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AFFINITY CHROMATOGRAPHY DEVICES

FIELD
[6061] The present disclosure relates generally o affinity chromatography,
and more specifically to chromatography devices containing @ muiltilayered
membrane assembly that enables the separation of a targeted protein or antibody
from an agueous mixture.

BACKGROUND

{6062] 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. Forexample,
affinity chromatography provides a purification method that canisolate a targst
protein from g mixture of the targef 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 devicas while providing the same binding
capacity or better binding capacities than current offerings and that is re-useable.

SUMMARY

{0084] One embodiment relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positionad at
opposing ends of the housing, an inlet to permit fitid flow into the housing, an outiet
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
particte size and (2} at least one impermeable layer. The impermeable layer may
include af least one thermaoplastic polymer in a solid state. At least one polymer
membrane and/or the inorganic paticies has covalently bound thereto an affinity
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ligand that reversibly binds to a targeted protein or antibody. In one embodiment,
the inorganic particles may have a single nominal particle size. The impeimeable
layer may be formed of a thermoplastic polymer in a solid state. In ancther
embodiment, the inorganic particles may have a first nominal particle size and a
second nominal particle size. In yet another embodiment, 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
embodiment, the first and second inorganic particles are of the same particle type.
The inorganic particles have a nomina! particle size that may be about 5 microns,
about 10 microns, about 15 microns, about 20 microns, about 25 microns and
combinations thereof.

[0005] Ancther embodiment relates to an affinity chromatography device that
includes a housing, a first flow distributor and a second flow distributor positionad 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
impermeabie layer may include at least one thermoplastic polymer in a solid state.
At least one of the first polymer membrane, the second polymer membrang, and the
inorganic particles has covalently bound thereto an affinity ligand that reversibly
binds to a targeted profein or antibody. In one embodiment, the first and second
inarganic particles may have a single nominal particle size. In another embodiment,
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 fype 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.

{3086} A further embodiment relates o a method for separating a target
protein or antibody from an aqueous mixture that includes passing an agueous
mixture through a chromatography device that includes a housing, a first flow
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distributor and a second flow distributor positioned at opposing ends of the housing,
an infet to permit fluid flow into the housing, an outlet to permit fluld 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 impermeabile layer. The impermeable layer may include af least ons
thermaplastic polymer in a solid state. At least one polymer membrans and/or the
inorganic particles has covalently bound thereto an affinity ligand that reversibly
binds to a targeted protein or antibody.

[6007] Yet another embodiment refates to a method for separating a target
protein or antibody from an agueous mixture that includes passing an aguesous
mixture through a chromatography device that includes a3 housing, a first flow
distributor and a second flow distributor positioned at opposing ends of the housing,
an inlet to permit fluid flow info the housing, an outlet to permit fiuid 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
neninal particle size, and (3) at least one impermeable fayer. The impermeable
tayer may include at least one thermaoglastic 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] Ancther embodiment 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 impermeabie layer
may inciude at least one thermoplastic polymer in a solid state. Atleast one polymer
membrane and/or the inorganic particles has covalenfly bound thereto an affinity
ligand that reversibly binds to a targeted protein or antibody.

[6669] Yet another embodiment relates to a mudti-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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inciudes (1) a first polymer membrane containing thersin 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 inarganic particles has covalently bound
thereto an affinity ligand that reversibly binds to a targeted protein or antibody.,

{86010]  Afurther embodiment relates to an affinity chromatography device
that includes a housing, a first flow distributor and a second flow distributor
positioned al opposing ends of the housing, an inlet fo 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 confaining therein inorganic particles having at least cne nominal
particle size. The organic particles have both epoxide and aldehyde functional
groups attached thersto. At least one of the epoxide and aldehyde functional groups
has bonded thereto an affinity igand that reversibly binds to a targeted protein or
antibody.

{00013] Another embodiment relates to an affinity chromatography device that
includes a housing, a first flow distribufor 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 membrans assembly disposed
within the housing. The stacked membrane includes at least one palymer
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 affinily ligand that reversibly binds to a targeted protein or
aniibody.

BRIEF DESCRIPTION OF THE DRAWINGS
(006121  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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[86013] 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
alternating 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 fliustration of a cross-section of a
chromatography device containing a stacked membrane assembly according fo an
exemplary embodiment;

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

[00818] FIG. 8 is a schematic illustration 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;

008191 FIG. 7 is a schematic iflustration of a cross-section of a
chromatography device containing a wound membrang assembly having a polymer
membrane and a thermoplastic polymer in a solid state in accordance with an
embodiment;

[06028] FIG. 8 is an exploded view of a chromatography device containing a
spirally wound membrane assembly in accordance with an embodiment;

[§0821] FIG. 9Ads a schamatic illustration of a multi-well plate in accordance
with an embodiment of the invention;

{00022] FIG. 8Bis a schematic illustration of a portion of the multi-well plate
depicted in FIG. 9A showing a portion of a stacked membrane assembly positionad
on a porous substrate according to at least ong exemplary embodiment;

[00023] FIG. 10 is a graphical Hiustration of the dynamic binding capacity
(DBC) at twenty (20) second residence time at 10% breakthrough (milligrams 1gG
bound per milliliter bed volume) of various chromatography devices; and
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[08024] FIG. 11 is a graphical illustration of the dynamic binding capacity
{DBC) at sixty (80} second residence time at 10% hreakthrough (milligrams g3
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 apparaius
configurad 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 illustrate 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 aiso he
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 membraneg, such as a fluoropolymer
membrane, that contains therein inordanic particles. An affinity ligand may be
bonded to the inorganic particles andfor to the polymer membrane. The
chramatography device may be repeatedly used and may be cleaned with a caystic
solution between uses. In addition, the chromatography devicaes 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 Fe binding protein is the affinity ligand. In
chromatography devices where an antiboady, 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 micramolimi at 10% breakthrough.

{00027} The membrane assemblies described herein include at least ane
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 aboul 90 mass %, or from
about 50 mass % 1o about 85 mass % inorganic particles. Non-limiting examples of
suitable inorganic particles include, 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 8.5 microns, about 1

micron, about & microns, about 10 microns, about 15 microns, about 20 microns, or
about 28 micrans, or greater. Additionally, the inorganic particles may be either solid
or porous and may have a variety of sizes and shapes. Further, the inorganic
parficles may be monodisperse or polydisperse.

[00028] In an exemplary embodiment, the affinity ligand is covalently bonded fo
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 bonded to both the palymer 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 embodiment, the affinity igand is a protein that
reversibly binds, for example, to an Fc region of an antibody, an antibody fragment,
an Fc fusion protein, or an antibody/drug conjugate. In another embodiment, the
affinity ligand is an antibody, Profein L, or a polysaccharide that reversibly binds to a
proteiry or a protein fragment to which it is specific. Exemplary affinity figands for use
in the affinity chromatography device include, but are notlimited to, Protgin 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, or
synthetic. Inyet another embodiment, the affinity ligand is a metal affinity ligand that
reversibly binds to His-Tagged Proteins.

[00025]  In one embodiment, the membrane assembly includes at least one
polymer membrane that confains therein inorganic particles where the polymer
membrarnes are positioned in a stacked or layered configuration o form a stacked
membrane assembly. The term “stacked membrane assembly” is meant to denote a
chromatographic article that contains at least two palymer membranes positioned
such that one polymer membrane is located on ancther 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 containing
therein inorganic particles having at least one nominal particle size. ltis fo be
appreciated that the inorganic particles are described herein with respect to nominal
particle size {o take info consideration the variability of sizes and shapes of the
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inorganic particles. The arrow 5 depicts the direction of fluid flow through the
membrane assembly 10.

[00038]  In one exemplary embodiment, the polymer membrane 20 contains a
single type of inorganic particle having a single nominal particle size. Forinstance,
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 speciroscopy (XPS).

[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 membrane 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 (¢.g., 10 microns) of the
same or different inorganic particle {s.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 80/40 blend, a 25/75, or a 20/80 blend.

[00632]  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 sscond polymer
membrane 30 may contain inorganic particies 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 asis
exemplified in FIG. 2. The first and second polymer membranes 20, 30 may
alternatively be stacked in a non-alternating configuration. For instance, muttiple first
polymer membranes 20 may be posifioned on multiple second polymer membranses
30. In another embodiment, multiple polymer membranes 20 may be alternatively
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stacked with multiple second membranes 30 to form the membrane assembly 10.
Also, 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,

680331 The polymer membranes 20, 30 may be positioned in a stacked
configuration by simply laying 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 methods. | Embodiments
employing two polymer membranes that are co-expanded to produce a composite
membrane 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 together. 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 inorganic particles are of the same type in
both the first polymer membrane 20 and the second polymer membrane 30, For
gxample, both polymer membranes 20, 30 may include porous silica partticles.
Alternatively, the inorganic particles in the first and second membranes 20, 30 may
have different nominal particle sizes. In some embodiments, the inorganic particles
in the first polymer membrane 20 and the second polymer membrane 30 have the
same nominal padicle size or substantially the same nominal particle size.

{06035] 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 incrganic 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
membrans(s} 20, 30 may include a 50/50 mixture of a first nominal particle size (e.g.,
20 microns) and a second nominal particle size (e.g., 10 microns) of the same or
different inorganic particle. The mixture of inorganic particles within the first and/or
second polymer membrane 20, 30 may be any mixture, such as, for example, a
5050 biend, a 30/70 blend, a 80/40 blend, a 35/75, ora 20/80 blend. In at jeast one
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embodiment, the membrane assembly 10 includes first and second polymer
membranes 20, 30 that are formed of the same polymer membrane (8.qg.,
polytetrafiuoroethylene (PFTFE) membranes) and the inorganic particles are the same
{e.q., porous silica particles) but-the inorganic particles have different nominal
particle sizes {e.g., 20 micron silica pariicles 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 palymer(s). In one or more exemplary embodiment, at least
one of the polymer membranes is a fluoropolymer membrane. itis to be appreciated
that ane, or more than one, fluoropalymer membrane may form part or all of the
stacked membrane assembly 10. The fluoropolymer membranes may be derived
from the same flucropolymer source, from differsnt sources, or a combination
thereof. In at least one exemplary embodiment, the fluoropolymer membrane is a
polytetraflucroethylene {PTFE) membrane or an expanded polytetraflucrosthylene
{ePTFE) membrane. Expanded polytetrafluorosthylene (ePTFE) membranes
prepared in accordance with the methods described in U.S. Patent No. 7,306,729 to
Bacino ef af, U.8, Patent No. 3,553,566 1o Gore, U.S. Patent No. 5,476,588 1o
Bacing, or U.S. Patent No. 5,183,545 {o Branca efal. may be used herein. Further,
the fluoropolymer membrane may be rendered hydrophilic (e.g., water-wetitable)
using known methods inthe art, such as, but not limited to, the method disclosed in
U.S. Patent No. 4,113,912 to Okita, et al. A coating that effectively binds to a ligand,
suich as describad, for example, in U.S. Patent No. 5,897,855 to Drumheller, U.S.
Patent No. 5,914,182 o Drumhelier, or U.S. Patent No. 8,581,932 to Cleek, st al.
may be applied to the polymer membrane. '

000371 The fluoropolymer membrane may also include a polyiner material that
includes a functional tetrafluoroethylene (TFE) copolymer material where the
functional TFE copolymer material includes a functional copolymer of TFE and PSVE
{perfluorosulfonyt vinyl ether), or TFE with another suitable functional monomer,
such as, but not limited to, vinylidene fluoride (VDF), viny! acetate, or viny! 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 ef al. or U.8. Patent No.
8,658,707 to Xu ef af.

[B0038]  Itis to be undersiood that throughout the application, the term “PTFE”
is. utilized herein for convenience and is meant to include not only
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polytetrafluoroethylene, but also expanded PTFE, expanded modified PTFE, and
expanded copolymers of PTFE, such as described in, for example, U.S. Patent No.
5,708,044 to Branca, U.S. Patent No. 8,541,589 to Baillie, U.8. Patent No. 7,531,611
to Sabol et al., U.8. Patent No. 8,837,144 to Ford, and U.S. Patent No. 9,138,669 to
Xu, et al.

[00039] 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.
201470212612 {0 Shriglia, polyparaxylylene as taughtin U.S. Patent Publication Nos.
20160032069 and 20186/0136914 {o Shriglhia, VDF-co-(TFE or TrFE) polymers as
taught in U.S. Patent Publication Nos., 2016/0032071 and 2016/0075854 to Shriglia,
alternating poly(ethylene tetrafiuoroethylene polymers as taughtin U.S. Patent
Publication Neos. 2018/0031130 and 2016//0020430 to Shriglia. Also, the polymer
membrane may be, for example, a polyolefin membrane {e.g. polypropylene
membrane}. Arnorganic membrane {e.g., a cellulose-based membrane), a
structured hydrogel membrane, or an agarose membrane niay be used alone orin
conjunction with the polymer membranes in the membrane assemblies described
herein,

[60648] 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 flow within the membrane assembly. The stacked
membrane assembly may include 2, 3,4, 5,6, 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 polymser membranes may be present in the stacked
membrane assembly 10

[60841] 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,
from about 100 microns to about 5,000 microns, from about 500 microns to about
3,000 microns, or from about 850 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 polymer membrane.

[0042]  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 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
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 80, 70 may be formed of a thermoplastic ;iciymer such as
polyprapytene, polyethylene, or other polyolefins, Alternatively, the porous frit 40
may be formed of an inorganic or metallic material, so fong 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 agueous
mixture is redirected 80 degrees from the feed direction. This redirection prevents
the fiow from directly impinging on the polymer membrane and promotes a more
uniform flow front.

[606643] The polymer membranes in the stacked membrane assembly 10 may
be adherad to 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
membrane peariphery 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
infet 80 permits fiuid flow into the housing 50 and the outlet 85 permits fluid flow cut
of the housing 50. In use, the aquecus mixture flows sequentially through the
polymer membranes in the stacked membrane assembly 10 in the direction
ilustrated by arvow 5. As the ggueous mixture is passed through the
chromatography device 100, the affinity ligand reversibly binds to the targeted
protein or antibody, thereby effectively removing it 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.

{00044]  In a further embodiment depicted generally in FIGS. 5 and 6, at least
one polymer membrane having inorganic particles therein (such as the polyimer
membrane(s) described above) is wrapped around a perforated hollow or solid core
150 to form a wound membrane assembly 110. The wound membrane assembly
110 may be disposed within a housing 50 having a first flow distributer 80 and a
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second flow distributor 70 disposed at opposite ends of the housing §0. 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 polypropylene, polyethylene, or other
polyolefin. Additionally, the porous frit 40 may be formed of an inorganic or metallic
material, so long as the #it 40 does not hinder the aperation of the chromatography
device,

{08045] I some embodiments, such as is depicted in FIG. 5, the wound
membrane assembly 110 may be formed of g 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 therein 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 neminal particle size.
The first and second inorganic particles may be of the same type {e.g., porous silica)
or may be of different types (e.g., silica and zeolite), and may have the same or
different nominal patticle size(s). The mixture of inorganic particles within the
polymer membrane 20 may be any mixture, such as, for example, g 50/50 blend, a
30/70 blend, a 60/40 blend, a 25/75, or a 20/80 blend.

{00047 In a further embodiment, two (or more) polymer membranes may be
present in the wound membrane assembly 110. Forinstance, 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 withirrthe polymer membrang 30. When more than
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ong 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 membrang 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, it 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 discyssed 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 fluoropolymer film or a non-
fluoropolymer film {e.g., a polypropylens, polyethylane, or other polyolsfin film).
Additionally, the intermediate film may be porous or NOH-porous.

[00849] In some embodiments, the intermediate film is a thermoplastic or
thermoset polymer film. In at least one embodiment, 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 polymer 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 peint
of the polymer membrane 20. The thermoplastic polymer film 25 also binds the
membrane assembly 110 to the housing 50 and {0 the core 180. When the
thermoplastic polymer film 25 is coal, it forms a non-porous, solid, impermeable
structure {e.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 thermaplastic polymer film 25 forces the flow of the agueous
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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 pelymer
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.

{68038] When more than one polymer mambrane forms the wound membrans
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 fype 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 and/or type of inorganic
particles contained within the polymer membranes. 1t is to be appreciated that any
number of polymer membranes may be used.

[00051] As depicted in FIGS. 5-8 the wound membrane assembly 110 may be
disposed within & 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 an outlet 85 to permit the flow of an agqueous
mixture through the affinity chromatography device 100, Specifically, the inlet 80
permits fiuid flow into the housing 50 and the outlet 85 permits fiuid flow out of the
housing 50. In exemplary embodiments, the housing is eylindrical. The wournd
membrane assembly 110 may further include at least one porous it 40 positioned
normat to the wound membrane assembly 110 and adjacent to flow distributor 60
and/or flow distributor 70.

008521 Inone embodiment, the core 150 is solid and the flow distributor 80
contains an impingement surface so that the flow of the aguecus mixiure is
redirected radially from the feed direction. In an alternate embodiment, the core 150
is a hollow, porous core that enables the aqusous mixture to fiow outwardly from the
corg 150 and through the polymermembranea(s). Alternatively, the agueous mixture
flows through the polymer membrane(s) inwardly and into the core 150,

[66653] In use, the aqueous mixture flows throtigh the polymer membrane(s) in
the membrane assembly 110 in the direction lustrated by arrow 5§, orthogonal to the
areal thickness direction of the membrane. As theaquecus mixture is passed
through the chromatography device 200, the affinity ligand reversibly binds to the

i5



WO 2017/176522 PCT/US2017/024686

targeted protein or antibody, thereby effectively removing it 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 multilayer stacked
membrane assembly, or a spiral wound membrane assembly as described above
may be affixed to a multi-well plate 130 confaining a porous surface 90 separating a
iower chamber that can be operated at reduced pressure from an upper chamber
that is operated at a higher (e.g., atmospheric) pressure. in the embaodiment
depicted in FIGS. 9A and 88, 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 embaodiment, 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
to the polymer membranes 20.

{000653] The affinity chromatography devices described herein have a dynamic
binding capacity (DBC) of at least 30 mg/ml at 10% breakithrough at a residence time
of 20 seconds or less where an Fe binding protein is the affinity ligand. Where an
antibody, 3 non-Fe binding protein, or a polysaccharide is the affinity ligand, the
chromatography devices have a dynamic binding capacity {DBC) of at least 0,07
micromalim! at 10% breakthrough at a residence time of 20 seconds or less. In
addition, the chromatography devices may be used multiple times without losing
substantial dynamic binding capacity, Specificaily, the chromatography devices may
be cleaned with a caustic solution {g.g. sodium hydroxide) after each separation
process and reused.

[60056] Different functional membranes can be produced to bind affinity
ligands, such as Protein A, for use in the affinity chromatography devices described
herein. Process Path A and Process Path B (exemplified in Examples 7 and §,
respectively) describe two independent reaction pathways that lead fo the formation
of functional membrane having thereon an aldehvde functional groi.;p‘ Process Path
C (exemplified in Example 9) leads to the formation of g 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) lzads to the formation of a functional membrane
that has thereon a epoxide functional group. The immeobilization of Protein A to
different functfonal membranes (e.g., aldehyde, mixed aldehyde and spoxide, and
epoxide functional groups) is described in Examples 7-1Q. 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 result using
two different types of membrane, namely, one membrane containing silica having
one nominal particle size and the ather membrane having a 50/50 mixture of silica
having two different nominal particle sizes.

[80057] Although exemplary embodiments of the memibrane assemblies 10,
110 are describad herein, it is to be appreciated that any number of polymer
membranes as well as any and all combinations. of types of polymer membranes,
types of inorganic particles, 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 compgsition, thickness, penmeability, etc. from each sther.

[00038] Tne chromatography devices described herein-and components
thereof can be fabricated using various processes. In some embodiments, injection
molding may be used to fabricate the chromatography components provided herein.
Other suitable processes can include, but are not limited to, extrusion, compression
molding, solvent gasting and combinations thereof.

[00059] Persons skilled in the art will readily appreciate that various aspecis 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 to scale, but may
be exaggerated to lustrate various aspects of the present disclosure, and i that
regard, the figures should not be construed as limiting.

TEST METHODS
[00066] 1t should be understood that although certain methods and equipment
are described below, other methods or equipment determined suitable by one of
ordinary 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 single cycle consisting

of the following protocol was performed multiple times to generate the data shown in

FIG. 11, For the purpose of exarnining caustic solutions and their effect on dynamic

binding capacity, only a caustic clean in place {CIP) solution was used. Table 1 sets

forth the solutions utilized. Table 2 sefs forth the protoco! steps to determine the

dynamic binding capacity at 10% breakthrough.

Table 1
Solution Description
A 50 mM FPhosphate supplemented with
150 miM Sodium Chioride, pH ~ 7.4
B 100 mM Citrate, pH ~ 3.5
CIP 0.1 M NaOH
Feed 1.2-1.3 mg/mi. polyclonal IgG (Lee
‘ Biosciences) dissolved in Solution A
Storage 20/80 viv ethanoliwater
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Table 2
Yolume of Solution Used v Eged Vtcxiun;el

Step | Solution {Number of Bed Volumes) - olumetric Flow

Rate = Seconds

Residence Time
1 A 5 20
2 8 20
3 A 8 20
4 Feed Until Absorbance at 280 nm = 20

10% Breakihrough
5 A 3 20
6 10 20
3 20
15 minutes contact time at 1
8 CiP mL/min NIA
9 A g8 20
10 Water 8 20
11 Storage 8 20
19 Return to Step 1 and continue in this manner until the desired number of
- cycles is executed.
[00862] 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 80 seconds instead

of 20 seconds.

[00063]

at threefold faster volumetric flow rates than the commercial devices were evaluated

with the exception of the CIP steps, which were identical.

19

Thus, the chromatography devices described herein were svaluated
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EXAMPLES

Example 1 - Stacked Membranes

{80064] A porous polytetraflucroethylene (PTFE) membrang 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 membranes
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.
{80065
PTFE membranes.

Table 3 lists some of the physical characteristics of the two porous

Table 3
Porous . Noninal
Mass MNontinal
Porous Percent | Mass Nigi?:ai Porous M:a?;grisne Gurley F;i;:s
Membrane | Porous | Percent Particle Membrane Densit Number Bor
Silica | PTFE . Thickness ‘ fy (sec) il
Particles E.‘“ZQ {micron) (grams/cc) 12ze
{micron) {nm)}
A 85 15 10 850 .41 30 100
B 85 15 20 650 0.42 15 100
{00066] Porous membranes A and B were used to manufacture affinity

chromatography devices. A polypropylene flow distributor was affixed o one end of

a polypropylene cylinder housing. A porous polypropylene Trit 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

palypropylene frit was placed on fop of the PTFE membrane stack. A second
polypropylene flow distributor was affixed 1o the end of the cylindrical housing

opposite the first polypropylene flow distribuior. The chromatography device was

sealed via a heating process,
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Table 4
Membrane
Thickness .
Device Porous Orientation with Bed iﬂtggzﬁgesate
P p Membrane Respectto Fluid Volumas X =
Designation Used Flow Direction {mi) Permeabiity,
Duri ' ' kX102 om?
uring
e Characterization
10 layers of -
© membrane A Same 3.4 133
§ layers of
membrane A A
D and 5 layers of Same 3.5 182
membrane B
§ layers of
membrans A
E and 8 layers of Same 35 165
membrane B
5 layers of
membrane A
F and 5 layers of Same 35 201
membrane B
10 fayers of ,
© membrane B Same: 35 301

{00867] 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).

{08068] The affinity chromatography devices whose manufacture was
described above were lested 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 chromatography
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 boran (Commercial
Device 1) and the other commercial device was packed with agarese {Commercial
Deavice 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
threefold faster rates than the commercial affinity chromatography devices.

Example 2 ~ Spiral Wound Membrane

[00070] Porous PTFE Membrane B from Example 1 was used o construct a
spiral wound affinity chromatographic device. A length of PTFE Membrane B was
wound 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 cutting tool 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 split down its length to enable insertion of the
wouind 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 mi 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 freated in the same manner as the
device of Example 3 and, as a result, Protein A was covalently bonded to the wound
rembrang assembly.

[60072] It was discovered that when a test solution (water) flowed through
these chromatography devices at various volumetric flow rates, the permeability of
the wound membrane assembly was substantially greater than the permeability of
the stacked membrane assembly of Exampie 1. In the devices containing the wound
membrane assembly, the test solution flowed orthogonal to the areal thickness
direction of the membrans,

Example 3
[80473] 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 to be
appreciated that this method is applicable regardless 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.

[08874] 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.

[068875] A 3.5 mlL bed volume chromatography device was manufactured from
a porous polytetrafiuoroethylene (PTFE} membrane having 15 mass% PTFE and 85
mass% porous silica particles (Davisil® Sifica Unbonded Grades, XWP1000A, 16-24
pm, Grace, Baltimore, MD). A sfacked 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, Ing., Baltimore, MD) at a volumetric flow rate of 0.7 mb/min. Next 105 mlLofa
non-filtered solution of 5.885 grams of 3-glycidoxypropyltrimethoxy silane (G8720,
UCT Specialties, LLC, Bartram, PA) were dissalved i 84.5 ml of a solution of 85
parts by volume ethancl and 5 parts by volume deionized water and flowed through
the membrane assembly at a volumetric flow rate of 0.7 ml/min. The device was left
standing for about seventeen hours at room temperature: Then the device was
heated to 90°C and held at that temperature for two hours, followed by coaling the
device to room temperature for one hour, after which, the membrane assembly was
washed with 21 mL of a solution of 95 paris by volume ethanol and 5 parts by
volume deionized water at a volumetric flow rate of 0.7 mb/min.

[60876] 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
membrarie assembly ata valumetric flow rate of 0.7 mb/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 mi of
10 mM acetate buffer, pH = 4.2, The 10 mM acstate buffer, pH=4.2 was prepared by
combining 3,952 mL of deionized water with 40 mb of 1M acelic acid (Sigma-Aldrich,
Saint Louis, MO} and 8 mL of 1M sodium hydroxide {8igma-Aldrich, Saint Louis,
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MO}, Then, 120 mL of 10 mM acetate buffer was combined with 5417 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 mUmin. The device was then left to
react for ninety minutes af room {emperature, followed by flowing through the
membrane assembly, 21 mL of 10 mM acetate buffer, pH-=4.2. This was followed
by flowing through the membrans assembly, 21 mi of 2 0.01M sndium carbonate
buffer, pH = 10.9 at a volumetric flow rate of 0.7 mb/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).

[08077]  Next, 21 mbL of a4 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. 4 mg/mL 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 Protsin A solution..

[60678] The membrane assembly was then washed at a volumetric flow rate of
0.7 mLimin with 21 mb 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 chiodde. This was followed by another wash step
using 21 mbL of 0.01M sodium carbonate buffer, pH=10.9 at a volumetric flow rate of
0.7 mUmin, Then, 31.5 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 assembly at a volumetric flow rate of 0.26 mL/min. This was followed by
flowing through the membrane assembly 31.5 mb of a 0.05 M phosphate buffer
solution, pH=7 4, at a volumetric flow rate of 0.7 mLU/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 moncbasic monchydrate
{Sigma-Aldrich, Saint Louis, MO), 11.393 grams of sodium phosphate dibasic
heptahydrate (Sigma-Aldrich, Saint Louls, MO) and 8.766 grams of sodium chioride.
The membrane 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 mL of a solution of 20 parts by volume sthanol and 80 parts by volume deionized
water, The device was then equipped with inlet and outlet caps and stored at 4°C to
8°C.

Example 4

[008791 This example iliustrates a second method for covalently binding Protein
A toa 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 fo an affinity
chromatography device that containg a stacked membrane assembly, t is to be
appreciated that this method is applicable regardiess of the orientation or
configuration of the porous membrane relative to the fluid fow 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 assembled,

[00680] This method is different from the method described in Example 3 in the
following aspects. An aldehyde silane (PSX1050, 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,
upon comparison of this method and the method of Example 3.

joa081] 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.

000821 A 3.5mL bed volume chromatography device was manufactured from
a porous membrane sheet including polytetrafluorpethylene (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 ym, Grace,
Baltimore, MD). A stacked membrane assembly was produced, The membrane
assembly was washed with 21 mb of a solution of 95 parts by volume ethanol
{Sigma-Aldrich, Bt. Louls, MO} and 5 paris by volume deionized water (Neu-lon, Inc.,
Baltimore, MD) at a volumetric flow rate of 0.7 mbl/min, 10.5 mL of an unfiltered
solution of 3.21 grams of aldehyde silane (PSX1050, UCT Speciallies, LLC, Bartram,
PA) dissolved in 97.0 mi 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 volumstric
flow rate of 0.7 mb/min. The device was left standing for about seventeen hours at
roam temperature. Then the device was healed o 80°C and heid at that
temperature for two hours, followed by cooling the device to room temperature for
one hour, after which, the membrang assembly was washed with 42 mbL of a8 solution
of 95 parts by volume ethanol and 5 parts by volume deionized water at a volumetric
flow rate of 0.7 mUmin. The membrane assembly was then washed with 21 mbLof a
0.01M sodium carbonate buffer, pH = 10.9 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).

[00083] Next. 21 mb 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 temperature. The 4 mg/mb solufion of Profein Acwas 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 sdlition (Repligen tSPA, Waltham, MASS). After
about 17 hours, the Protein A solution recirculation process was stopped and the
recirculated solution’s absorbance at 280 nni was measured and comgared to that of
the freshly prepared 4 mgfmb Protein A solution. .

[00884] The membrane assembly was then washed af a volumetric flow rate of
0.7 mUmin with 21 mb of a second 0.01M sodium carbonate buffer, pH=10.5, which
had peen prepared by combining 1000 mb of deionized water, 1.06 grams sodium
carbonate and 58 4 grams sodium chioride. This washing was followed by a wash
step using 21 mb of 0.0TM sodium carbonate buffer, pH=10.9 at a volumetric flow
rate of 0.7 mL/min. Then 31.5 mL of a 1 mg/mb sodium borohydride {Sigma-Aldrich,
Saint Louis, MO} solution in 0.01M sodium carbonate buffer was flowed through the
membrane assembly at a voltumetric 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
huffer 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), 11,393 grams of sodium phcsphéte dibasic
heptahydrate {Sigma-Aldrich, Saint Louis, MO) and 8.766 grams of sodium chioride.
Then the membrane assembly was washed with 21 mb of deionized waterat g
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volumetric flow rate of 0.7 mL/min. Then the membrane assembly was washed with
21 mlb of a solution of 20 parts by volume ethanol and 80 parts by volume deionized
water. The device was then equipped with inlet and outlet caps and stored at 4°C to
8°C.
[00035]
polyclonal 1gG for one cycle and then it was evaluated with a crude Chinese Mamster

The devite prepared as described in this example was evaluated with

Ovary (CHO)cell clarified culture medium {Aragen, Margan 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 menoclonal
antibodies from a crude CHO cell clarified culture medium.

Example 5 - Stacked Membrane Device Including Porous Silica Mixture

{04986] A porous polytetrafiuorosthylene {(PTFE) membrane having 85 mass
percent porous silica particles (Davisil® Sifica Unbonded Grades, XWP1000A, 16-24
um, Grace, Baltimore, MD) 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,

{606871 Table 5 lists some of the physical characteristics of the membrane
obiained. )
Table 5§
Mass P;;?czs Nominal Por oﬁ s Nominal
Porous percent Mass nominal porous membrane Gurley porous
membrane | porous | percent particle membrana denéity Number | silica
partiotes | | sizes | (EHCSS | gramsice)  (56¢) | Pofe sz
{micron}
C 85 15 10 & 20 650 342 1G 100
000881 Porous PTFE membrane C was used to manufacture an affinit
, Y

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

polypropylene frit was placed on top of the PTFE membrane stack. A second
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polypropylene flow distributor was affixed to the end of the cylindrical housing
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opposite the first polypropylene flow distributer. The chromatography device was

sealed via a heating process.

Yable 6
Device Porous Membrane thickness Bed Volume | Intermediate
Designation membrane arientation with respect to {mb) device
used fluid flow direction during permeability, &
_ 7 characterization X102 cm?
10498664 12 layers of Same 38 303
membrane C
j004889] 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

membrane assembly.

{00890] The affinity chromatography device was then tested fo evaluate its 10%

dynamic binding capacity at twenty (20} second residence time using the protocol
dascribed in Test Methods set forth herein. It was determined that the affinity

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

bed volume at 20 seconds residence time.

Example § — Spiral Wound Membrane Device Including Porous Silica

Mixture
(00091}

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

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

wound about a solid core with a lathe and mermbrane 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 dimensionad wound membrane assembly was

inserted within a properly dimensioned cylindrical polyprapylene housing after the

housing had been split down its length to 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
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via a heating process thereby producing an intermediate chromatography device of
3.5 mb bed volume.

[06892] 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 fo the wound
membrane assembly. I was discovered that when a test solution (water) flowed
through the affinity chromatography device at various volumetric flow rates, the
permeability 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 fo 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.

[08093] The invention of this application has been described above both
generically and with regard to specific embuodiments. it will be apparent to those
skilled in the art that various modifications and variations can be made in the
embodiments without departing from the scope of the disclosure. Thus, it is intended
that the embodiments cover the modifications and variations of this invention
provided they come within the scope of the appended claims and their equivalents.

{000%4] Example 7 - Process Path A

[060095] A 1.0 mk bed velume, stacked membrane chromatography device was
manufactured from afirst porous polytetrafluoroethylene (PTFE) membrane {(PTFE
Membrane X} having 15 mass% PTFE and 85 miass% porous sHlica 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 polytefrafluoroethylene {PTFE)
membrane (FTFE Membrane Y) having 15 mass% PTFE and 85 mass% porous
gitica particles, {Grace, Baltimore, MD}. The membrane had a 50/50 by mass mixture
of silica particles having a nominal particie size of 20 microns and of & nominal
particle size of 10 microns. A second stacked membrane assembly was produced.

008561  The two membrane assemblies were each washed with 20 ml. of a
solution of 95 parts by volume ethano! (Sigma-Aldrich, St. Louis, MO} and 5 parts by
volume deianized water (Neu-lon, Inc., Baltimore, MD) at a volumetric flow rale of
0.2 mb/min. Next, 6.0 mL of a non-fittered solution of 5.885 grams of 3-
glycidoxypropyitrimethoxy silane (G6720, UCT Specialties, 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
valume dejonized water was flowed through sach of the two membrane assemblies
at g volumetric flow rate of 0.2 mLimin. The devices remained about 20.5 hours at
room temperature with their infet and outlet parts closed o prevent evaporation of
solvent.

[B0097]  Nexi the devices were weighed with their inlet and eutiet ports closed.
Then the devices were placed in a 90 °C oven after removing their inlet and outlst
port caps. The devices were held at 90 °C for 2.5 hours, foliowed by cooling the
devices to room temperature for one hour, after which, the membrane assemblies
were again weighed. Nexi, the membrane assemblies were washed with 12 mL of a
sojution of 95 parts by volume ethanot and 5 parts by volume deionized water at a
volumetric flow rate of 1.0 mb/min.

[00098] Then, the membrane assemblies were treated with a solution of sulfuris
acid and deionized water, pH = 0.8, by flowing 6 mL of the solution through the
membrang assembly at a volumetric flow rate of 0.2 mL/min, followed by heating at
80 °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 =42,
The 10 mM acetate buffer, pH=4.2 was preparad by combining 3,852 mi of
deionized water with 40 mL 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
mi acetate buffer was combined with 5.35 grams of sodium 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 to react for ninety
minutes at room temperature, followed by flowing through the membrane
assemblies, 6 mbL of 10 mM acetate buffer, pH = 4.2 at 0.2 ml/min. This was
followed by flowing through the membrane assembliss, 6 mbL of a 0.01M sadium
carbonate buffer, pH = 10.8 at a volumetric flow rate of 0.2 mUmin. The 0.01M
sodium carbonate buffer, pH=10.9, was prepared by combining 1000 mb of
deionized water with 1.08 grams of sedium carbonate (Sigma-Aldrich, Saint Louis,
MO} and 5.84 grams of sodium chioride (EMD Chemicals, Inc., Gibbstown, NJ).

[060991 Next, 8 mb of a 4 mg/mlb solution of Protein A was Sowed through the
device in a recirculating flow pattern at a volumetric flow rate of 0.2 mLimin for about
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19 hours at room temperature. The 4 mgfmlb 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 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 {o each of the membrane assemblies
following this recirculation process.

[6061606] The membrang assemblies were then washed at a velumetric flow rate
of 0.2 mUmin with 9 mL of a second 0.01M sodium carbonate buffer, pH=10.5,
which had been prepared by combining 1000 mL of deionized water, 1.06 grams
sodium carbonate and 58.4 grams sodium chioride. This was followed by another
wash step using 9 mb of 8.01M sodium carbonate buffer, pH=10.9, whose
preparation was described above, at a volumetric flow rale of 0.2 mi/min. 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 mb/min. This was followed by flowing through the
membrane assemblies 8 mb of a 0.05 M phosphate buffer solution, pH=7.3, at a
volumetric flow rate of 0.2 mL/min. The 0.05 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 Louis,
MO}, 11.393 grams of sodium phosphate dibasic heptahydrate {Sigma-Aldrich, Saint
Louis, MO) and 8.768 grams of sodium chioride. The membrane assemblies were
then washed with 8 mL of deionized water at a volumetric flow raté of 0.2 ml/min.
Nexi, the membrane assemblies were 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 o 8°C.

{000101] The membrane assemblies were {ested {0 oblain their 1gG 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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{000182] Example 8 -Process Path B

[800103] A 1.0 mL bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafluorcethylene (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 (FTFE Membrane Y} having 15 mass% PTFE and 85 mass% porous
silica particles, {Grace, Baitimore, MD), comprising a 50/50 by mass mixtura of silica
particles of a nominal particle size of 20 microns and of a nominal particle size of 10
microns. 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 (Neu-ton, Inc., Baltimere, MD) at a volumetric flow rate of
0.2 mL/min. Next, 6.0 mL of a non-filtered solution of 4.815 grams of
butanalltrimethoxy silane (PSX1050, UCT Specialties, LLC, Bartram, PA) dissolved
in 95.5 mL of a solution of 95 parts by volume sthanol 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 sclvent.

{004105] Next, the devices were weighed with their inlet and outlet ports closed,
Then the devices were placed in @ 80 °C oven after removing their inlet and outlet
port caps. Thedevices were held at 80 °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 mlL of a
solution of 85 parts by volume ethancl and 5 parts by volume deiohized water ata
volumetric flow rate of 1.0 mb/min,

{004106] 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 ml/min. The 0.01M scdium carbonate buffer,
pH=10.8, was prepared by combining 1000 mL of dejonized water with 1.06 grams of
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sodium carbonate (Sigma-Aldrich, Saint Louis, MO) and §.84 grams of sodium
chloride (EMD Chemicals, Inc., Gibbstown, NJ}.

[600107] Next, 8 mb of 3 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 ml/min for about
18 hours at rcom temperature. The 4 mg/mL solution of Protein A was prepared by
combining 468 mb 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 asbout 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/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.

[080108] The membrane assemblies were then washed at a volumetric flow rate
of 0.2 mL/min with 12 mL of a 8.01M 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.
This was followed by flowing through the membrane assemblies 12 mL of deionized
water at g volumetric flow rate of 0.2 mU/min. Next, the membrane assembliss were
washed with 8 mL of a-solution of 20 parts by volume ethano! and 80 parts by
volume delonized water at a volumetric flow rate of Q.2 ml/min. The membrane
assemblies were then equipped with inlet and outlet caps and stored at 4°C to 8°C.

{606189] The membrane assemblies were tested to obtain their IgG dynamic
binding capacities at 10% breakthrough at 20 seconds residence time ag described
in the dynamic binding capacity test method. The results appear in Table 7.

[000118] Example 9 ~ Process Path €

jGi111] A 1.0 miL bed volume, stacked membraneg chromatography device was
manufactured from a first porous polytetrafiuoroethylene (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 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
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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.

[{006112] The two membrane assembiies were each washed with 12 mb of a
solution of 95 parts by volume ethanol {Sigma-Aldrich, St. Louis, MQ) and 5 parts by
volume deionized 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-
glycidoxypropylirimethoxy sitane (G6720, UCT Specialties, LLC, Bartram, PA) and
2408 grams of butanaltrimethoxy silane (PSX1050, UCT Specialties, LLC, Bartram,
PA) dissolved in 85 mbL of 3 solution of 95 parts by volume ethanol 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 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 outist 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 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 85 parts by volume ethanol and 5 parts by volume dejonized water at a
volumetric flow rate of 1.0 ml/min.

[000114] The membrane assemblies were then washed by flowing 12 mbL of
deionized water at a volumetric flow rate of 1 mbimin. This was followed by flowing
through the membrane assemblies, 12 mL of a 0.01M sodium carbonate buffer, pH =
10.8 at a volumetric flow rate of 8.2 mL/min. The 0.01M sodium carbonate buffer,
pH=10.8, was prepared by combining 1000 mlb of deionized water with 1.06 grams.of
sodium carbonate (Sigma-Aldrich, Saint Louis, MO) and 5.84 grams of sodium
chloride (EMD Chemicals, inc., Gibbstown, NJ).

[080115] Next, 8:mL of a 4 mg/mi 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 mL of the pH=10.2 sodium carbonate buffer, pH = 10.9, prepared
garlier and 4 mb of a 50 mg/mbL Protein'A solution (Repligen r8PA, Waltham,
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 {o each of the membrane assemblies
following this recirculation process.

[080116] 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 =10.8, whose
preparation was described above. Then, 12 mb of a 1 mg/mi. sodium borchydride
(Sigma-Aldrich, Saint Louis, MO) solution in 0.01M sodium carbonate buffer was
flowed through the membrane assemblies at a volumstric flow rate of 0.1C mL/min.
This was foliowed by flowing through the membrang assemblies 24 ml of deionized
water at a volumetric flow rate of 0.2 mb/min. Next, the membrane assemblies were
washed with 6 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 mL/min. The membrane
assemblies were then equipped with inlet and outlet caps and stored at 4°C {0 8°C.

{000117] The membrane assemblies were tested to obtain their 1gG dynamic
binding capacities at 10% breakthrough at 20 seconds residence time as described
in the dynamic binding capacily test method. The resulls appear in Table 7,

{060118] Example 10 « Process Path D

[000119] A 1.0 mb bed volume, stacked membrane chromatography device was
manufactured from a first porous polytetrafiucroethylene (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 a second porous polytetraflucroethylene {PTFE)
membrane (PTFE Membrane Y) having 15 mass% PTFE and 85 mass% porous
silica pariicles, {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.

[00612¢] 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 mb of a non-filtered solution of 5.885 grams of 3-
glycidoxypropylirimethoxy sitane {(G&720, UCT Specialties, LLC, Bartram, PA)
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dissolved in 84.5 mL of a solution of 95 parts by volume ethanol and & parts by
volume deionized water was flowed through each of the two membrane assemblies
at a volumetric flow rate of 0.2 mUmin. The devices remained about 18 hours at
raom temperature with their intet 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 80 °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 o room temperature for one hour, after which, the membrane assemblies
were again weighed. Next, the membrane assemblies wers 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 ¢f 1.0 mU/min.

[066122] The membrane assemblies were then washed by flowing 12 mbL of
deionized water at a volumetric flow rate of 1 mU/min. This was followed by flowing
through the membrane asseniblies, 12 mb of a 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=10.8, was prepared by combining 1000 mi of deionized water with 1.06 grams of
sodium carbonate (Sigma-Aldrich, Saint Louis, MO)Y and 5.84 grams of sodium
chioride (EMD Chemicals, Inc., Gibbstown, NJ).

{000123] Next, 8 mbL of a 4 mg/ml solution of Protein A was flowed through the
membrane assembly in a recirculating flow pattern at a volumetric flow rate of 0.2
mb/min for about 18 hours at room temperature. The 4 mgfmi solution of Protein A
was prepared by combining 48 mb of the pH=10.8 sodium carbonate buffer, pH =
10.9, prepared earlier and 4 mL 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 solutions' absorbance at 280 nm were measured
and compared to that of the freshly prepared 4 mg/mi. Protein A solution. In this way
it was shown that Protein A was bonded o each of the membrane assemblies
foliowing this recirculation process.

[{600124] The membrane assemblies were then washed af a volumetric flow rate
of 0.2 mL/min with 12 mb of a 0.01M sodium carbonate buffer, pH = 10.9, whose
preparation was described above. Then, 12 mL of a 1 mg/mb 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 mbL/min.
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This was followed by flowing through the membrane assemblies 24 mL of deionizad

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

washed with & 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 mi/min. The membrane

assemblies were then equipped with inlet and outlet caps and sfored at 4°C {o 8°C.

[800125] 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 ¥
Process seconds residence ima o (mofm) at20
PTFE Membrane X PTFE Membrane Y
Erocass Path A 37 49
Sreeans Pt a9 24
&?oaénezlsé;}ath c 40 4
rocens Paih D 48 Il
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1. An affinity chromatography device comprising:
a housing;
an injet to permit fuid flow into said housing;
first and second flow distributors, said first flow distributor and said sscond
flow distributor being positioned at opposing ends of said housing;
an outiet to permit fluid flow out of said housing, and
a wound membrane assembly disposed within said housing, said wound
membrang assembly comprising:
at least one polymer membrane containing thereirt inorganic parlicles
having at least one nominal particle size; and
at least one impermeable layer,
wherein said at Jeast one of said polymer membrane and said inorganic
particles has covalently bonded thereto an affinity ligand that reversibly binds fo a
targeted protein or antibody.

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

3 The affinity chromatography device of claim 1, wherein said inorganic
particles are selected from silica, zeolites, hydroxyapatite, metal oxides and
combinations thereof.

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

8. The affinity chromatography device of ¢laim 1, wherein said polymer
membrane comprises first inorganic particles having a first nominal patticle size and
second inorganic particles having a second nominal particle size.
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7. The affinity chromatography device of ¢laim 8, wherein said first and second
inarganic particles are of the same particle type.

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

9. The affinity chromatography device of claim 1, wherein said polymer
memhbrane is an expanded flucropolymer 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 first particle size
is selected from about 0.1 microns, about 0.5 microns, about 1 micron, about 5
microns, about 16 microns, about 15 micrans, about 20 microns and about 25
microns,

12.  The affinity chromatography device of claim 1, wherein in cross-section, the
membrane assembly comprises said polymer membrane alternating with said
fluorapolymer mambrane.

13,  The affinity chromatography device of claim 1, wherein said thermoplastic
polymer is selected from polypropylene, polysthylene, fluorinated ethylene propylene
and combinations thereof.

14,  Ansffinity chromatography device comprising:

a housing;

an intet to permit fuid 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 cutlet to permit fluid flow out of said housing, and
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a wound membrane assembly disposed within said housing, said wound
membrane assembly comprising:
g first polymer membrane containing therein first inorganic pariicles
having a first nominal particle size;
a second polymer membrane containing therein second incrganic
patlicles having a second nominal particle size; and
at least one impermeable layer,
wherein said at least one of said first polymer membrane, said second
polymer 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.

15.  The affinity chromatography device of claim 14, wherein said at least one
impermeable layer comprises at least one thermopiastic 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, zeolites, hydroxyapatite, metal oxides

and combinations thereof,

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

18.  The affinity chromatography device of claim 17, wherein said first and second
inarganic particles comprise different particle types.

20.  The affinity chromatography device of claim 14, wherein said first inorganic

particles comprise a first nominal particle size and said second inorganic particles
comprise a second nominal particle size.
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2%1.  The affinity chromategraphy device of claim 20, wherein said first and second
inorganic particles are of the same particle fype.

22.  The affinily chromatography device of claim 20, wherein said first and second
inorganic particles comprise different particte types.

23.  The affinity chromatography device of claim 14, wherein said first polymer
membrane comprises first inorganic particles having a first nominal particle size and
second inorganic particles having a second nominal particle size.

24.  The affinity chromatography device of claim 14, wherein said second polymer
membrane comprises first inorganic particles having a first nominal particle size and
second inorganic particles having a second nominal particle size.

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

wherein said second polymer membrane comprises second inorganic
particles having a third nominal particle size and second inorganic particles having a
fourth nominal particle size.

26.  The affinity chromatography device of claim 14, wherein said polymer
membrang is an expanded flucropolymer membrane.

27.  The affinity chromatography device of claim 14, wherein said affinity ligand is
selected from Protein A, Protein G, Protein L, human Fo receptor protein, antibodigs,
polysaccharides and combinations thereof.

28. The affinity chromatography device of claim 14, wherein said first nominal
particle size and said second nominal particle size is selected from about 0.1
microns, about 0.5 microns, about 1 micron, about § microns, about 10 microns,
about 15 microns, about 20 microns and about 25 microns.
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29. A method for separating a target protein or antibody from an agueous mixture
comprising:
passing an agueous mixture through a chromatography device comprising:
a housing;
first and second flow distributors, said first flow distributor and said
sgcond flow distributor being positioned at opposing ends of said housing; and
a wound membrane assembly disposed within said housing, said
stacked membrane assembly comprising:
at least one polymer membrane containing therein inarganic
particles having at least one nominal particle size; and
at least one impermeable layer,
wherein said atf least one of said polymer membrane and said inorganic
particles has covalently bonded therefo an affinity ligand that reversibly binds 1o a
targeted protein or antibody.

30.  The affinity chromatography device of claim 28, wherein sald at least one
impermeable layer comprises at least one thermoplastic polymer membrane in a
solid state.

31, Amethod for separating a target protein or antibody from an aqusous mixture
comprising:
passing an agueous mixture through a chromatography device comprising:
a housing;
first and seconhd 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 polymer membrane containing therein first inorganic
particles having a first nominal particle size;
a second polymer membrane containing therein second
inorganic particles having a second nominal particle size; and

at least one impermeable layer,



WO 2017/176522 PCT/US2017/024686

wherein said af jeast one of said first polymer membrane, said second
polymer membrane, said first inorganic particles, and said second inorganic particles
has covalently bonded thersto an affinity ligand thaf reversibly binds to a targeted
protein or antibody.

32.  The affinity chromatography device of claim 31, wherein said at'least one
impermeable layer comprises at least one thermoplastic polymer membrane in &
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 said housing, said
stacked membrane assembily comprising:
at least ong polymer membrane containing therein inorganic
paiticles having at least one nominal particle size:; and
at least one impermeable layer, ,
wherein said at least one of said polymer membrane and said inorganic
particles has covalently bonded thereto an affinity ligand that reversibly binds to a
targeted protein or antibody.

34.  The multi-wall affinity chromatography device of claim 33, wherein said at
least one impermeahie layer comprises at least one thermoplastic polymer
menbrane in a solid state.

35. A multiswell 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 polymer membrane containing therein first inorganic particles
having a first nominal particle size;
a second polymer membrane containing therein secend inorganic
particles having a second nominal particle size; and
4
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at least one impermeable fayer,
wherein said atleast ong of said first polymer membrane, said second
polymer 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.

36, The multi-wall affinity chromatography device of claim 38, wherein said at
teast one impermeabile layer comprises at least one thermoplastic polymer
membrane in a solid state.

37, An afiinity chromatography device comprising:

a housing;

an inlet fo 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 autlet to permit fluid flow out of said housing, and

a wound membrang assembly disposed within said housing, said wound
membrane assembly comprising at least one polymer mambrane containing therein
inorganic particles having at least one nominal particle size,

wherein said inorganic particles have both epoxide and aldehyde functional
groups attached therete, and

wherein at least one of said epoxide and aldehyde functional groups has
bonded thereto an affinity ligand that reversibly binds to @ targeted protein or
antibody.

38.  The affinity chromatography device of claim 37, wherein the wound
membrane further comprises at least one impermeable layer.

38, The affinity chromatography device of claim 37, wherein said at least one
impermeable layer comprises at least one thermoplastic polymer membrane in a
solid state.

40,  An affinity chromatography device comprising:
a housing;
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an inlet to permit fiuid flow into said housing;

first and second flow distributors, said first flow distributor and said second
flow distributor positioned at opposing ends of sald housing;

an outlet to permit fluld flow out of said housing, and

a.stacked membrane assembly disposed within said housing, said stacked
membrane assembly comprising at least one polymer 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 funéticnat group has
bonded thereto an affinity ligand that reversibly binds {0 a targeted protein or
antibody.
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