblies were washed with 12 mL of a
solution of 95 parts by volume ethanol and 5 parts by volume deionized water at a
volumetric flow rate of 1.0 mL/min,

[G04186] The membrane assemblies were then washed by flowing 12 mb of
deionized water at a volumetric flow rate of 1 mL/min. This was foliowed by flowing
through the membrane assemblies, 12 mbL of 3 0.01M sodium carbonate buffer, pH =
10.9 at a volumetric flow rate of 0.2 mL/min. The 0.01M sodium carbonate buffer,
pH=10.9, was prepared by combining 1000 mb of deionized water with 1.06 grams of

Ga
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sodium carbonate (Sigma-Aldrich, Saint Louis, MO) and §.84 grams of sodium
chloride (EMD Chemicals, Inc., Gibbstown, NJ}.

[000107] Nexi, 6 mb of a 4 mg/mb solution of Protein A was flowed through the
device in a recirculating flow pattern at a volumetric flow rate of 0.2 mbL/min for about
18 hours at room temperature. The 4 mg/ml solution of Protein A was prepared by
combining 48 ml of the pH=10.9 sodium carbonate buffer, pH = 10.9, prepared
earlier and 4 mbL of a 50 mg/mL Protein A solution (Repligen rSPA, Waltham,
MASS). After about 18 hours, the Protein A solution recirculation process was
stopped and the recirculated solutions' absorbance at 280 nm were measured and
compared to that of the freshly prepared 4 mg/mb Protein A solution. In this way it
was shown that Protein A was bonded to each of the membrane assemblies
following this recirculation process.

[080108] The membrane assemblies were then washed at a volumetric flow rate
of 0.2 mU/min with 12 mL of a .01M sodium carbonate buffer, pH = 10.8, whose
preparation was described above. Then, 12 mbL of a 1 mg/mL sodium borohydride
(Sigma-Aldrich, Saint Louis, MO} solution in 8.01M sodium carbonate buffer was
flowed through the membrane assemblies at a volumetric flow rate of 0.10 mL/min.
This was followed by flowing through the membrane assemblies 12 mL of deionized
water at a volumetric flow rate of 0.2 ml/min. Next, the membrane assemblies were
washed with 8 mL of a solution of 20 parts by volume ethanol and 80 parts by
volume deionized water at a volumetric flow rate of 0.2 mb/min. The membrane
assemblies were then equipped with inlet and oullet caps and stored at 4°C {o 8°C.

[600189] The membrane assemblies were tested to oblain their IgG dynamic
binding capacities at 10% breakthrough at 20 seconds residence time as described
in the dynamic binding capacity test method. The results appear in Table 7.

[000116] Example 8 ~ Process Path C

08111} A 1.0 mb bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafivoroethylene (PTFE) membrane (PTFE
Membrane X) having 15 mass% PTFE and 85 mass% porous silica particles,
{Grace, Baltimore, MD), having a nominal particle size of 20 microns. A first
membrane assembly was produced. Another 1.0 mbL bed volume chromatography
device was manufactured from g second porous polytetrafluocrcethylene {(PTFE)
membrane (PTFE Membrane Y) having 15 mass% PTFE and 85 mass% porous

2
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silica particles, {Grace, Baltimore, MD), comprising a 50/50 by mass mixture of silica
particles of a nominal particle size of 20 microns and of a nominal particle size of 10
microns. A second membrane assembly was produced.

{600112] The two membrane assemblies were each washed with 12 mbL of a
solution of 95 parts by volume ethanol {Sigma-Aldrich, St. Louis, MO} and 5 parts by
volume delonized water (Neu-lon, Inc., Baltimore, MD) at a volumetric flow rate of
0.2 mU/min. Next, 6.0 mL of a non-filtered solution of 2,943 grams of 3-
glycidoxypropyltrimethoxy silane (G8720, UCT Specialties, LLC, Bartram, PA) and
2.408 grams of butanaltrimethoxy silane (PSX 1050, UCT Specialties, LLC, Bartram,
PA) dissolved in 95 mb of a3 solution of 95 parts by volume ethanol and 5 parts by
volume deionized water was flowed through each of the two membrane assembliss
at a volumetric flow rate of 0.2 mL/min. The devices remained about 19 hours at
room temperature with thelr inlet and outlet ports closed to prevent evaporation of
solvent.

[000113] Next, the devices were weighed with their inlet and outlet ports closed.
Then the devices were placed in a 90 °C oven after removing their inlet and outlet
port caps. The devices were held at 80 °C for 2.5 hours, followed by covling the
devices o room temperature for one hour, after which, the membrane assemblies
were again weighed. Next, the membrane assemblies were washed with 12 mL of a
solution of 85 parts by volume ethanot and 5 parts by volume deionized water at a
volumetric flow rate of 1.0 mL/min.

[000114] The membrane assemblies were then washed by flowing 12 mb of
deionized water at a volumetric flow rate of 1 mbl/min. This was followed by flowing
through the membrane assemblies, 12 mL of a 0.01M sodium carbonate buffer, pH =
10.9 at a volumetric flow rate of 8.2 mL/min. The 0.01M sodium carbonate buffer,
pH=10.9, was prepared by combining 1000 mb of deionized water with 1.06 grams of
sodium carbonate {Sigma-Aldrich, Saint Louis, MO) and 5.84 grams of sodium
chioride (EMD Chemicals, inc., Gibbstown, N.J).

[080115] Next, 8 mL of a 4 mg/mL solution of Protein A was flowed through the
device in a recirculating flow pattern at a volumetric flow rate of 0.2 mL/min for about
17 hours at room temperature. The 4 mg/mL solution of Protein A was prepared by
combining 46 mb of the pH=10.2 sodium carbonate buffer, pH = 10.9, prepared
eartier and 4 mbL of a 50 mg/mL Protein A solution (Repligen rSPA, Waitham,
MASS). After about 17 hours, the Protein A solution recirculation process was
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stopped and the recirculated solutions’ absorbance at 280 nm were measured and
compared to that of the freshly prepared 4 mg/mL Protein A solution. In this way it
was shown that Protein A was bonded to each of the membrane assemblies
following this recirculation process.

[000116] The membrane assemblies were then washed at a volumetric flow rate
of 0.2 mbl/min with 12 mL of a 0.01M sodium carbonate buffer, pH = 10.3, whose
preparation was described above. Then, 12 mb of a 1 mg/ml sodium borchydride
(Stgma-Aldrich, Saint Louis, MO) seolution in 0.01M sodium carbonate buffer was
flowed through the membrane assemblies at a volumetric flow rate of 0.10 mi/min.
This was followed by flowing through the membrane assemblies 24 mL of deionized
water at a volumetric flow rate of 0.2 mb/min. Next, the membrane assemblies wers
washed with & mL of a solution of 20 parts by volume ethano! and B0 parts by
volume deionized water at a volumetric flow rate of 0.2 mU/min. The membrane
assemblies were then equipped with inlet and outlet caps and stored at 4°C {0 8°C.

[080117] The membrane assemblies were tested to obtain their 1gG dynamic
hinding capacities at 10% breakthrough at 20 seconds residence time as described
in the dynamic binding capacity test method. The results appear in Table 7.

[660118] Example 10 - Process Path D

[000119] A 1.0 miL bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafiuoroethylene (PTFE) membrane {PTFE
Membrane X} having 15 massth PTFE and 85 massY porcus silica particles,
(Grace, Baltimore, MDj, having a nominal particle size of 20 microns. A first
membrane assembly was produced. Another 1.0 ml bed volume chromatography
device was manufactured from a second porous polytetraflucroethylene (PTFE)
membrane (PTFE Membrane Y) having 15 mass% PTFE and 85 mass% porous
sifica particles, {Grace, Baitimore, MD}, comprising a 50/50 by mass mixture of silica
particles of a nominal particle size of 20 microns and of a nominal particle size of 10
microns. A second membrane assembly was produced.

[3081206] The two membrane assemblies were sach washed with 12 mL of a
solution of 85 parts by volume ethanol (Sigma-Aldrich, St. Louis, MO) and 5 paris by
volume deionized water (Neu-lon, Inc., Baltimore, MD) at a volumetric flow rate of
0.2 mL/min. Next, 6.0 mbL of a non-fitered solution of 5.885 grams of 3-
glycidoxypropylirimethoxy sitane {(G6720, UCT Specialties, LLC, Bartram, PA)
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dissolved in 84.5 mL of a solution of 95 parts by volume ethanaol and 5 parts by
volume deionized water was flowed through each of the two membrane assemblies
at a volumetric flow rate of 0.2 ml/min. The devices remained about 18 hours at
raom temperature with thelr inlet and outlet poris closed o prevent evaporation of
solvent.

[060121] Next, the devices were weighed with their inlet and outlet ports closed.
Then the devices were placed in a 90 °C oven after removing their inlet and outlet
port caps. The devices were held at 90 °C for 2.5 hours, followed by cooling the
devices to room temperature for one hour, after which, the membrane assemblies
were again weighed. Next, the membrane assemblies were washed with 12 ml.of a
solution of 95 parts by volume ethanol and 5 paris by volume deionized water at a
volumetric flow rate of 1.0 mUmin.

[088122] The membrane assemblies were then washed by flowing 12 mL of
deionized water at a volumetric flow rate of 1 mL/min. This was followed by flowing
through the membrane assemblies, 12 mb of a 0.01M sodium carbonate buffer, pH =
10.9 at a volumetric flow rate of 0.2 mbU/min, The 0.01M sodium carbonate buffer,
pH=10.8, was prepared by combining 1000 mb of deionized water with 1.06 grams of
sodium carbonate (Sigma-Aldrich, Saint Louis, MO)Y and 5.84 grams of sodium
chloride (EMD Chemicals, Inc., Gibbstown, NJ).

[000123] Next, 6 mL of a4 mg/ml solution of Protein A was flowed thraugh the
membrane assembly in a recirculating flow pattern at a volumetric flow rate of 0.2
mb/min for about 18 hours at room femperature. The 4 mg/mi. solution of Protein A
was prepared by combining 46 mb of the pH=10.9 sodium carbonate buffer, pH =
10.9, prepared earlier and 4 mb of a 50 mg/mb Protein A solution (Repligen rSPA,
Waltham, MASS). After about 18 hours, the Protein A soiution recirculation process
was stopped and the recirculated soiutions’ absorbance at 280 nm were measured
and compared {o that of the freshly prepared 4 mg/mL Protein A solufion. In this way
it was shown that Protein A was bonded to each of the membrane assemblies
following this recirculation process.

[600124] The membrane assemblies were then washed at a volumetric flow rate
of 8.2 mb/min with 12 mL of a 0.01M sodium carbonate buffer, pH = 10.8, whose
preparation was described above. Then, 12 mL of a 1 mg/mL sodium borohydride
{Sigma-Aldrich, Saint Louis, MO) solution in 0.01M sodium carbonate buffer was
flowed through the membrane assemblies at a volumetric flow rate of 0.10 mL/min.
&
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This was followed by flowing through the membrane assemblies 24 mL of dejonized

water at a volumetric fiow rate of 0.2 mL/min. Next, the membrane assemblies were

washed with 6 mL of a solution of 20 paris by volume ethanol and 80 parts by

vblume delonized water at a volumetric flow rate of 0.2 mifmin. The membrane

assemblies were then equipped with inlet and outlel caps and stored at 4°C o 8°C.

000125 The membrane assemblies were tested to obtain their IgG dynamic

binding capacities at 10% breakthrough at 20 seconds residence time as described

in the dynamic binding capacity test method. The results appear in Table 7.

Table 7
Process | s conts residence time o
PTFE Membrane X PTFE Membrane Y
Process Path A o7 48
Sratens bath & 8 24
gfca?egfsah c 40 4
process Pain D % R
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WHAT IS CLAIMED IS:

1. An affinity chromatography device comprising:
a housing;
an inlet to permit fluid flow into said housing;
first and second flow distributors, said first flow distributor and said second
flow distributor being positioned at opposing ends of said housing;
an outlet to permit fluid flow out of said housing, and
a wound membrane assembly disposed within said housing, said wound
membrane assembly comprising:
at least one polytetrafluoroethylene membrane containing therein
inorganic particles having at least one nominal particle size; and
at least one impermeable layer,
wherein at least one of said polytetrafluoroethylene membrane and said
inorganic particles has covalently bonded thereto an affinity ligand that reversibly
binds to a targeted protein or antibody, and
wherein in cross-section, the wound membrane assembly comprises said
polytetrafluoroethylene membrane in an alternating configuration with said
impermeable layer.

2. The affinity chromatography device of claim 1, wherein said at least one
impermeable layer comprises at least one thermoplastic polymer membrane in a

solid state.
3. The affinity chromatography device of claim 1, wherein said inorganic
particles are selected from silica particles, zeolite particles, hydroxyapatite particles,

metal oxide particles and combinations thereof.

4. The affinity chromatography device of claim 1, wherein said inorganic

particles have a single nominal particle size.

5. The affinity chromatography device of claim 1, wherein said inorganic

particles comprise a first nominal particle size and a second nominal particle size.
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6. The affinity chromatography device of claim 1, wherein said
polytetrafluoroethylene membrane comprises first inorganic particles having a first
nominal particle size and second inorganic particles having a second nominal

particle size.

7. The affinity chromatography device of claim 6, wherein said first and second

inorganic particles are of the same particle type.

8. The affinity chromatography device of claim 6, wherein said first and second
inorganic particles comprise different particle types.

9. The affinity chromatography device of claim 1, wherein said
polytetrafluoroethylene membrane is an expanded polytetrafluoroethylene

membrane.

10.  The affinity chromatography device of claim 1, wherein said affinity ligand is
selected from Protein A, Protein G, Protein L, human Fc receptor protein, antibodies,
polysaccharides and combinations thereof.

11.  The affinity chromatography device of claim 1, wherein said nominal particle
size is selected from about 0.1 microns, about 0.5 microns, about 1 micron, about 5
microns, about 10 microns, about 15 microns, about 20 microns and about 25

microns.

12.  The affinity chromatography device of claim 1, wherein in cross-section, the
membrane assembly comprises said polytetrafluoroethylene membrane in an

alternating configuration with said impermeable membrane.

13.  The affinity chromatography device of claim 2, wherein said thermoplastic
polymer is selected from polypropylene, polyethylene, fluorinated ethylene propylene

and combinations thereof.

14.  An affinity chromatography device comprising:

a housing;
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an inlet to permit fluid flow into said housing;
first and second flow distributors, said first flow distributor and said second
flow distributor positioned at opposing ends of said housing;
an outlet to permit fluid flow out of said housing, and
a wound membrane assembly disposed within said housing, said wound
membrane assembly comprising:
a first polytetrafluoroethylene membrane containing therein first
inorganic particles having a first nominal particle size;
a second polytetrafluoroethylene membrane containing therein second
inorganic particles having a second nominal particle size; and
at least one impermeable layer,
wherein said at least one of said first polytetrafluoroethylene membrane, said
second polytetrafluoroethylene membrane, said first inorganic particles, and said
second inorganic particles has covalently bonded thereto an affinity ligand that
reversibly binds to a targeted protein or antibody,
wherein the at least one impermeable layer is stacked between the first and

second polytetrafluoroethylene membrane.

15.  The affinity chromatography device of claim 14, wherein said at least one
impermeable layer comprises at least one thermoplastic polymer membrane in a

solid state.

16.  The affinity chromatography device of claim 14, wherein said first and second
inorganic particles are selected from silica particles, zeolite particles, hydroxyapatite

particles, metal oxide particles and combinations thereof.

17.  The affinity chromatography device of claim 14, wherein first and second

inorganic particles have a single nominal particle size.

18.  The affinity chromatography device of claim 17, wherein said first and second

inorganic particles are of the same particle type.

19.  The affinity chromatography device of claim 17, wherein said first and second

inorganic particles comprise different particle types.
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20.  The affinity chromatography device of claim 14, wherein first and second

inorganic particles have different nominal particle sizes.

21.  The affinity chromatography device of claim 20, wherein said first and second
inorganic particles are of the same particle type.

22.  The affinity chromatography device of claim 20, wherein said first and second

inorganic particles comprise different particle types.

23.  The affinity chromatography device of claim 14, wherein said first
polytetrafluoroethylene membrane comprises first and second inorganic particles

having different nominal particle sizes.

24.  The affinity chromatography device of claim 14, wherein said second
polytetrafluoroethylene membrane further comprises the first inorganic particles

having the first nominal particle size.

25.  The affinity chromatography device of claim 14, wherein said first
polytetrafluoroethylene membrane further comprises third inorganic particles having
a third nominal particle size, and

wherein said second polytetrafluoroethylene membrane further comprises

fourth inorganic particles having a fourth nominal particle size.

26. The affinity chromatography device of claim 14, wherein said first and second
polytetrafluoroethylene r membranes are an expanded polytetrafluoroethylene

membrane.

27.  The affinity chromatography device of claim 14, wherein said affinity ligand is
selected from Protein A, Protein G, Protein L, human Fc receptor protein, antibodies,

polysaccharides and combinations thereof.

28.  The affinity chromatography device of claim 14, wherein said first nominal

particle size and said second nominal particle size are selected from about 0.1
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microns, about 0.5 microns, about 1 micron, about 5 microns, about 10 microns,

about 15 microns, about 20 microns and about 25 microns.

29. A method for separating a target protein or antibody from an aqueous mixture
comprising:
passing an aqueous mixture through a chromatography device comprising:
a housing;
first and second flow distributors, said first flow distributor and said
second flow distributor being positioned at opposing ends of said housing; and
a wound membrane assembly disposed within said housing, said
wound membrane assembly comprising:
at least one polytetrafluoroethylene membrane containing
therein inorganic particles having at least one nominal particle size; and
at least one impermeable layer,
wherein said at least one of said polytetrafluoroethylene membrane and said
inorganic particles has covalently bonded thereto an affinity ligand that reversibly
binds to a targeted protein or antibody, and
wherein in cross-section, the wound membrane assembly comprises said
polytetrafluoroethylene membrane in an alternating configuration with said
impermeable layer.

30. The method of claim 29, wherein said at least one impermeable layer

comprises at least one thermoplastic polymer membrane in a solid state.

31. A method for separating a target protein or antibody from an aqueous mixture
comprising:
passing an aqueous mixture through a chromatography device comprising:
a housing;
first and second flow distributors, said first flow distributor and said
second flow distributor being positioned at opposing ends of said housing; and
a wound membrane assembly disposed within said housing, wound
membrane assembly comprising:
a first polytetrafluoroethylene membrane containing therein first

inorganic particles having a first nominal particle size;
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a second polytetrafluoroethylene membrane containing therein
second inorganic particles having a second nominal particle size; and
at least one impermeable layer,
wherein at least one of said first polytetrafluoroethylene membrane, said
second polytetrafluoroethylene membrane, said first inorganic particles, and said
second inorganic particles has covalently bonded thereto an affinity ligand that
reversibly binds to a targeted protein or antibody;
wherein the at least one impermeable layer is stacked between the first and

second polytetrafluoroethylene membrane.

32. The method of claim 31, wherein said at least one impermeable layer

comprises at least one thermoplastic polymer membrane in a solid state.

33. A multi-well affinity chromatography device comprising:
a plurality of wells; and
a wound membrane assembly disposed within each of said wells, said wound
membrane assembly comprising:
a wound membrane assembly disposed within each of said wells, said
wound membrane assembly comprising:
at least one polytetrafluoroethylene membrane containing
therein inorganic particles having at least one nominal particle size; and
at least one impermeable layer,
wherein at least one of said polytetrafluoroethylene membrane and said
inorganic particles has covalently bonded thereto an affinity ligand that reversibly
binds to a targeted protein or antibody, and
wherein in cross-section, the wound membrane assembly comprises said
polytetrafluoroethylene membrane in an alternating configuration with said
impermeable layer.

34.  The multi-well affinity chromatography device of claim 33, wherein said at
least one impermeable layer comprises at least one thermoplastic polymer

membrane in a solid state.

35. A multi-well affinity chromatography device comprising:
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a plurality of wells; and
a wound membrane assembly disposed within each of said wells, said wound
membrane assembly comprising:
a first polytetrafluoroethylene membrane containing therein first
inorganic particles having a first nominal particle size;
a second polytetrafluoroethylene membrane containing therein second
inorganic particles having a second nominal particle size; and
at least one impermeable layer,
wherein at least one of said first polytetrafluoroethylene membrane, said
second polytetrafluoroethylene membrane, said first inorganic particles, and said
second inorganic particles has covalently bonded thereto an affinity ligand that
reversibly binds to a targeted protein or antibody;
wherein the at least one impermeable layer is stacked between the first and
second polytetrafluoroethylene membrane.

36.  The multi-well affinity chromatography device of claim 35, wherein said at

least one impermeable layer comprises at least one thermoplastic polymer

membrane in a solid state.
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