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DESCRIPTION

TECHNICAL FIELD

[0001] The present invention relates generally to compositions for use in biological and
chemical separations, as well as other applications. More specifically, the present invention
relates to hybrid felts that are fabricated from electrospun nanofibers with high permeance and
high capacity.

BACKGROUND OF THE INVENTION

[0002] Microfiber and nanofiber membranes, or "felts", have a variety of different uses for
both biological and industrial applications. For example, felts are useful in providing for textile
reinforcement, protective clothing, catalytic media, agricultural applications, sensors for
environmental, medical, and military monitoring, biomedical applications (e.g., bioseparations,
tissue engineering and wound dressings), electronic applications (e.g., capacitors, transistors
and diodes), and space applications (e.g., solar sails and backing structure for space mirrors).
Microfiber and nanofiber felts are particularly well suited for purifying biological substances,
such as proteins, nucleic acids, carbohydrates, bacteria, viruses, cells, and the like. They are
useful in all fluid applications, both liquid and gaseous.

[0003] The biopharmaceutical therapeutics industry is expanding as more and more
biopharmaceuticals are approved for sale. In addition, biologically based diagnostic tools are
widely used to perform high throughput, sensitive diagnostic testing of various disease states.
For both therapeutics and diagnostics, biological substances (e.g., recombinant proteins,
monoclonal antibodies, viral vaccines, and nucleic acids) must be efficiently produced and
purified for use.

[0004] Conventional purification methodologies include the separation of desired biological
substances from byproducts and other contaminants using, for example, packed mcirobeads
for adsorption/chromatography, ultrafiltration, and precipitation/crystallization. These
conventional separation methods provide adequate results for many biological applications, but
are limited in terms of yield, processing time and degree of purity. These limitations are
primarily due to slow diffusion rates of relatively large biomolecules, which limits the ability of
the substance being purified (i.e., the "target substance") to access available binding sites
deep within the separation matrix. In addition, these systems can only be used for a limited
number of cycles, and some can only be used once.

[0005] lon-exchange (IE) and hydrophobic interaction (HI) adsorption/ chromatography are
two examples of more robust conventional separation technologies that are widely used for
separation of biological substances. They are generally less efficient overall than separation
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technologies based on specific affinity, such as antibody-based separations, but if separation
conditions are carefully selected, they are still useful for purifying many target substances from
undesirable byproducts and impurities.

[0006] While affinity-based adsorption/chromatography may be more efficient than IE and Hl,
it is generally more difficult and expensive to manufacture, because of the complexity of
producing and purifying biological ligands, such as monoclonal antibodies and nucleic acids.
Such ligands are also often very sensitive to environmental conditions (e.g., temperature, pH,
ionic strength, etc.) and can easily become deteriorated such that the affinity interaction
required for adsorption is destroyed. In addition, the binding interaction is sometimes difficult to
disrupt without harsh conditions that may lessen the biological activity and hence the
usefulness of the target substance and/or the reusability of the purification media.

[0007] Membranes that are useful for purification of biological substances have been
described. (See, e.g., Bioprocessing for Value-Added Products from Renewable Resources,
Shang-Tian Yang, Ed., Chapter 7.) Recently, membrane adsorption/chromatography using
nanometer diameter fibers constructed into mats of controlled thickness (i.e., "nanofiber felts")
has shown great promise for use in bioseparations (Todd J. Menkhaus, et al., " Chapter 3:
Applications of Electrospun Nanofiber Membranes for Bioseparations", in Handbook of
Membrane Research, Stephan V. Gorley, Ed.) Such nanofiber felts are superior to microfiber
felts, because pore sizes, affinity characteristics, as well as other performance criteria, can be
more precisely controlled.

[0008] An article by Zeeshan Khatri et al. with the title "Effect of deacetylation on wicking
behavior of co-electrospun cellulose acetate/polyvinyl alcohol nanofibers blend” discloses
cellulose acetate (CA) nanofibers webs having good water retention properties. Cellulose
acetate (CA)/polyvinyl alcohol (PVA) blended nanofibers are disclosed to be prepared via co-
electrospinning using double nozzle for jetting cellulose acetate and polyvinyl alcohol
independently.

[0009] An article by M. Webster et al. with the title "Tunable Thermo-Responsive Poly(N-
vinylcaprolactam) Cellulose Nanofibers: Synthesis, Characterization, and Fabrication” discloses
temperature-responsive  PVCL homopolymers and functional PVCL polymers containing
carboxylic acids as prepared in organic and aqueous solutions. PVCL bulk polymers are

characterized using 'H NMR, photometry, ATR-FTIR, and thermal analysis. A finite phase
transition at 37-40 °C occurs in aqueous solutions of PVCL and PVCL-COOH. PVCL and
PVCL-COOH polymers are electrospun into fibers ranging from 100 to 2300 nm in diameter.
PVCL/cellulose bi-component films are obtained by electrospinning of CA and PVCL followed
by alkaline hydrolysis.

[0010] While previously described single component nanofiber felts have provided promising
results, they are often less efficient than would be desirable in terms of stability of the felts, as
well as material and time requirements. This is particularly true when the target substance is
only present in the starting material to be purified at a low concentration, and contaminants
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and/or the byproducts of synthesis are abundant. Thus, there exists a need to improve the
stability of the felts and the purification efficiency of biological products. The embodiments
disclosed below satisfy that need.

SUMMARY OF THE INVENTION

[0011] The following simplified summary provides a basic understanding of some aspects of
the claimed subject matter. This summary is not an extensive overview, and is not intended to
identify key/critical elements or to delineate the scope of the claimed subject matter. Its
purpose is to present some concepts in a simplified form as a prelude to the more detailed
description that is presented below.

[0012] In one embodiment, the present invention relates to an electrospun hybrid nanofiber
felt that comprises a composite nanofiber and a single component nanofiber. The composite
nanofiber comprises a mixture of derivatized cellulose and a first non-cellulolse-based polymer,
wherein the single component nanofiber comprises a second non-cellulose-based polymer,
which preferably is the same or different from the first non-cellulose-based polymer. In
accordance with the present invention, the first and second non-cellulose-based polymers are
differentially removable from the nanofiber felt. This means that conditions exist (either using
solvents or heat, or a combination of solvent and heat) that result in one of the non-cellulose-
based polymers being removed to a greater extent than the other (e.g., 10% difference in
removability, or more, such as 20% or 50%.)

[0013] The derivatized cellulose in the composite nanofiber may be an organic ester of
cellulose, an inorganic ester of cellulose, or an alkylcellulose. The organic ester of cellulose
may be cellulose acetate, cellulose triacetate, or cellulose proprionate.

[0014] When the derivatized cellulose is an inorganic ester, it may be cellulose nitrate and
cellulose sulfate, and when it is an alkylcellulose, it may be hydroxyethyl cellulose or
carboxymethyl cellulose.

[0015] The first non-cellulose-based polymer may be a synthetic or natural polymer, such as a
vinyl polymer, a polyether, an acrylic polymer, a polyester, a polycarbonate, a polyurethane, a
polysaccharide (e.g., starch or chitin), a polyamide (e.g., protein or gelatin), polylactide,
polyglycolide, or a copolymer thereof.

[0016] In one embodiment, the second non-cellulose-based polymer that forms the single
component nanofiber is a synthetic polymer, such as a vinyl polymer, a polyamide, a polyimide,
a polyester, or a copolymer thereof.

[0017] In another embodiment, the present invention is an electrospinning method of making
the above-described nanofiber felt that can be described in the following steps: a) separately
preparing a composite polymer spin dope and a single component polymer spin dope; b)
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placing the spin dopes in two different spinnerets; ¢) applying voltage to each spin dope with
an electrode; d) separately electrospinning composite and single component nanofibers from
the spinnerets; and e) collecting the solidified nanofibers as either randomly overlaid or
partially aligned nanofiber felt.

[0018] The nanofiber felt as formed can be further processed by regenerating the derivatized
cellulose in the composite nanofiber (i.e., converting it back to cellulose). The method of
making the nanofiber felt may also include the additional steps of removing some or all of the
non-cellulose-based first polymer from the composite nanofiber. Alternatively or in addition to
these steps, the method of making the nanofiber felt may also include the step of surface
functionalization of one or more of the polymer nanofibers in the nanofiber felt. Such surface
functionalization may entail attachment of an affinity ligand that has specific affinity for a
particular target molecule to be purified from a fluid.

[0019] In yet another embodiment, the present invention is a method of purifying biomolecules
from a fluid that can be described in the following steps: preparing a nanofiber felt according to
the method just described; b) flowing the fluid through the nanofiber felt; and recovering the
biomolecules from the nanofiber felt.

[0020] Other aspects of the invention are found elsewhere in the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG 1 is a schematic representation of the electrospinning process.

DETAILED DESCRIPTION OF THE INVENTION

[0022] The present invention relates generally to hybrid felts composed of electrospun
nanofibers used, for example, for chemical and biological separations. The hybrid nanofiber
felts have a high separation capacity and provide reproducible performance over multiple
cycles under both high flow and high pressure. Such nanofiber felts exhibit complex
interconnected, three-dimensional porous structures and relatively large surface areas.

[0023] In particular, the hybrid nanofiber felts are composed of more than one polymer type
(i.e., they are "hybrid" felts.)

[0024] The felts of the present invention are composed of more than one polymer type (i.e.,
they are "hybrid" felts.) This means that they are hybrid felts made from a combination of
single component nanofibers and "composite" nanofibers (e.g., the nanofibers are made from
a mixture of two or more materials) into the "hybrid" felt. For the "composite" nanofiber, the
"backbone polymer" is a derivatized cellulose, and the first non-cellulosic polymer is capable of



DK/EP 2959509 T3

being removed from the fiber/felt by exposing it to an elevated temperature or chemical
solvents, or both an elevated temperature and chemical solvents. In some embodiments, the
removal of the first non-cellulosic polymer simultaneously converts the derivatized cellulose
back to cellulose, i.e., the cellulose is "regenerated.”

[0025] The nanofibers in the felts of the present invention are manufactured using an
electrospinning technique. This refers to the manufacture of fibers based on exposure of an
extruded polymer "spin dope" to an electrostatic field which results in elongation of the
extruded polymer "jet" into a nanofiber.

[0026] These and other exemplary aspects of the invention are explained in greater detalil
below.

Definitions

[0027] In the description that follows, a number of terms are extensively utilized. The following
non-limiting definitions provide a clear and consistent understanding of the specification and
claims, including the exemplary scope to be given such terms.

[0028] When the terms "one," "a," or "an" are used in this disclosure, they mean "at least one"
or "one or more," unless otherwise indicated.

[0029] The terms "invention" or "present invention" as used herein are intended to be non-
limiting and are not intended to refer to any single embodiment of the particular invention but
encompass all possible embodiments as described in the specification and the claims.

[0030] The term "permeance" as used herein refers to the flux of fluid passing through the
nanofiber felt per unit thickness of the felt, per unit pressure drop. Permeance is considered to

be "high" if it is above 500 L/(min m2 10° Pa).

[0031] The term "flux" refers to the flow rate of fluid passing through the nanofiber felt per unit
time, per unit of facial area exposed to the flow.

[0032] The term "capacity" as used herein refers to the amount of product bound per unit of
adsorbent. Capacity for protein adsorption is considered to be "high" if it is above 100 mg of
protein/g adsorbent.

[0033] The terms "membrane”, "felt", and "mat" as used herein are interchangeable and refer
to a non-woven or randomly overlaid collection of fibers.

[0034] The term "nanofiber felt" as used herein refers to a collection of nanofibers in a
substantially planar array, which may also include microfibers added for strength, enhancing
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flux, etc.

[0035] The term "microfibers" as used herein refers to fibers with diameters larger than 1.0
micrometer, and generally between 1.0 micrometer and 1.0 millimeter.

[0036] The term "nanofibers" as used herein refers to fibers with diameters smaller than of 1.0
micrometer, and generally between 10 nanometers and 1.0 micrometer, such as between 200
nm and 600 nm.

[0037] The term "hybrid nanofiber felt" as used herein refers to a non-woven or randomly
overlaid collection of fibers consisting of at least two types of polymers in a combination of
single component fibers or composite fibers with either at least one other single component
fiber or at least one other composite fiber.

[0038] The term "single component nanofibers" as used herein refers to nanofibers produced
from a single polymer.

[0039] The term "single component nanofiber felt" as used herein refers to the accumulation
of many single component nanofibers into a non-woven or randomly overlaid collection of
fibers.

[0040] The term "composite nanofibers" as used herein are nanofibers produced from at least
two different polymers.

[0041] The term "moderately elevated temperatures” as used herein refers to temperatures
between 24 and 110°C.

[0042] The term "differentially removable" as used herein that, when the hybrid nanofiber felt
consists of at least two non-cellulose-based polymers, conditions can be selected (elevated
temperature and/or solvent exposure) to remove one of the non-cellulose-based polymers to a
greater degree (at least 10% different, and up to 100% vs. 0%) than the other non-cellulose-
based polymer.

[0043] The term "solvent" as used herein refers to any single component liquid or mixture of
liquids capable of dissolving one or more components of the nanofiber felt.

[0044] The term "spin dope" as used herein refers to the polymer solution that is used in the
electrospinning process.

[0045] The term "electrospinning" as used herein refers to the application of electric forces to
the spin dope to form the nanofibers.

[0046] The term "thermally stable" as used herein means that the polymer does not
disintegrate in the temperature range from 50-110°C.
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[0047] The term "chemically stable" as used herein means that the polymer is not soluble in
solvents such as water or common organic solvents (e.g., alcohols and hydrocarbons), and
their mixtures.

Derivatized Cellulose

[0048] Cellulose is the structural component found in the cell walls of plants and algae. It is
also secreted by some bacteria. As such, cellulose is the most abundant organic compound on
Earth. It is derived from D-glucose units linked together into a straight chain polymer via 3(1-4)
glycosidic bonds. For biological and industrial applications, it is purified from plants, wood pulp
or cotton, and converted into many useful substances, such as paper, cellophane, rayon,
biofuels, efc. The usefulness of cellulose can largely be attributed to its physical properties. It is
odorless, hydrophilic, relatively insoluble, exhibits very low non-specific binding, and it is
biodegradable.

[0049] While cellulose-based separation media have many advantages, they unfortunately
suffer from being chemically unstable (i.e., they degrade) in strong acids and bases.
Additionally, the dissolution of cellulose requires the use of special solvent mixtures such as N-
methylmorpholine-N-oxide (NMMOQO) and water, or lithium chloride and N,N-dimethylacetamide.
This limits the use of cellulose-based media to operations that do not require harsh
regeneration conditions, which are often required in the biopharmaceutical industry to meet
strict cleaning regulations required by the FDA.

[0050] Cellulose fibers are conventionally produced via wet spinning and involve derivatization
of the cellulose beforehand, since it is very difficult to electrospin cellulose directly from solution
or melt. In order to prepare cellulose nanofibers, research efforts have been dedicated to
electrospinning cellulose derivatives, such as cellulose acetate. Unlike cellulose, cellulose
acetate is soluble in many common solvents such as acetone. Cellulose acetate can be
electrospun into nanofibers and regenerated cellulose nanofibers can be produced by
subjecting the nanofibers to post-spinning treatment of hydrolysis/deacetylation.

[0051] Accordingly, in the practice of the present invention, one of the polymers in the hybrid
nanofiber felt is derivatized cellulose. Cellulose can easily be derivatized using well known
methods by converting the -OH group of the individual glucose units into other moieties with
more or less reactivity, varying charges, efc. Such derivatized cellulose species exhibit
enhanced stability when exposed to solvents and other desirable physical properties. Many
cellulose derivatives are readily commercially available. Exemplary derivatized cellulose
species include, for example: organic esters (cellulose acetate, triacetate, propionate, acetate
propionate, acetate butyrate); inorganic esters (cellulose nitrate, cellulose sulfate); and alkyl
cellulose (hydroxyethyl cellulose, carboxymethyl cellulose).

[0052] The hybrid nanofiber felts of the present invention will usually have a majority by mass
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(i.e. 51% or greater) of derivatized cellulose, such as greater than 60% or 70%.

Non-Cellulose-Based Polymers

[0053] While the majority by mass in the hybrid nanofiber felt is derivatized cellulose,
incorporation of additional types of fibers within the felts provide functionality needed for
applications of the felts. Accordingly, it is desirable to have additional fibers within the felts
because they can provide increased mechanical strength to the felt, allow for multiple
functionalities to be incorporated into the felt, provide stability to the manufacturing process,
and other aspects as explained elsewhere herein. Indeed, it was unexpectedly discovered by
the present inventors that including even a small proportion of non-cellulosic-based polymers
in the hybrid nanofiber felt improved the electrospinning process and also allowed for tailoring
of the finished product for a variety of biological and industrial applications, especially when the
hybrid nanofiber felt consisted of both a composite nanofiber and a single component
nanofiber.

[0054] Synthetic polymer nanofibers (e.g., those produced from vinyl polymers and acrylic
polymers) offer a wide range of chemical functionalities for bioseparations and other
applications. By combining different polymeric units, the surface chemistry of the resulting fiber
can be controlled as part of the electrospinning process, providing direct functionality to the
produced nanofiber. As an alternative, and similar to conventional micrometer scale fibers, the
surface functionality of polymer nanofibers can be chemically modified post-electrospinning to
accommodate specific functionality requirements for various bioseparation applications
(discussed below). Functionalization chemistries are well known in the polymer arts. They also
generally withstand harsh cleaning regimens associated with bioprocesses. Exemplary
functionalization chemistries are also discussed in more detail elsewhere herein.

[0055] Synthetic carbon-based adsorptive media and filtration membranes are often much
more chemically robust than cellulose-based media, and thus can be used when strong acids
and bases are required for cleaning the separation media between uses. Furthermore, hybrid
nanofibers that include both cellulose-based and non-cellulose-based polymers (e.g.,
polyacrylonitrile and polyvinyl alcohol) exhibit even higher specific surface area and greater
mechanical strength when compared to single component cellulose or single component
synthetic polymer nanofibers. Accordingly, there is an observable synergy when composite
nanofibers include both cellulose and non-cellulose-based polymers.

[0056] Many polymers have been successfully electrospun into nanofibers, including (1)
thermoplastic homopolymers such as vinyl polymers, acrylic polymers, polyamides, polyesters,
polyethers, and polycarbonates, (2) thermoplastic copolymers such as vinyl-co-vinyl polymers,
acrylic-co-acrylic copolymers and vinyl-coacrylic polymers, (3) elastomeric polymers such as
triblock copolymer elastomers, polyurethane elastomers, and ethylene-propylene-diene-
elastomers, (4) high performance polymers such as polyimides and aromatic polyamides, (5)
liquid crystalline polymers such as poly(p-phenylene terephthalamide) and polyaramid, (6)
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textile polymers such as polyethylene terephthalate and polyacrylonitrile, (7) electrically
conductive polymers such as polyaniline, as well as (8) biocompatible polymers (ie.
"biopolymers") like polycaprolactone, polylactide, chitosan and polyglycolide. As described, the
polymer may also be a copolymer of two or more of the above-named polymer species.

[0057] Examples of the additional polymers that can be added into the hybrid nanofiber felts
are electrospun as single component nanofibers from polyacrylonitrile (PAN), polyimides,
polyamides (nylon 6, nylon 6,6, nylon 6,10, efc.), polyesters (polyethylene terephthalate, efc.),
as well as copolymers thereof.

Composite Nanofibers

[0058] The hybrid nanofiber felt of the present invention includes a composite nanofiber. This
is partly due to the fact that the electrospinning process used to make nanofibers from single
component derivatized cellulose solutions can be unstable and result in poor yields, low
efficiency (long times and many interruptions), poor quality nanofibers (large size distribution,
fragile, etfc.) with only a single chemical functionality. Therefore, in order to efficiently make
large quantities of high quality nanofiber felts with multiple functionalities, in accordance with
claim 1, a cellulose derivative is combined with at least one non-cellulose-based polymer that
stabilizes the electrospinning process.

[0059] The non-cellulose-based polymer of the composite nanofibers of the present invention
may consist of synthetic carbon-based polymers that are removable from the nanofiber felt by
exposing it to an elevated temperature and/or solvents. Exposure of the nanofiber felt to either
a mixture of solvents or a combination of elevated temperature and solvents can occur
simultaneously or sequentially. The presence of the non-cellulose-based polymer during the
electrospinning process also enhances nanofiber stability and other aspects of the process, as
explained elsewhere herein.

[0060] Synthetic polymer nanofibers (e.g., those produced from vinyl polymers and acrylic
polymers) offer a wide range of chemical functionalities for bioseparation applications. By
combining different polymeric units, the surface chemistry of the resulting fiber can be
controlled as part of the electrospinning process, providing direct functionality to the produced
nanofiber. As an alternative, and similar to conventional micrometer scale fibers, the surface
functionality of polymer nanofibers can be chemically modified post-electrospinning to
accommodate specific functionality requirements for various bioseparation applications
(discussed below). Synthetic polymer nanofibers offer a tremendous range of potential
functionalization chemistries to serve a wide variety of uses. Such functionalization chemistries
are well known in the polymer arts. They also generally withstand harsh cleaning regimens
associated with bioprocesses.

[0061] Many polymers have been successfully electrospun into nanofibers, including (1)
thermoplastic homopolymers such as vinyl polymers, acrylic polymers, polyamides, polyesters,
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polyethers, and polycarbonates, (2) thermoplastic copolymers such as vinyl-co-vinyl polymers,
acrylic-co-acrylic copolymers and vinyl-coacrylic polymers, (3) elastomeric polymers such as
triblock copolymer elastomers, polyurethane elastomers, and ethylene-propylene-diene-
elastomers, (4) high performance polymers such as polyimides and aromatic polyamides, (5)
liquid crystalline polymers such as poly(p-phenylene terephthalamide) and polyaramid, (6)
textile polymers such as polyethylene terephthalate and polyacrylonitrile, (7) electrically
conductive polymers such as polyaniline, as well as (8) biocompatible polymers like
polycaprolactone, polylactide, and polyglycolide.

[0062] Exemplary non-cellulose-based polymers for making composite nanofibers include, for
example, polyethylene oxide, poly(vinylpyrrolidone), poly(vinyl acetate), poly(vinyl alcohol),
polysaccharides (chitin, starch, etc.), polystyrene, and poly(methyl methacrylate).

[0063] The non-cellulose-based polymer is normally present in the composite nanofibers in an
amount of 49% or less by mass, such as 30%, 25%, eftc.

Electrospinning

[0064] Electrospinning is a technique that utilizes electric forces alone to drive the spinning
process and to produce polymer fibers from solutions or melts. Unlike conventional spinning
techniques (e.g. solution- and melt-spinning), which are capable of producing fibers with
diameters in the micrometer range (approximately 5~25 um), electrospinning is capable of
producing fibers with diameters in the nanometer range. Electrospun polymer nanofibers
possess many extraordinary properties including the small fiber diameter and the concomitant
large specific surface area, the high degree of macromolecular orientation and the resultant
superior mechanical properties. Additionally, felts made of electrospun polymer nanofibers
exhibit controlled pore sizes when compared to nanofibers that are made using other
fabrication techniques. Unlike nanorods, nanotubes and nanowires that are produced mostly
by synthetic methods, electrospun nanofibers are produced through a "nano-manufacturing
process", which results in low-cost nanofibers that are also relatively easy to assemble and
process into applications.

[0065] In general, the formation of nanofibers is a delicate and complicated balance of three
major forces involved in the electrospinning process, including the electrical force, the surface
tension, and the viscoelastic force. Among these three forces, the electrical force always favors
the formation of the product with the highest surface areas. The surface tension always favors
the formation of the product with the smallest surface areas. The viscoelastic force is a force
which varies significantly with the evaporation of the solvent and is the main reason preventing
the breakup of the electrospinning jet/filament into droplets. When the electrical force is
dominant, viscoelastic force works against the electrical force. When surface tension is
dominant, viscoelastic force works against surface tension.

[0066] Theoretically, the smallest nanofibers are capable of being formed under two
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conditions: (1) when the excess charge density carried by the electrospinning jet is high, and
(2) when the time period is long enough and the viscoelastic force is high enough to prevent
the capillary breakup of the jet/filament but low enough to allow the electrical force to effectively
stretch the jet. For condition (1), it has been found that the addition of soluble electrolytes to
the spin dope (e.g., addition of strong electrolytes such as NaCl to polyethylene oxide aqueous
solution) can significantly increase the excess charge density carried by the jet and cause the
formation of smaller diameter nanofibers. This method, however, also creates negative effects
such as (a) a smaller flow rate and the resulting decrease in nanofibers productivity, and (b)
the contamination of the prepared nanofibers by the electrolytes. The removal of the
electrolytes without sacrificing the properties of nanofibers may be difficult.

[0067] For condition (2), further understanding of jet solidification is required. In general, the
jet solidification is closely related to the volatility of solvent. If the solvent volatility is too high,
the time period for effectively stretching the electrospinning jet/filament is short. Consequently,
fibers with relatively large diameters will be obtained. If the solvent volatility is too low, the
electrospinning jet/filament is likely to break up into droplets with the stretching. Consequently,
beads and/or beaded fibers will be obtained.

[0068] The electrospinning process generally includes three steps: (1) initiation of the
electrospinning jet/filament and the extension of the jet along a straight trajectory; (2) growth of
the bending instability and the further elongation of the jet, which allows the jet to become very
long and thin while following a looping and spiraling path; and (3) the solidification of the jet
through solvent evaporation or cooling, which leads to the formation of nanofibers. Figure 1
schematically shows the process of electrospinning (Hao Fong, In Polymeric Nanostructures
and Their Applications, Volume 2: Applications: Chapter 11, Electrospun Polymer, Ceramic,
Carbon/Graphite Nanofibers and Their Applications, Hari S. Nalwa Editor, American Scientific
Publishers, Los Angeles, CA (ISBN: 1-58883-070-5), 2007, pp. 451-474.

[0069] An exemplary electrospinning process can generally be described as follows:

Step 1: As shown in Figure 1, a spin dope (e.g., a polymer solution) is placed in a container
with spinneret (1), and DC high voltage (2), usually in the range from 5-40 kilovolts, is applied
to the solution through an electrode (e.g., a copper wire)(3). An electrically grounded collector
(4) is placed at a certain distance (known as the gap distance)(5) away from the spinneret. The
gap distance may range from a few centimeters up to one meter. When the electrostatic field
reaches a critical value, and the electric force overcomes surface tension and viscoelastic
forces, a jet/filament is ejected and travels straight for a certain distance (known as the jet
length).

Step 2: The jet then starts to bend, forming helical loops. This phenomenon is termed "bending
(or whipping) instability." Typically, the bending instability causes the length of a jet to elongate
by more than 10,000 times in a very short time period (50 ms or less). Thus, the elongational

rate during the bending instability is extremely high (up to 1,000,000 s'1). This extremely fast
elongational rate can effectively stretch the chain of macromolecules and closely align them
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along the nanofiber axis.

Step 3: The jet solidifies, either though evaporation of the solvent or when the melt cools below
the solid-liquid transition temperature. The longer the solidification time, the more the jet can
be lengthened. The solidification time is related to many factors such as solvent vapor
pressure, solvent diffusivity, volumetric charge density carried by the jet, and strength of the
applied electrostatic field.

Optional Post-Electrospinning Processing

[0070] After solidification of the collected nanofibers, there are certain additional steps that
can be performed in order to "customize" the nanofibers for particular uses. Exemplary
additional steps are discussed below:

a. Removal of the First Non-Cellulosic Polymer

[0071] In some cases, one or more of the polymers, and in particular the non-cellulose-based
polymer present in a composite nanofiber, can be removed using elevated heat and/or
solvent(s). Removal of the first non-cellulosic polymer provides additional surface area and
improved porosity of the remaining cellulose-based polymer. This is because after removal of
the non-cellulose-based polymer, the cellulose-based polymer has controlled-sized "pores” left
behind where the non-cellulose-based polymer used to occupy space. This additional "void
space" provides greater surface area on the resultant nanofiber felt that can, for example,
increase adsorptive binding capacity for separations, improve selectivity of size-based
separations, and improve throughput from additional porosity. Removing the non-cellulose-
based polymer negates the opportunity for multiple functionalities (that had been present within
the composite nanofiber) directly present on the remaining cellulose-based polymer nanofiber.

b. Cellulose Regeneration

[0072] Following preparation of the "as electrospun" nanofibers, the derivatized cellulose can
be converted into cellulose through the process of regeneration. The regenerated cellulose will
have the same properties as pure native cellulose described previously. The regeneration
process is completed by contacting nanofibers containing derivatized cellulose with, for
example, a strong base (e.g., sodium hydroxide), or other solvent. Following the regeneration
reaction for conversion to cellulose, the nanofibers can be washed to remove any excess
solvent used during the process.

c. Surface Functionalization




DK/EP 2959509 T3

[0073] After the preparation of hybrid nanofiber felts, the fiber surfaces may be functionalized.
Non-limiting examples of functionalization include the addition of ion-exchange groups such as
weak or strong acids, and bases (e.g., carboxylic acids and amines), hydrophobic groups such
as phenolic compounds, and affinity ligands such as antibodies or enzyme substrates.

[0074] For use in bioseparation, the hybrid nanofiber felts of the present invention are ideally
biologically inert, meaning that they should resist non-specific binding of insoluble solids such
as cells and cellular debris, as well as unwanted interactions with proteins, sugars, nucleic
acids, viruses, and other soluble components present in many biologically produced systems.

[0075] In addition, nanofiber felts for use in bioseparation should exhibit several qualities: (1)
small diameter fibers to allow for the largest amount of specific area (this criterion is most
important for adsorption processes and less important for strictly size-based separations
discussed below); (2) well controlled and narrow pore size distribution between fibers to allow
for even flow distribution during adsorptive applications and for a tight size cutoff for size-based
separations; (3) fibers should have excellent mechanical and chemical stability to withstand
potentially high operating pressures and harsh cleaning conditions; and (4) fibers should have
a well defined and spatially consistent size and chemical composition.

[0076] For adsorption processes, where macromolecular products such as proteins, nucleic
acids, and viruses are the predominant targets, the extremely large specific surface area
associated with nanofiber felts provides an enormous number of potential binding sites for
adsorptive bioseparations. Nanofibers can be modified to contain a tremendous number of
binding sites and adsorption occurs almost exclusively on the surface of the fibers, which
makes the binding sites immediately available without requiring the relatively large target
molecule to diffuse internally. Internal diffusion can often limit the capacity for many adsorption
processes of bioproducts when using traditional porous resin beads. In addition, because the
nanofiber membranes can be made from many different chemistries, the adsorption ligand can
be tailored to meet the needs of a particular separation (e.g., ionic, hydrophobic, and affinity).
In some cases the ligand can be incorporated into the nanofiber from the source materials
during electrospinning, or alternatively the surface can be chemically modified to provide the
desired adsorbing agent after producing the nanofiber.

[0077] Two of the most important characteristics of the separation operation are that, (1) flow
is through micro- and macro-pores of the felt (as opposed to tightly packed resin beads), and
(2) that adsorption takes place on the surface of the fibers, where no internal diffusion is
required. These factors reduce concerns of high-pressure drops with elevated flow rates, and
eliminate the slow intra-particle diffusion required for adsorption within resin beads. It has been
shown that the binding capacity of biomolecules to currently available adsorptive felts is similar
in magnitude to resin beads, but can operate at processing flow rates over 10 times faster than
packed beds. These factors allow for much faster processing times and potentially higher
binding levels for purifying valuable biological products. This is highly desirable, especially for
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large biomolecules (molecular weights greater than 250 kDa, and/or hydrodynamic diameters
of 20-300 nm), because they are extremely difficult to purify using packed beds due to the
severe mass transfer limitations within the small pores of resin beads.

[0078] The surface of the nanofiber felts of the present invention can be modified to provide
ion-exchange and hydrophobic interaction chemistry. Simple chemical modification such as
sulfonation of polystyrene fibers with sulfuric acid has been used to produce a cation exchange
medium. Grafting, atom transfer radical polymerization (ATRP), and plasma treatments have
been used to create ion-exchange surface functional groups as well as three-dimensional
tethers from a variety of polymeric substrates including polypropylene, polyvinylidene
difluoride, polysulphone, and others. Phenyl and butyl groups can also be introduced as
hydrophobic interaction ligands. Often times, the surface of polymer membranes must be
further modified for greater hydrophilicity to discourage non-specific binding. This has been
accomplished by introduction of poly(ethylene glycol) and other polyols onto the surface.

[0079] The ion exchange capacity of a hybrid nanofiber felt can also be enhanced by
introducing, for example, diethylaminoethyl (DEAE) groups as a weak anion exchange ligand
or carboxylic acid as a weak cation exchange ligand.

d. Surface Functionalization with Antimicrobials

[0080] In one embodiment of the present invention, the non-cellulose-based polymer is
polyacrylonitrile (PAN). Fibrous membranes of PAN have been widely adopted in filtration due
to thermal stability, high mechanical properties, and chemical resistivity. Electrospun PAN
nanofiber felts have been of particular interest due to properties such as small fiber diameters
and the concomitant large specific surface areas, as well as capabilities to control pore sizes
among nanofibers and to incorporate antimicrobial agents at nanoscale. Felts consisting of
nanofibers with antimicrobial functionality have attracted growing attentions due to the
concerns about qualities of purified water and/or filtered air as well as the processing costs.
Water and air filters (particularly those operating in the dark and damp conditions) are
constantly subject to attacks from environmental microorganisms. The microorganisms (such
as bacteria) that can be readily captured by the filters grow rapidly, resulting in the formation of
biofilms. Consequently, the buildups of microorganisms on the filter surfaces deteriorate the
qualities of purified water and/or filtered air; additionally, they also have the unfavorable effects
on the flow of water and/or air.

[0081] Moreover, the contaminated filters with biofilms are difficult to clean. Usually, high
pressure is required during the operation. This in turn increases the costs. Reported methods
incorporate antimicrobial agents (such as N-halamine and silver ions/nanoparticles) directly
into spin dopes, thus the molecules/particles of antimicrobial agents are distributed throughout
the nanofibers (Xinbo Sun, Lifeng Zhang, Zhengbing Cao, Ying Deng, Li Liu, Hao Fong, and
Yuyu Sun. "Electrospun Composite Nanofiber Fabrics Containing Uniformly Dispersed
Antimicrobial Agents as an Innovative Type of Polymeric Materials with Superior Anti-Infective
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Efficacy". ACS Applied Materials and Interfaces, 2(4), 952-956, 2010.)

[0082] However, this often leads to process problems, primarily because the high content of
antimicrobial agents can seriously affect the process of electrospinning and/or deteriorate the
properties of the resulting nanofibers. A potential solution to these problems is to introduce
antimicrobial functionality onto nanofiber surfaces after the nanofibers are produced (Lifeng
Zhang, Jie Luo, Todd J. Menkhaus, Hemanthram Varadaraju, Yuyu Sun, and Hao Fong.
"Antimicrobial Nano-fibrous Membranes Developed from Electrospun Polyacrylonitrile
Nanofibers". Journal of Membrane Science, 369, 499-505, 2011.)

[0083] It is known that the nitrile (-C=N) groups in PAN can be chemically converted into
amidoxime (-C(NH2)=NOH) groups. The amidoxime groups can coordinate with a wide range
of metal ions including silver ions, and the coordinated silver ions can be reduced into silver
nanoparticles. Both silver ions and silver nanoparticles are antimicrobial agents with high
antimicrobial efficacy.

e. Other Examples

[0084] A promising alternative to packed bed chromatography and other separation
technologies is the use of the hybrid nanofiber felts of the present invention as selective
adsorptive membranes. This style of adsorption utilizes the nanofiber felts as the support for
ligands that are used during the selective adsorption process.

[0085] Selective adsorption involves "active" surface functionalization of the hybrid nanofiber
felt, which allows for direct capture (adsorption) of target substances. Such modification is
simplified if the hybrid nanofiber felts include chemical moieties on their surfaces that are
relatively simple to chemically modify to provide adsorption sites.

[0086] Unlike modifying nanofiber surfaces for ion-exchange and hydrophobic interaction
functionality, incorporating affinity ligands onto the nanofiber can be more challenging. Often,
the process requires first modifying the surface to create coupling sites for immobilization of
the ligand, followed by attachment of the ligand to the active site. Importantly, both the initial
surface modification and the coupling of ligand should be robust as not to leach during
processing.

[0087] In some cases, simple carboxyl groups from grafting methacrylic acid onto the surface
can act as the active coupling site by creating a covalent amide bond between the
functionalized carboxyl group and an exposed amine group on a protein ligand. Similarly,
strong oxidation of cellulose (if controlled properly) can provide aldehyde groups on the fiber
surface that can form a covalent attachment to primary amines of a protein (including Protein A
and Protein G); especially through the amino acid lysine. In other cases, surface
functionalization with a general affinity dye (e.g., Cibacron Blue, capable of binding some
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proteins) can be coupled directly to a cellulose nanofiber.

[0088] More elaborately, bio-active sites for protein ligand immobilization can be incorporated
into the nanofiber backbone during nanofelt construction. One example of this is using poly
ethylene glycol (PEG) with poly D,L lactide (PDLLA) as a block copolymer. The glycol can be
coupled with biocytin (capable of affinity interaction with streptavidin fusion proteins) after
electrospinning to create an affinity nanofiber. Similarly, a polycaprolactone (PCL) and
poly(D,L-lactic-co-glycolic acid)-b-PEG-NH2 (PLGA-b-PEF-NH2) diblock copolymer can be
created containing surface aminated nanofibers for coupling with proteins using a
homobifunctional coupling agent. Finally, in some cases it is possible to use intrinsic active
sites associated with certain nanofiber matrices. For instance, coupling Concanavalin A (an
affinity tag for lectin associated with glycol-proteins and/or other glycolconjugates) to a
chitosan-based nanofiber has been successful.

[0089] Other techniques for attaching specific ligands to cellulose-based compounds and/or
synthetic polymers are known in the chemical arts.

Size Based Separations

[0090] As an orthogonal purification mechanism to adsorption, sized based separations are
also routinely used in downstream bioprocessing. Depth filtration and microfiltration are
common operations used for clarification of fermentation broth, where cells (approximately
1~20 pm) and cellular debris (0.1~1 ym) are removed from the bioreactor slurry. Nanofiltration
with membranes is utilized for viral clearance and/or purification of 20~200 nm virus particles,
and ultrafiltration is commonly employed for concentration and purification of proteins. In all
cases several characteristics of the separation medium are desirable. First, a well defined size
cut off is desired to obtain tightly controlled separations. Second, a high porosity material is
needed for high throughput processing without excessive pressure requirements to minimize
operating time and/or membrane area requirements. And third, chemical and physical
robustness is desirable for harsh cleaning conditions and operation under moderate pressures.
Nanofiber felts, because they can be produced cheaply in large quantity from mechanically and
chemically strong fibers, and with a well controlled pore size among fibers (or as hollow fibers),
offer tremendous opportunity as an advanced size-based separation medium. Polymer
nanofibers, in general, show the least amount of non-specific binding, but may suffer from
being less chemically robust than carbon and ceramic fibers. Ceramic fibers suffer from being
brittle and have the potential for large amounts of nonspecific adsorption of biomass/bio-
particles with concomitant fouling, but can withstand harsh regeneration conditions.

[0091] To date, nanofiber meshes for size-based separations have primarily seen application
for isolation of nanometer and micrometer scale bio-particles (or surrogates) by a depth
filtration mechanism. The elevated specific surface area of the nanofibers within a filtration mat
provides for a more tortuous path and greater chance to intercept a desired particle from
solution while maintaining high porosity. Polymer, carbon, and ceramic nanofibers have all
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been evaluated and were all able to separate the desired particle size from a mixture while
maintaining high fluxes. Specifically, electrospun nanofibers made from polyvinylidene fluoride
(PVDF) and Nylon 6 were capable of removing polystyrene particles between 0.5-10 pm.
Ceramic nanofiber meshes have perhaps been used most extensively. One example shows
that a combination of large titanate nanofibers with smaller boehmite nanofibers were capable
of very high fluxes (1000 L/m2.h) with relatively low pressure driving force (20 kPa) and could
remove virtually all particles larger than 60 nm from a solution. It should be noted that many
applications of micro and nano depth filtration also rely on chemical adsorption of particles to
the surface, which nanofibers are easily capable of and can be manufactured to specifically
adsorb a desired impurity.

Nanofelt Construction/Configuration

[0092] By utilizing fibers with diameters in the sub-micron to nanometer range (1-1000 nm,
referred to as "nanofiber" felts), the available surface area within a given bed volume for
potential binding will be greatly increased, by as much as two orders of magnitude. By
controlling the pore size of nanofiber felts, the pressure drop and hydrodynamic flow
characteristics can also be controlled and made to be as efficient as microfiber felts.

[0093] Furthermore, the pore sizes among fibers in the felt normally have a tight pore size
distribution (greater than 90% of the nanofibers fall within the range from 100 nm to 500 nm) to
discourage channeling and retain only those species above a desired size cut-off for filtration
operations. Finally, the nanofiber felts are usually mechanically strong enough to operate
under conditions of potentially high pressure drops (up to 100 psi) and high flow rates (flux

values over 30 L/(min.m2)) and chemically robust enough to withstand potentially harsh
cleaning regimens (often including strong acids, bases, and organic solvents) without falling
apart.

[0094] In one embodiment, the nanofiber felts consist of a composite nanofiber (one
derivatized cellulose polymer plus one non-cellulose polymer) and a single component
nanofiber (non-cellulose based polymer). However, as described above, the hybrid nanofelts
may be formed from a variety of combinations of polymers and nanofibers. Examples of these
include, for example:

* A composite nanofiber felt, wherein all of the nanofibers in the felt consist of a single
species of composite nanofiber made from a coextruded mixture of a backbone polymer
and a first non-cellulosic polymer (not according to the present invention).

« A nanofiber felt consisting of at least two different single component nanofibers (not
according to the present invention).

» A nanofiber felt consisting of at least one single component nanofiber and at least one
composite nanofiber.
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[0095] In addition to the above-described nanofelt configurations, the nanofelts of the present
invention may also include microfibers for added stability, strength, and to tailor other physical
characteristics of the felts for use in particular applications. When compared to single-
component nanofiber felts, the hybrid nanofiber felts of the present invention exhibit the
following exemplary improved properties:

Table 1

Attribute

Performance Indicators

Quantitative
Measures

Durability/Stability/Permeance

Robust and reproducible
performance over multiple
cycles (with different
cleaning agents) and
aggressive operating
conditions (high flow and
high pressure)

- Adsorption capacity
versus cycle # (less
than 10% loss of
capacity after 50
cycles)

- Adsorption kinetics
versus cycle # (less
than 10% higher
adsorption times after
50 cycles)

- Force withstood prior
to mechanical failure
(up to 100 psi pressure
with liquid flow)

- Permeance of liquid
flow (over 500 L/

(min.m2.mm.105Pa

Improved Adsorption
Characteristics

- Elevated protein
adsorption capacity, more
favorable equilibrium
adsorption mechanisms,
and faster protein
adsorption kinetics

- Static adsorption
isotherm model
(capacity and
favorability) (for
protein, over 0.2
mg/mg mat)

- Adsorption
kinetics(over 90%
equilibrium achieved
within 3 minutes).

- Higher surface area by
introducing pores within
nanofibers

- BET surface area
analysis (greater than

20 m?/g)

- Higher adsorption
selectivity

- Separation factors
when purifying
mixtures of
(bio)chemicals (at least
2-fold purification)

- Visual SEM
images(>90% of fiber
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Quantitative
Measures

diameters fall within the
range from 100 nm to

Uniform distribution of fiber | meoved fydrodynamics S —
diameters and pore size |20 reproduciole - Flow distribution
adsorption performance analysis (binding and
non-binding conditions)
(Peclet number over
100 for non-binding
solute)

Attribute Performance Indicators

EXAMPLES

Example 1:

Preparation of Prior Art Cellulose Acetate Single Component Nanofiber Felt

[0096] A cellulose acetate single component nanofiber felt was made as described in:
Handbook of Membrane Research, Chapter 3, Applications of Electrospun Nanofiber
Membranes for Bioseparations, Todd J. Menkhaus, et al, Nova Science Publishers, Inc., edited
by Stephan V. Gorley. Cellulose acetate (average molecular weight of ~30,000 g/mol), NaOH,
NaCl, acetone, N,N-dimethylacetamide (DMAc) and N,N-dimethylformamide (DMF) were
purchased from the Sigma-Aldrich Co. (Milwaukee, WI). 2-(diethylamino) ethyl chloride
hydrochloride (DAECH) with the purity of 98% was purchased from the Alfa Aesar Co. (Ward
Hill, MA).

[0097] A solution of 15% (mass fraction) cellulose acetate in acetone/DMAc (mass ratio of 2/1)
was prepared at room temperature. The solution was added to a syringe. The electrospinning
setup included a high voltage power supply and a laboratory produced roller. During
electrospinning, a positive high voltage of 15 kV was applied to the needle, and the flow rate of
1.0 mL/h was maintained using a syringe pump. Cellulose acetate nanofibers were collected as
a randomly overlaid felt on the electrically grounded aluminum foil that covered the roller. A
heating lamp was used to dry the nanofiber felt during electrospinning, and the felt was further
dried in a vacuum oven after electrospinning. Overall, the electrospinning process was
relatively unstable, with frequent interruptions at approximately 2 hour intervals. The collected
cellulose acetate nanofiber felt had a thickness of approximately 225 ym and a mass per unit

area of approximately 60 g/m?2.
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[0098] The as-electrospun cellulose acetate nanofiber felts were first hydrolyzed/deacetylated
by immersion in a 0.05M NaOH aqueous solution for 24 hours. The products, referred to as
regenerated cellulose nanofiber felts, were then rinsed in distilled water three times and dried
in a vacuum oven at 60°C. The samples were immersed in a 15% (mass fraction) DAECH
aqueous solution for 10 minutes followed by drying at 60°C. The samples were then immersed
in a 0.5M NaOH aqueous solution at 90°C for 10 min. The samples were rinsed in distilled
water three times and dried at 60°C to yield the DEAE anion-exchange cellulose nanofiber
felts.

Example 2:

Preparation of a Hybrid Nanofiber Felt of CA/IPEO Composite Nanofibers and PAN Single
Component Nanofibers

[0099] Cellulose acetate (CA), polyethylene oxide (PEO), chloroform (CHCIs),

dimethylformamide (DMF), polyacrylonitrile (PAN), and diethyl amino ethyl chloride were
purchased from Sigma-Aldrich Co. (Milwaukee, WI).

[0100] The spin dopes of PAN and CA+PEO were prepared separately. Briefly, for the
preparation of PAN spin dope, the PAN was dissolved in DMF to make a solution. For the
CA+PEO spin dope, CA plus PEO in CHCI3/DMF with diethyl amino ethyl chloride was

prepared.

[0101] During the electrospinning process two syringes loaded with spin dope of PAN or
CA+PEO were placed in the opposite side of the laboratory produced roller. Overall, the
electrospinning process was very stable and was sustainable for long periods (>48 hours), and
the electrospun hybrid nanofibrous mats consisting of CA+PEQO composite nanofibers and PAN
nanofibers (either self-supporting or supported on medical-grade cotton gauze) was collected
on the electrically grounded aluminum foil which covered the roller.

[0102] The as-electrospun CA+PEO+PAN hybrid nanofibrous mats were then annealed for 24
h to complete the phase dispersion of CA and PEQO. After that, the mats was
hydrolyzed/deacetylated by immersion in a NaOH aqueous solution for 24 hrs. The resulting
hybrid nanofibrous mats consisting of regenerated cellulose nanofibers and PAN nanofibers
were rinsed with distilled water and dried.

Example 3:

Preparation of a Hybrid Nanofiber Felt of CA/PVP Composite Nanofibers and PAN Single
Component Nanofibers
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[0103] Cellulose acetate (CA), polyvinylpyrrolidone (PVP), chloroform (CHCI3),

dimethylformamide (DMF), polyacrylonitrile (PAN), and diethyl amino ethyl chloride were
purchased from Sigma-Aldrich Co. (Milwaukee, WI).

[0104] The spin dopes of PAN and CA+PVP were prepared separately. Briefly, for the
preparation of PAN spin dope, the PAN was dissolved in DMF to make a solution. For the
CA+PEO spin dope, CA plus PVP in CHCI3/DMF with diethyl amino ethyl chloride was

prepared.

[0105] During the electrospinning process two syringes loaded with spin dope of PAN or
CA+PVP were placed in the opposite side of the laboratory produced roller. Overall, the
electrospinning process was very stable and was sustainable for long periods (>48 hours), and
the electrospun hybrid nanofibrous mats consisting of CA+PVP composite nanofibers and PAN
nanofibers (either self-supporting or supported on medical-grade cotton gauze) was collected
on the electrically grounded aluminum foil which covered the roller.

[0106] The as-electrospun CA+PVP+PAN hybrid nanofibrous mats were then annealed for 24
h to complete the phase dispersion of CA and PVP. After that, the mats were
hydrolyzed/deacetylated by immersion in a NaOH aqueous solution for 24 hrs; the process
would also dissolve/remove the PVP from mats. The resulting hybrid nanofibrous mats
consisting of regenerated cellulose nanofibers and PAN nanofibers were rinsed with distilled
water and dried.

Example 4:

Preparation of a Hybrid Nanofiber Felt of CA/PEO Composite Nanofibers and Nylon 6
Single Component Nanofibers

[0107] Cellulose acetate (CA), polyethylene oxide (PEO), chloroform (CHCIs),

hexafluoroisopropanol (HFIP), nylon 6, and diethyl amino ethyl chloride were purchased from
Sigma-Aldrich Co. (Milwaukee, WI).

[0108] The spin dopes of nylon 6 and CA+PEQO were prepared separately. Briefly, for the
preparation of nylon 6 spin dope, the polymer was dissolved in HFIP. For the CA+PEO spin
dope, CA plus PEO in CHCI3/DMF with diethyl amino ethyl chloride was prepared.

[0109] During the electrospinning process two syringes loaded with spin dope of nylon 6 or
CA+PEO were placed in the opposite side of the laboratory produced roller. Overall, the
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electrospinning process was very stable and was sustainable for long periods (>48 hours), and
the electrospun hybrid nanofibrous mats consisting of CA+PEO composite nanofibers and
nylon 6 nanofibers (either self-supporting or supported on medical-grade cotton gauze) was
collected on the electrically grounded aluminum foil which covered the roller.

[0110] The as-electrospun CA+PEQO+nylon 6 hybrid nanofibrous mats were then annealed for
24 h to complete the phase dispersion of CA and PEO. After that, the mats was
hydrolyzed/deacetylated by immersion in a NaOH aqueous solution for 24 hrs; the process
would also dissolve/remove the PEO from mats. The resulting hybrid nanofibrous mats
consisting of regenerated cellulose nanofibers and nylon 6 nanofibers were rinsed with distilled
water and dried.

Example 5:

Preparation of a Hybrid Nanofiber Felt of CA/PVP Composite Nanofibers and Nylon 6
Single Component Nanofibers

[0111] Cellulose acetate (CA), polyvinylpyrrolidone (PVP), chloroform (CHCI3),

hexafluoroisopropanol (HFIP), nylon 6, and diethyl amino ethyl chloride were purchased from
Sigma-Aldrich Co. (Milwaukee, WI).

[0112] The spin dopes of nylon 6 and CA+PVP were prepared separately. Briefly, for the
preparation of nylon 6 spin dope, the nylon 6 was dissolved in HFIP to make a solution. For the
CA+PEO spin dope, CA plus PVP in CHCI3/DMF with diethyl amino ethyl chloride was

prepared.

[0113] During the electrospinning process two syringes loaded with spin dope of nylon 6 or
CA+PVP were placed in the opposite side of the laboratory produced roller. Overall, the
electrospinning process was very stable and was sustainable for long periods (>48 hours), and
the electrospun hybrid nanofibrous mats consisting of CA+PVP composite nanofibers and
nylon 6 nanofibers (either self-supporting or supported on medical-grade cotton gauze) was
collected on the electrically grounded aluminum foil which covered the roller.

[0114] The as-electrospun CA+PVP+nylon 6 hybrid nanofibrous mats were then annealed for
24 h to complete the phase dispersion of CA and PVP. After that, the mats were
hydrolyzed/deacetylated by immersion in a NaOH aqueous solution for 24 hrs; the process
would also dissolve/remove the PVP from mats. The resulting hybrid nanofibrous mats
consisting of regenerated cellulose nanofibers and nylon 6 nanofibers were rinsed with distilled
water and dried.

Example 6:
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Performance Evaluation of the Single Component and Hybrid Nanofiber Felts

[0115] Batch adsorption, dynamic adsorption, flow dispersion and permeability studies with
the single component nanofiber mats (Example 1) and hybrid nanofiber mats (Examples 2-
6),were compared to a commercially available regenerated cellulose adsorptive membrane
and a cotton ball. The commercial cellulose membrane and cotton ball underwent the same
post electrospinning treatments as the single component nanofiber felt and hybrid nanofiber
felt prior to testing.

[0116] Batch adsorption experiments were completed to determine Langmuir equilibrium
adsorption isotherms. For batch analyses, the single component felt, hybrid felt, commercial

cellulose and cotton ball were rinsed with buffer cut into approximately 1 cm? individual pieces,
and weighed. For each medium, ten of the individual pieces (~100mg) were then placed into15
milliliter (mL) centrifuge tubes. Stock solution of target protein was prepared at 2.0mg/mL by
mixing a known mass of lyophilized protein with buffer. Appropriate combinations of stock
solution and buffer were added to each test tube containing the cut felt pieces, commercial
cellulose membrane, or cotton balls to provide a final volume of 14mL in each tube and an
initial protein concentration between 0.0mg/mL and 2.0mg/mL protein. A 1.0mL liquid sample
from each of the different initial protein concentrations was immediately taken and UV
absorbance measured at 280 nm. The samples were then placed on an end-over-end mixer
rotating at approximately 40 revolutions per minute (rpm). After mixing for a minimum of 24
hours, liquid from each sample was removed and the protein concentration was determined by
UV-280-nm absorbance with a Genesys 10 UV spectrophotometer purchased from the
Thermo Electron Corporation (Madison, WI). By difference, protein adsorbed to the felt could
be calculated. A tube was also prepared with 2.0 mg protein/mL and no felt to evaluate the
potential of protein adsorbing to the tube surface. No adsorption to the tube surface was found.
Likewise, controls were monitored to evaluate the potential of leached chemicals that could
contribute to UV-280-nm absorbance, and non-specific binding of protein to non-derivatized
membrane (following regeneration with NaOH). No leaching or nonspecific binding was
observed for any of the samples. Langmuir adsorption isotherms were then prepared and
modeling constants (Q,5x and Kq) determined by least-squares regression fit to the equation:
Qmax €

](fi'f"(,w
where Q is the adsorbed equilibrium concentration of protein to the membrane (mg/g), Qmax is

the asymptotic maximum saturation capacity, C is the liquid phase equilibrium concentration of
protein (mg/mL), and K4 is the desorption constant (mg/mL). High values of Q and low values
of Kq are indicative of highly efficient adsorption processes. Following adsorption analysis, the
liquid was decanted away and the felts were washed with 14mL of buffer along with mixing for
1 hour. After removing the wash solution, buffer with 1M NaCl was added to the tubes, mixed
for 1 hour, and liquid sampled for protein concentration by UV-280-nm absorbance. Elution



DK/EP 2959509 T3

percentage was calculated based on binding amounts found during the adsorption phase of
the study.

[0117] The results, shown in Table 2, below, indicated that the electrospun hybrid nanofiber
felts had the highest capacity, followed by single component cellulose nanofiber felt. Both
nanofiber-based adsorption materials had significantly higher saturation capacity at all
equilibrium liquid phase concentrations than any of the commercial cellulose-based adsorption
mediums. The regenerated cellulose microfiber felts and cotton balls had the lowest binding
capacity. The high specific surface area combined with the unique nanofiber felt morphology
are attributed to the elevated binding capacity. In all cases quantitative elution of protein could
be accomplished.

Table 2: Static Binding Results

Sample Medium Qmax (mg/g) Kd (mg/mL)
Hybrid nanofiber felt 168 0.31
Single component nanofiber felt 40.0 0.30
Commercial cellulose membrane 33.5 0.54
Regenerated cellulose microfiber felt 14.5 0.31
Cotton ball 15.5 0.82

[0118] Permeabilities of buffer through the single component and hybrid nanofiber felts, and
the commercially available regenerated cellulose adsorptive membranes, were measured.
Larger permeability values indicate the ability to operate with higher throughput (faster
processing time) and/or lower pressure; both of these provide significant benefits to
manufacturing processes. A small-scale "coin" membrane adsorption holder was utilized for all

experiments. The unit allows for approximately 1.5 cm? of effective filtration area, and is sealed
with an O-ring to discourage leakage. Initially, the pressure drop of the system only, with the
membrane holder in place, but with no membrane present, was evaluated at flow rates ranging
from 2.0 mL/min to 30.0 mL/min. Then layers of each nanofiber felt or commercial membrane
were successively added to the unit while measuring pressure drop at different flow rates. One,
three, five, seven, and nine layers were evaluated for each felt/membrane. The system
pressure drop was subtracted from the measured pressure drop with the felt/membrane in
place to calculate permeability of the feltymembrane at each flow rate. A minimum of five flow
rates and corresponding pressure readings were made with each different number of layers.

[0119] As shown in Table 3 below, permeability of buffer through the stacks of hybrid
nanofiber felts was significantly higher than single component felts, and single component
nanofiber felt permeability was at least five times higher than that of the corresponding
commercial regenerated cellulose samples. Also, for comparison, a 15 cm packed bed of
Sepharose Fast Flow was reported by the manufacturer to have a permeability of

approximately 7 L/(min m2 10° Pa), which was similar to the functionalized commercial
membrane, but much lower than the nanofelts.
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DK/EP 2959509 T3

Number of Hybrid Single component Commercial regenerated
Layers nanofiber nanofiber felt cellulose membrane
felt
1 1220 (£110) 801 (£75) 148 (+18)
3 977 (£76) 563 (+44) 92 (x11)
5 627 (+47) 451 (x21) 32 (1)
7 318 (£23) 76 (6) 19 (£1)
9 Not 35 (£2) 7 (1)
determined
[0120] System dispersion analysis was performed for the hybrid and single component

nanofiber felts and the commercial regenerated cellulose adsorptive membranes to determine
the degree of axial mixing with different numbers of layers in place. Less axial mixing (better
flow dispersion) is desirable to minimize channeling and pre-mature breakthrough during
adsorption processes. The same arrangement used for permeability analysis was used for
system dispersion tests, except the flow rate was maintained at 1.0 mL/min during the entire
process. After equilibrating the stack of felts/membranes with buffer, a 1% (volume fraction)
solution of acetone in buffer was added to the system. Online absorbance at UV-280-nm was
monitored and the resulting curve was analyzed to calculate the Peclet (Pe) number by least-
squares fit of the equation:

Coie

:}— L+ erf "W(Pe)m(\/wf/so)
Cw 2 ' 2AVV sa)'™*

where Cq is the effluent 280-nm absorbance, Cj, is the inlet 280-nm absorbance, V is the
volume of acetone solution added, and Vs is the volume when Cq/Ci, = 0.50. Larger values

of Pe were used to indicate the desirable property of being a closer approximation to plug flow
(less axial mixing and better flow dispersion).

[0121] Table 4 below, summarizes results for the Pe number as determined for different
numbers of hybrid and single component nanofiber mats and commercial regenerated
cellulose felt/membrane layers. The results indicate that the nanofiber felts produced in this
study had comparable hydrodynamics.
Table 4: System Dispersion Results

Number of Peclet (Pe) Single component { Commercial regenerated
Layers Number Hybrid nanofiber felt cellulose membrane
nanofiber felt
1 45.2 25.7 39.8
3 81.7 43.4 62.3
5 96.3 59.8 78.4
7 112.0 74.1 92.7
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Number of Peclet (Pe) Single component { Commercial regenerated
Layers Number Hybrid nanofiber felt cellulose membrane
nanofiber felt
9 Not determined 88.2 102.2

[0122] Dynamic breakthrough analyses were completed to evaluate adsorption efficiency
when being operated under flow conditions. Higher capacity at a low % breakthrough would
indicate a more efficient adsorbent material. The dynamic breakthrough experiments were
completed using a Pall Mustang coin holder according to manufacture's recommendations.
Nine layers of either the nanofiber felts or the commercial membranes were used in the
analyses. All experiments were operated with an AKTA Purifier (GE Healthcare, Piscataway,
NJ) with online measurement of UV-280-nm absorbance, pH, and conductivity, and controlled
by Unicorn software version 5.01. Fractions were automatically collected by the system in
0.60mL aliquots (approximatley2 bed volumes). A minimum of 10 bed volumes were used for
equilibration. Step elution to 100% Buffer B (equilibration buffer with the addition of 1.0 M NaCl)
was used for each experiment. For all dynamic breakthrough tests the flow rate was
maintained at a value of 1.0 mL/min. Protein stock prepared at 1.5mg/mL in buffer was loaded
until 100% breakthrough was achieved. The felt was then washed with buffer for a minimum of
10 bed volumes before desorption. All eluent (flowthrough during load, wash, and elution) was
collected, weighed to determine volume, and analyzed for protein concentration by UV-280-nm
absorbance. Protein mass balance was then calculated based on volume loaded and all
fractions collected during the process.

[0123] The ultimate practical evaluation for any adsorption system is dynamic breakthrough
analysis, a combination of equilibrium binding capacity, adsorption kinetics, and system
dispersion. It is also a direct application of capacity for a flow through mode of operation where
the bound molecule does not need to be selectively eluted from other impurities.

[0124] Table 5 below, shows dynamic binding capacity of protein at 10% breakthrough on the
nanofiber felts and the commercial regenerated cellulose adsorptive membranes. Dynamic
capacity was substantially higher for the hybrid nanofiber mats compared to any other
adsorption medium evaluated. In addition, elution results indicated that within experimental
uncertainty, elution of protein was complete for each adsorption system, and overall mass
balance showed no losses.

Table 5: Dynamic Binding Results

Sample Medium 10% Breakthrough capacity (mg/g)
Hybrid nanofiber felt 122.
Single component nanofiber felt 26.9
Commercial cellulose membrane 20.9
Regenerate cellulose microfiber felt Not Determined
Cotton ball Not Determined
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Patentkrav

1. Elektrospundet hybrid-nanofiberfilt, omfattende en kompositnanofiber og en
nanofiber med en enkelt komponent,

hvor kompositnanofiberen omfatter en blanding af derivatiseret cellulose og en
forste ikke-cellulosebaseret polymer, og

hvor nanofiberen med en enkelt komponent omfatter en anden ikke-cellulose-
baseret polymer,

hvor den farste og anden ikke-cellulosebaserede polymer kan fjernes differen-
tieret fra nanofiberfilten.

2. Nanofiberfilt ifglge krav 1, hvor den derivatiserede cellulose er udvalgt fra
gruppen bestaende af: en organisk celluloseester, en uorganisk celluloseester

og en alkylcellulose.

3. Nanofiberfilt ifglge krav 2, hvor (i) den derivatiserede cellulose omfatter en
organisk celluloseester, der er udvalgt fra gruppen bestaende af: celluloseace-
tat, cellulosetriacetat og celluloseproprionat, eller:

hvor (ii) den derivatiserede cellulose omfatter en uorganisk celluloseester, der
er udvalgt fra gruppen bestaende af: cellulosenitrat og cellulosesulfat, eller:
hvor (iii) den derivatiserede cellulose omfatter en alkylcellulose, der er udvalgt

fra gruppen bestaende af: hydroxyethylcellulose og carboxymethylcellulose.

4. Nanofiberfilt ifalge krav 1, hvor den forste ikke-cellulosebaserede polymer
omfatter en syntetisk polymer.

5. Nanofiberfilt ifalge krav 4, hvor den syntetiske polymer er udvalgt fra grup-
pen bestdende af: en vinylpolymer, en polyether, en acrylpolymer, en poly-

ester, et polycarbonat og en polyurethan.
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6. Nanofiberfilt ifalge krav 1, hvor den farste ikke-cellulosebaserede polymer

omfatter en naturlig polymer.

7. Nanofiberfilt ifalge krav 6, hvor den naturlige polymer er udvalgt fra gruppen
bestdende af: en polysaccharid, en polyamid og en polylactid.

8. Nanofiberfilt ifalge krav 7, hvor den naturlige polymer er en polysaccharid,
der er udvalgt fra gruppen bestaende af; stivelse og chitin, eller:

hvor den naturlige polymer er en polyamid, der er udvalgt fra gruppen besta-
ende af: protein og gelatine.

9. Nanofiberfilt ifalge krav 1, hvor den anden ikke-cellulosebaserede polymer

omfatter en syntetisk polymer.

10. Nanofiberfilt ifalge krav 9, hvor den syntetiske polymer er udvalgt fra grup-
pen bestdende af: vinylpolymer, polyamid, polyamid, polyimid og polyester.

11. Nanofiberfilt ifalge krav 4, hvor den forste ikke-cellulosebaserede polymer

er en copolymer.

12. Nanofiberfilt ifglge krav 9, hvor den anden ikke-cellulosebaserede polymer

er en copolymer.

13. Elektrospindingsfremgangsmade til fremstilling af nanofiberfilt ifglge krav
1, omfattende fglgende trin:

a) adskilt fremstilling af en kompositpolymer-spindoplgsning og en spindoplgs-
ning af polymer med en enkelt komponent;

b) anbringelse af spindoplasningerne i to forskellige spindedyser:

c¢) anvendelse af spaending pa hver spindoplgsning med en elektrode;

d) adskilt elektrospinding af kompositnanofiberen og nanofiberen med en en-
kelt komponent fra spindedyserne; og
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e) opsamling af sterknede nanofibre som en tilfeeldigt overlejret eller delvis
udrettet nanofiberfilt.

14. Fremgangsmade ifglge krav 13, yderligere omfattende (i) trinnet med kon-
vertering af den derivatiserede cellulose til cellulose, eller:

yderligere omfattende (ii) trinnet med fjernelse af mindst en del af den ikke-
cellulosebaserede farste polymer fra kompositnanofiberen i nanofiberfilten, el-
ler:

yderligere omfattende (iii) trinnet med overfladefunktionalisering af en eller
flere af nanofibrene i nanofiberfilten, fortrinsvis hvor overfladefunktionalisering

omfatter fastgerelse af en affinitetsligand.

15. Fremgangsmade til rensning af biomolekyler fra en fluid, omfattende fal-
gende trin:

a) fremstilling af en nanofiberfilt ifalge krav 11;

b) stramning af fluiden gennem nanofiberfilten; og

¢) genvinding af biomolekylerne fra nanofiberfilten.
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