
HIGH SURFACE AREA FIBER MEDIA WITH NANO-FIBRILLATED SURFACE 
FEATURES 

This application claims priority of U.S. Provisional Application 

Serial No. 62/044,630 filed September 2, 2014, the disclosure of 

which is incorporated herein by reference. 

FIELD 

Embodiments disclosed herein relate to porous, high surface 

area fibers that are suitable for service as a chromatographic 

stationary phase for the bind/elute purification of proteins in a 

cation exchange chromatography mode, for example.   

BACKGROUND 

The commercial scale purification of various therapeutic 

biomolecules, such as monoclonal antibodies, is currently 

accomplished using bead-based chromatography resins. Monoclonal 

antibodies continue to gain importance as therapeutic and 

diagnostic agents. The process of screening hybridoma libraries 

for candidate mAbs is both time consuming and labor intensive. 

Once a hybridoma cell line expressing a suitable mAb is 

established, a purification methodology must be developed to 

produce sufficient mAb for further characterization. A traditional 

method for purifying involves using Protein A or Protein G affinity 

chromatography, as well as ion exchange chromatography. The 

purified antibody is desalted and exchanged into a biological 

buffer using dialysis. The entire process typically requires 

several days to complete and can be particularly onerous if 

multiple mAbs are to be evaluated in parallel. 

Chromatography resins are currently prepared with various 

ligand structures that enable the beads to function in affinity, 

cation-exchange, or anion-exchange modes. These resins demonstrate 
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a high porosity and large surface areas that provide materials 

with sufficient adsorptive capacities for the batch processing of 

biomolecules at production scales (e.g., 10,000 liters). 

Chromatography resins typically present a spherical structure that 

enables an efficient column packing with minimal flow non-

uniformities.  The interstitial spaces between the beads provide 

flow channels for convective transport through the chromatography 

column.  This enables chromatography columns to be run with large 

bed depths at a high linear velocity with a minimal pressure drop.  

The combination of these factors enables chromatography resins to 

present the required efficiency, high permeability, and sufficient 

binding capacity that are required for the large-scale 

purification of biomolecules.  

In bead-based chromatography, most of the available surface 

area for adsorption is internal to the bead.  Consequently, the 

separation process is inherently slow since the rate of mass 

transport is typically controlled by pore diffusion. To minimize 

this diffusional resistance and concomitantly maximize dynamic 

binding capacity, small diameter beads can be employed. However, 

the use of small diameter beads comes at the price of increased 

column pressure drop. Consequently, the optimization of 

preparative chromatographic separations often involves a 

compromise between efficiency/dynamic capacity (small beads 

favored) and column pressure drop (large beads favored). 

Chromatography media typically has a very high cost 

(>$1000/L) and significant quantities are required for large scale 

production columns. As a result, biopharmaceutical manufacturers 

recycle chromatography resins hundreds of times.  Each of these 

regeneration cycles consumes substantial quantities of buffer 

media, and each step incurs additional costs associated with the 

validation of each cleaning, sterilization, and column packing 

operation.    
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Several technologies are described in the patent literature 

and marketed commercially for biopharmaceutical separations based 

on functionalized fibrous media and/or composites. Most rely on 

incorporating a porous gel into the fiber matrix, the gel providing 

the needed surface area to gain reasonable binding capacities. 

However, in such constructions, poor uniformity in gel location 

and mass generally leads to poor efficiencies (shallow 

breakthrough and elution fronts). In addition, resistance to flow 

can be high even for short bed depths, a problem often aggravated 

by gel compression under modest pressure loads. Another approach 

taken has been the incorporation of particulates within the fiber 

matrix, the particulates often porous and possessing a native 

adsorptive functionality, examples being activated carbon and 

silica gel.  

Recently, EMD Millipore has developed a fiber based 

chromatography media for biomolecule purification applications 

that utilizes a surface-functionalized winged fiber as the 

adsorptive media.  The winged projections on the fiber surface 

afford a much higher surface area than ordinary round fibers of 

similar dimensions.  The resulting surface functionalized fiber 

media also has a much higher protein binding capacity than 

similarly functionalized fibers which lack such winged 

projections.   

Other emerging technologies are currently in development for 

protein purification applications and these include membrane 

adsorbers, monoliths, and flow-through adsorber purification 

methods using commercial resin systems.  While membrane adsorbers 

and monoliths may provide acceptable binding capacities for these 

applications, these technologies typically have their own scale 

limitations and the extremely high cost of such purification media 

may further limit their adoption into a price sensitive industry 

with an existing purification process template. 
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SUMMARY 

In order to address many of the limitations of the 

purification technologies currently known in the art, embodiments 

disclosed herein relate to chromatography media that comprises a 

low-cost, high surface area thermoplastic fiber and an ion-

exchange ligand functionality on the surface of that fiber.  In 

certain embodiments, the ion-exchange ligand is capable of 

selectively binding proteins from a biological feed stream.  The 

bound protein can be subsequently released from the chromatography 

media upon a change in the solution conditions, for example, 

through the use of an elution buffer with a higher ionic strength.  

In certain embodiments, surface pendant functional groups are 

added to the media that provides cation-exchange or anion-exchange 

functionality to the high surface area fibers. This pendant 

functionality is useful for the ion-exchange chromatographic 

purification of biomolecules, such as recombinant fusion proteins, 

Fc containing proteins, ADC’s (antibody drug conjugates, vaccines, 

plasma protein (IgM, blood clotting factors, etc.), and monoclonal 

antibodies (mAbs). 

In certain embodiments the fiber-based stationary phase is 

porous and displays a convoluted structure that is comprised of 

discrete bundles of highly entangled nanofibrils.  In certain 

embodiments, each of the nanofibrils located within said 

nanofibril bundle have diameters less than or equal to 1 micron.  

These fibers typically present a surface area in the range of 1 to 

12 square meters per gram.  In certain embodiments, the porous 

fibers are fibrillated or ridged. 

In certain embodiments, the nanofiber bundles may be prepared 

by the melt extrusion of a blend of two immiscible polymers such 

as nylon, including polyamide 6, polyamide 6,6, polyamide 4,6, 

polyamide, polyamide 12, polyamide 6,12, and copolymers or blends 
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of various polyamides, and poly(lactic acid), PLA.  After melt 

extrusion, the fibers are drawn to a target diameter of 

approximately 20 microns.  The PLA polymer porogen component is 

subsequently extracted by treatment with sodium hydroxide 

solution, leaving elongated cavities or channels throughout the 

nylon microfiber.  The resulting fiber media has the appearance of 

a bundle of highly entangled nylon nanofibers that are loosely 

aligned in a collinear arrangement.  These bundles possess the 

flow properties of ordinary microfibers and also demonstrate a 

high permeability in a packed bed format. In contrast, individual 

nanofibers that are not bundled demonstrate a very low permeability 

in a packed bed format.  This unique arrangement of nanofibers 

provides a high permeability, high surface area substrate that 

enables a high protein binding capacity after surface modification 

with the appropriate ion exchange ligand.  Fibers modified with a 

pendant ion-exchange functionality are useful for the 

chromatographic purification of proteins, such as monoclonal 

antibodies.  

In certain embodiments, a surface area enhanced (SAE) fiber 

is modified with surface-functional sulfopropyl (SP) ligands and 

is used in a bind/elute cation exchange chromatography application 

for the purification of IgG.  The SAE fiber media can be surface 

modified to install pendant ion exchange ligands such as 

sulfopropyl (SP) groups.  The functionalized media can be packed 

into a suitable device, such as a chromatography column and 

compressed to a target packing density.  A protein solution to be 

purified can be subsequently passed through this fiber packing, 

whereupon the protein of interest may bind to ligands on the 

surface of the SAE fibers through an ion exchange process.  For 

example, at pH 5, the sulfopropyl groups are strongly negatively 

charged and will bind proteins, such as IgG, whose pI is greater 

than about 7.  After binding of the target protein (e.g., IgG), 
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the column is typically washed with a suitable buffer, such as 50 

mM acetate buffer (pH 5) to clear any unbound impurities.  

Afterwards, the ionic strength of the buffer is increased such as 

with a 0.5 M sodium chloride/50 mM acetate (pH 5) solution to elute 

the bound IgG from the SAE fiber column. The fiber column may then 

be regenerated by washing, such as with 5-10 column volumes of 0.5 

M sodium hydroxide and 5-10 column volumes of 50 mM acetate buffer 

(pH 5).  The SAE fiber media is now ready for another CEX bind/elute 

cycle.  Accordingly, embodiments disclosed herein relate to 

methods for the isolation, purification or separation of 

biomolecules with media comprising a high surface area 

functionalized porous fiber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

 FIG. 1(a) is an SEM image of an ordinary non-porous nylon 

monofilament, 20 micron fiber diameter, at 4000x magnification, in 

accordance with certain embodiments; 

FIG. 1(b) is an SEM image of a 15 wing nylon fiber after 

complete removal of sheath materials, 15 micron fiber diameter, at 

5000x magnification, in accordance with certain embodiments; 

FIG. 1(c) is an SEM image of an extruded monofilament with 

blend composition PA6/Albafil® CaCO3 75/25 after complete removal 

of embedded porogens and sheath materials, 2:1 draw ratio, at 4000x 

magnification, in accordance with certain embodiments; 

FIG. 1(d) is a cryo-SEM cross-sectional image after complete 

removal of embedded porogens and sheath materials, of a 15 wing 

fiber with core blend composition nylon/PLA 70/30, at 10,000x 

magnification, in accordance with certain embodiments; 

FIG. 1(e) is a cryo-SEM cross-sectional image after complete 

removal of embedded porogens and sheath materials, of a surface 

area enhanced (SAE) core/sheath fiber with core blend composition 
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nylon/PLA 60/40, at 5000x magnification, in accordance with 

certain embodiments; 

FIG. 1(f) is a cryo-SEM cross-sectional image after complete 

removal of embedded porogens and sheath materials, of a “connected 

islands in the sea” (CIST) fiber with “island” composition PA6 

nylon 100/0, “sea” composition PA6 nylon/PLA 55/45, i/S ratio, 

1/1, at 5000x magnification, in accordance with certain 

embodiments; 

FIG. 2(a) is an SEM image of extruded monofilaments of PA6 

nylon, 2:1 draw ratio, 1000x magnification, in accordance with 

certain embodiments; 

FIG. 2(b) is an SEM image of extruded monofilaments of PA6 

nylon, 2:1 draw ratio, 4000x magnification, in accordance with 

certain embodiments; 

FIG. 2(c) is an SEM image after mineral porogen extraction 

from extruded monofilaments with a blend composition of 

PA6/Multifex-MM™ CaCO3 75/25, 1.3:1 draw ratio, 1000x 

magnification, in accordance with certain embodiments; 

FIG. 2(d) is an SEM image after mineral porogen extraction 

from extruded monofilaments with a blend composition of 

PA6/Multifex-MM™ CaCO3 75/25, 1.3:1 draw ratio, 4000x 

magnification, in accordance with certain embodiments; 

FIG. 2(e) is an SEM image after mineral porogen extraction 

from extruded monofilaments with a blend composition of 

PA6/Albafil® CaCO3 75/25, 2:1 draw ratio, 1000x magnification, in 

accordance with certain embodiments; 

FIG. 2(f) is an SEM image after mineral porogen extraction 

from extruded monofilaments with a blend composition of 

PA6/Albafil® CaCO3 75/25, 2:1 draw ratio, 4000x magnification, in 

accordance with certain embodiments; 

FIG. 3(a) is an SEM image after polymeric porogen extraction 

from extruded compounded filaments (compounding extruder) with a 
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blend composition of nylon/PLA 65/35, 2000x magnification, in 

accordance with certain embodiments; 

FIG. 3(b) is an SEM image after polymeric porogen extraction 

from extruded compounded filaments (compounding extruder) with a 

blend composition of nylon/PLA 60/40, 80x magnification, in 

accordance with certain embodiments; 

FIG. 3(c) is an SEM image after polymeric porogen extraction 

from extruded compounded filaments (compounding extruder) with a 

blend composition of nylon/PLA 55/45, 75x magnification, in 

accordance with certain embodiments;  

FIG. 3(d) is an SEM image after polymeric porogen extraction 

from extruded compounded filaments (compounding extruder) with a 

blend composition of nylon/PLA 50/50, 65x magnification, in 

accordance with certain embodiments; 

FIG. 4(a) is an SEM image after polymeric porogen and PLA 

sheath extraction of a core/sheath fiber with core blend 

composition nylon/PLA 65/35, 2000x magnification, in accordance 

with certain embodiments; 

FIG. 4(b) is an SEM image after polymeric porogen and PLA 

sheath extraction of a core/sheath fiber with core blend 

composition nylon/PLA 60/40, 400x magnification, in accordance 

with certain embodiments; 

FIG. 4(c) is an SEM image after polymeric porogen and PLA 

sheath extraction of a core/sheath fiber with core blend 

composition nylon/PLA 55/45, 2000x magnification, in accordance 

with certain embodiments; 

FIG. 4(d) is an SEM image after polymeric porogen and PLA 

sheath extraction of a core/sheath fiber with core blend 

composition nylon/PLA 50/50, 400x magnification, in accordance 

with certain embodiments; 

FIG 5(a) is a cryo-SEM cross sectional image of a surface 

area enhanced (SAE) fiber in accordance with certain embodiments; 
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FIG. 5(b) is a cryo-SEM cross sectional image of a surface 

area enhanced (SAE) nylon/PLA 60/40 fiber in accordance with 

certain embodiments; 

FIG. 6 is a graph of Kr BET surface area measurements for 

selected fibers in accordance with certain embodiments; 

FIG. 7(a) is a cryo-SEM cross section image after polymeric 

porogen and PLA sheath extraction of a 15 wing fiber with core 

blend composition PA6/PLA 70/30, melt pump ratio S:C 2:1, 10000x 

magnification, in accordance with certain embodiments; 

FIG. 7(b) is a cryo-SEM cross section image after polymeric 

porogen and PLA sheath extraction of a 15 wing fiber with core 

blend composition PA6/PLA 70/30, melt pump ratio S:C 2:1, 20000x 

magnification, in accordance with certain embodiments; 

FIG. 8(a) is a cryo-SEM cross section image after polymeric 

porogen and PLA sheath extraction of a core/sheath fiber with core 

blend composition PA6/PLA 60/40, 5000x magnification, in 

accordance with certain embodiments; 

FIG. 8(b) is a cryo-SEM cross section image after polymeric 

porogen and PLA sheath extraction of a 15 wing fiber with core 

blend composition PA6/PLA 60/40, melt pump ratio S:C 2:1, 5000x 

magnification, in accordance with certain embodiments; 

FIG. 8(c) is a cryo-SEM cross section image after polymeric 

porogen and PLA sheath extraction of a 15 wing fiber with core 

blend composition PA6/PLA 60/40, melt pump ratio S:C 1:1, 5000x 

magnification, in accordance with certain embodiments; 

FIG. 9 is a graph of IgG SBC for SP surface modified SAE 

fibers (left) vs similarly modified SP 15 wing fibers (right), in 

accordance with certain embodiments; 

FIG. 10 is a graph of lysozyme SBC for SP surface modified 

SAE fibers (left) vs similarly modified SP 15 wing fibers (right), 

in accordance with certain embodiments; 
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 FIG. 11 is a graph of methylene blue SBC for SP surface 

modified SAE fibers (left) vs similarly modified SP 15 wing fibers 

(right), in accordance with certain embodiments; 

FIG. 12(a) is an SEM image of an SAE fiber with core blend 

composition nylon/PLA 60/40, 400x magnification, in accordance 

with certain embodiments; 

FIG. 12(b) is a cryo-SEM cross sectional image of a SAE fiber 

with core blend composition nylon/PLA 60/40, 5000x magnification, 

in accordance with certain embodiments; 

FIG. 12(c) is an SEM image of a CIST fiber with “island” 

composition nylon PA6 100/0, “sea” composition nylon/PLA 55/45, 

I/S ratio 1/1, 1000x magnification, in accordance with certain 

embodiments;  

FIG. 12(d) is a cryo-SEM cross sectional image of a CIST fiber 

with “island” composition nylon PA6 100/0, “sea” composition 

nylon/PLA 55/45, I/S ratio 1/1, 5000x magnification, in accordance 

with certain embodiments;  

FIG. 13(a) is an optical micrograph of fractal fiber 1 in 

accordance with certain embodiments; 

FIG. 13(b) is an optical micrograph of fractal fiber 2 in 

accordance with certain embodiments; 

FIG. 13(c) is an optical micrograph of a snowflake fiber in 

accordance with certain embodiments; 

FIG. 13(d) is an SEM micrograph of fractal fiber 2 in 

accordance with certain embodiments; and 

FIG. 13(e) is an SEM micrograph of a snowflake fiber in 

accordance with certain embodiments. 

 

DETAILED DESCRIPTION 

Embodiments disclosed herein include high surface area fibers 

that are suitable for the bind/elute purification of proteins.  

The fibers are porous and can be prepared through the extraction 
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of a dissolvable mineral or polymeric porogen that is embedded 

into the fiber during its manufacture in a melt extrusion process.  

Dissolvable mineral porogens may include precipitated calcium 

carbonate, silica gel, or any other dissolvable solid mineral 

particulate.  An example of a dissolvable polymeric porogen is 

poly(lactic acid), PLA.  This polymer will dissolve in aqueous 

sodium hydroxide solution, for example.  Dissolvable polymeric 

porogens may be incorporated into the fiber at loadings ranging 

between 10 and 90 wt%, with preferred loadings ranging between 35 

and 60wt%.  Dissolvable polymeric porogen loadings less than about 

25wt% provide only minimal enhancement of fiber surface area and 

these fibers also lack the desired porous or fibrillated surface 

features after porogen extraction.  Dissolvable polymeric porogen 

loadings higher than about 65wt% may compromise the structural 

integrity of the fiber after porogen extraction. Dissolvable 

mineral porogens may be incorporated into the fiber at loadings 

ranging between 5 and 40 wt%, with preferred loadings ranging 

between 15 and 25wt%.  Dissolvable mineral porogen loadings less 

than about 15wt% provide only minimal enhancement of fiber surface 

area and these fibers also lack the desired porous surface features 

after porogen extraction.  Dissolvable mineral porogen loadings 

higher than about 30wt% may compromise the structural integrity of 

the fiber during extrusion or after porogen extraction.  Loading 

may be measured via the preprocessing dry weight of the different 

materials to be introduced into the extruder, or by comparing fiber 

weight pre and post-porogen removal.  

Suitable materials for the fibers include nylon PA6, although 

any other melt-processable thermoplastic polymers may be used, 

such as polyamides, polyolefins, polyvinyl chloride, polystyrene, 

poly methyl methacrylate, polylactic acid, copolymers, 

polypropylene, polyester, polyethylene therephthalate, 

polybutylene terephthalate, polyethylene, or thermoplastic 
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urethanes, polyetherurethanes, polyvinyl alcohol, polyimide, 

polycarbonate, polyetheretherketone, polystyrene, polysulfone, 

polytrimethlyene terephthalte, copolyesters, or liquid crystalline 

polymers.  These thermoplastics may be obtained as pellets or 

powders and these materials may be subsequently processed into the 

product fibers by means of a commercial melt compounding and fiber 

melt extrusion processing equipment. These fibers present a much 

higher surface area than ordinary round microfibers or winged 

fibers as illustrated in FIG. 1a and 1b, respectively.  In certain 

embodiments, the fibers may be surface modified to install the 

appropriate pendant cation exchange ligand functionality for the 

bind/elute or flow-through purification of proteins, monoclonal 

antibodies, or other biomolecules of interest.  Suitable ligands 

that may be deployed on the fiber surfaces include sulfopropyl 

groups for cation exchange chromatography applications, 

tetraalkylammonium halides, primary amines, and secondary amines 

for anion exchange chromatography applications, and n-alkyl 

chains, phenyl, benzyl, or other aromatic groups for reverse phase 

chromatography and hydrophobic interaction chromatography 

applications. The ligands may be installed onto the fiber surfaces 

by ceric redox grafting polymerizations, ATRP, RAFT, or free 

radical polymerizations initiated by e-beam, UV, or gamma 

radiation sources. 

In certain embodiments, a suitable thermoplastic polymer is 

blended with one or more suitable porogen additives, such as with 

a compounding extruder. The polymer and/or porogen can be pre-

dried and dry blended.  The blend can then be introduced into an 

extruder, from which it can be extruded out of a single strand die 

into a water bath and then pelletized. Alternatively, the base 

polymer and porogen pellets or powders can be dry blended and fed 

directly to a fiber or filament spinning machine without pre-

compounding. The pellets can then be melt spun into bi-component 
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filaments using an appropriately equipped fiber spinning machine. 

The blended base polymer/porogen material forms the core and the 

porogen polymer forms the outer sheath. After fiber spinning, 

drawing and winding, the porogen can be extracted from the bi-

component filaments with a suitable extracting agent such as a 1 

M hydrochloric acid solution or 1.5 N sodium hydroxide solution, 

depending upon the nature of the porogen used.  

In FIG. 1c thru 1f, several examples are shown of the high 

surface area fibers in accordance with certain embodiments. FIG. 

1c is a surface SEM image of a porous microfiber prepared using a 

dissolvable mineral porogen approach. This extruded monofilament 

was prepared from a melt compounded blend of nylon and 25 wt% 

precipitated calcium carbonate (Albafil® PCC). After fiber 

spinning, drawing, and extraction of the calcium carbonate porogen 

with hydrochloric acid, numerous pores are observable on the 

surface of the fiber.  Kr BET surface area measurement indicates 

an approximately 300% gain in BET surface area for this material 

over an ordinary non-porous nylon fiber of approximately the same 

fiber diameter. 

FIG. 1d shows a cryo-SEM cross sectional image of a porous 15 

wing fiber prepared using a dissolvable polymeric porogen 

approach.  This extruded bi-component fiber was prepared from a 

melt compounded blend of nylon and 30 wt% PLA that constitutes the 

winged fiber core and a dissolvable PLA sheath the surrounds the 

fiber core and stabilizes the winged projections during melt-

spinning (not shown). After fiber spinning, drawing, and 

extraction of the PLA polymeric porogen from the fiber sheath and 

from within the fiber core with sodium hydroxide solution, numerous 

pores are observable throughout the cross-section of the winged 

fiber. 

FIG. 1e shows a cryo-SEM cross sectional image of a porous 

core/sheath fiber prepared using a dissolvable polymeric porogen 
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approach. This fiber architecture is referred to as a surface area 

enhanced (SAE) type fiber.  This extruded bi-component fiber was 

prepared from a melt compounded blend of nylon and 40 wt% PLA that 

constitutes the fiber core and a dissolvable PLA sheath the 

surrounds the fiber core and stabilizes the material during melt-

spinning (not shown). After fiber spinning, drawing, and 

extraction of the PLA polymeric porogen from the fiber sheath and 

from within the fiber core with sodium hydroxide solution, a 

bundled arrangement of loosely-aligned nylon nanofibrils is 

observed throughout the cross-section of the SAE fiber. This 

surface area enhanced architecture greatly increases the fiber 

surface area and Kr BET surface area measurements indicate that 

values as high as 10.6 m2/g are achievable by this approach.  In 

contrast, a non-porous, 15 wing fiber has a modest surface area of 

only 1.4 m2/g. 

FIG. 1f shows a cryo-SEM cross sectional image of another 

type of porous bi-component fiber prepared using a dissolvable 

polymeric porogen approach. This fiber architecture is referred to 

as a ‘connected islands in the sea’ (CIST) type fiber.  This 

extruded bi-component fiber was prepared from a melt compounded 

blend of nylon and 45 wt% PLA that constitutes the fiber ‘sea’ 

domain and an array of 36 continuous nylon ‘islands’.  After fiber 

spinning, drawing, and extraction of the PLA polymeric porogen 

from the fiber ‘sea’ domain with sodium hydroxide solution, an 

arrangement of loosely-aligned nylon nanofibrils and larger 

micron-sized nylon islands are observed throughout the cross-

section of the CIST fiber.  This ‘connected islands in the sea’ 

architecture greatly increases the fiber surface area and N2 BET 

surface area measurements indicate that values as high as 7 m2/g 

are achievable by this approach. 

In certain embodiments, the porous fibers disclosed herein 

may have regularly or irregularly shaped cross-sections.  
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Exemplary shapes include circular, elliptical and polygonal, as 

well as a winged-shape wherein a central body has a plurality of 

radial protrusions extending therefrom.  In certain embodiments, 

the fiber cross-section is generally winged-shaped, with a middle 

region comprising a longitudinal axis that runs down the center of 

the fiber and having a plurality of projections that extend 

outwardly from the middle region. In certain embodiments, a 

plurality of the projections extends generally radially from the 

middle region.  As a result of this configuration, a plurality of 

channels is defined by the projections.  Suitable channel widths 

between projections range from about 200 to about 1000 nanometers.  

Suitable fibers are disclosed in U.S. Patent Publication No. 

2008/0105612, the disclosure of which is incorporated herein by 

reference.  In certain embodiments, the fibers are fractal fibers 

having at least three branched projections extending from a 

longitudinal axis, as shown in FIG. 13(a).  In certain embodiments, 

the fibers are fractal fibers having at least three branched 

projections extending from a longitudinal axis, each branched 

projection having sub-projections extending therefrom, as shown in 

FIG. 13(b) and (d). In certain embodiments, the fibers are 

snowflake fibers, having at least six projections extending from 

a longitudinal axis, each of the projections having at least four 

sub-projections extending therefrom, as shown in FIG. 13(c) and 

(e). 

In certain embodiments the high surface area fibers that are 

suitable for the bind/elute purification of proteins are solid 

fibers with different shaped cross-sections. These shaped fibers 

with ion-exchange ligands exhibit sufficient surface area and 

acceptable flow properties to be used in chromatographic 

separations. These shaped fibers have surface areas between 0.5 

and 5 square meters per gram by BET gas adsorption. The fibers are 

produced as bi-component fibers. The sheath material is removed 
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exposing the high surface area core. This core is modified with 

ion-exchange ligands and used in protein separations. Examples of 

cross sections that can be used are shown in Fig. 13. 

The surface functionalization of the high surface area porous 

fibers can be carried out by the deposition of an epoxy-functional 

polymer coating onto the fiber surface, followed by heating to 

covalently attach the polymer coating to the fiber surface, and a 

subsequent epoxy-ring opening process to install sulfonic acid 

functionality onto the fiber surface, for example.   

In other embodiments, modification of SAE type fibers with a 

surface-grafted ion exchange ligand for bind/elute cation exchange 

chromatography applications can be carried out. Activation of the 

SAE fiber surface with a crosslinked HPA/MBAm 95/5 polymer coating 

to provide a highly reactive hydroxy-functional coating on the 

fiber surface may be carried out, followed by a ceric ion redox 

polymerization, such as with 2-acrylamido-2-methyl-1-

propanesulfonic acid sodium salt, to provide a polymer grafted 

fiber substrate. 

A suitable column packing density of between about 0.1 to 0.4 

g/ml, preferably about 0.35 g/ml, will provide sufficient flow 

uniformity for acceptable performance in a chromatographic 

evaluation. 

In certain embodiments, the media (functionalized packed 

fibers) may be delivered to the user in a prepacked format, unlike 

bead-based media. The fibers can be fused either by thermal or 

chemical means to form a semi-rigid structure that can be housed 

in a pressure vessel. By such a construction, the media and 

accompanying device can be made ready-to-use. Chromatographic 

bead-based media is generally delivered as loose material (wet) 

wherein the user is required is load a pressure vessel (column) 

and by various means create a well-packed bed without voids or 

channels. Follow-up testing is generally required to ensure 
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uniformity of packing. In contrast, in accordance with certain 

embodiments, no packing is required by the user as the product 

arrives ready for service.  

The surface functionalized porous fiber media of the 

embodiments disclosed herein demonstrates a high permeability in 

a packed bed format.  Depending on the packing density, the bed 

permeability can range from 2500 mDarcy to less than 100 mDarcy. 

The packed fiber bed does not compress at high linear velocity.  

The surface area enhanced fiber media of embodiments 

disclosed herein may be configured into a packed bed format within 

a suitable housing, such as a chromatography column or other 

device.  Packed fiber beds of surface area enhanced staple fibers 

may be prepared by loading a dilute aqueous suspension of the 

staple fibers into a chromatography column and a subsequent axial 

compression of the top solvent distribution header of the 

chromatography column to a target bed depth of between 1 and 10 

cm.  Axial compression is defined as the reduction of the bed depth 

of a staple fiber packing located within a chromatography column 

or other suitable housing in order to increase the packing density 

of the staple fiber packing to a target value of between 0.1 and 

0.4 g/mL.  This compression is accomplished by the mechanical 

displacement of flow distribution headers to provide a smaller 

column or device volume and a corresponding increase in 

chromatography media packing density.  In this context, the axis 

that is being compressed is the vertical axis of the column in 

which the staple fibers are packed.  Since the staple fibers are 

compressible, the packing density of the staple fibers is 

correspondingly increased when such an axial compression is 

performed.  In contrast, radial compression is defined as the 

reduction of the internal diameter of a staple fiber packing within 

a chromatography column or other suitable housing in order to 

increase the packing density of the staple fiber packing to a 
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target value of between 0.1 and 0.4 g/mL. Radial compression 

operations do not change the bed depth of the fiber media 

packing.         

EXAMPLES 

Example 1. Melt compounding with mineral or polymeric porogens. In 

this experiment, nylon was blended with a variety of mineral or 

polymeric porogen additives such as calcium carbonate, silica, or 

poly(lactic acid) polymer (PLA). Ternary mixtures of nylon, 

mineral and PLA polymer porogens were also prepared.  These blends 

were subsequently used for fiber extrusion experiments.   

Several blends of nylon 6 and mineral fillers were made using 

a compounding extruder. Additional blends were also prepared 

containing a ternary mixture of nylon, PLA and mineral porogens.  

Four different types of mineral fillers were examined: Albafil A-

O-255-12 from SMI, Vicality Heavy from SMI, Multifex-MM™ from SMI, 

and Syloid 244FP from W.R. Grace. The pre-dried materials were 

weighed and dry blended. The dry blend was put onto the feed 

conveyor which was adjusted to sufficiently feed the microtruder. 

The material was extruded out of a single strand die into a water 

bath and then pelletized. Certain nylon/porogen formulations 

employed in this work are summarized in Table 1 below.   

 

Table 1. Summary of nylon formulations compounded with various mineral and polymeric porogens. 

Materials Blend Ratio Porogen Type 

PA6: Albafil 75:25 Mineral (CaCO3) 

PA6:Vicality 75:25 Mineral (CaCO3) 

PA6:Syloid 75:25 Mineral (SiO2) 

PA6: Multifex-MM™  75:25 Mineral (CaCO3) 

PA6:PLA 75:25 Polymer (PLA) 

PA6:PLA:Albafil 65:25:10 Mineral (CaCO3) + Polymer (PLA) 

PA6:PLA:Vicality 65:25:10 Mineral (CaCO3) + Polymer (PLA) 
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PA6:PLA:Syloid 73.1 : 24.4 : 2.5 Mineral (SiO2) + Polymer (PLA) 

 

Example 2. Melt extrusion of mineral porogen loaded monofilaments. 

In this experiment, a general description of the process for melt-

spinning the blended nylon/mineral porogen pellets into 

monofilament fibers of approximately 20 micron diameters is 

provided. 

The blended nylon/mineral porogen pellets were melt spun into 

monofilaments using a fiber spinning machine. The fiber spinning 

machine is an LBS System from Hills Inc. (Melbourne, FL). The 

extruded monofilament fiber samples were drawn to a diameter of 

approximately 20 microns.  After fiber spinning, drawing and 

winding, the mineral porogen was subsequently extracted from the 

monofilaments according to the procedure described below.    

 

Example 3. Mineral porogen extraction from extruded monofilaments. 

In this experiment, the process for mineral porogen extraction 

from extruded monofilament fibers using a 1 M hydrochloric acid 

solution is described.  The fibers are subsequently neutralized, 

washed, and the surfaces of the fibers are inspected by scanning 

electron microscopy (SEM).  Kr BET surface area measurements are 

also conducted. 

Into a 100 mL glass jar with cap were added 1.0 g of extruded 

monofilament (approximately 20 μm diameter) and 50 mL of 1.0 M HCl 

(50 mmol).  The suspension was agitated at 30 °C overnight.  The 

fiber solids were isolated by vacuum filtration and washed with 

0.5 M Tris-HCl (1 x 100 mL), DI water (1 x 100 mL) and ethanol (1 

x 100 mL).  The material was placed in an oven to dry at 40 °C for 

18 hours.  The results of the mineral porogen extraction 

experiments are shown in Table 2 below.  SEM inspection of the 

fiber surface morphology was conducted after extraction of the 

mineral porogens and these images are shown in the FIG. 2.  The 
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Albafil®-containing monofilament affords large micron-sized pores 

or cavities on the fiber surfaces after porogen extraction.  Due 

to the smaller particle size of the Multifex-MM™-porogen (< 0.2 

microns), much smaller pores are observed on the fiber surface 

after porogen extraction.  No such pores are evident on a 

similarly-treated nylon fiber control sample.  Kr BET surface area 

measurements reveal a significant gain (~300%) in BET surface area 

for the material prepared using the Albafil® porogen over the non-

porous nylon fiber control sample.   

 

Table 2. Calcium carbonate mineral porogen extraction. 

Sample ID 
Fiber 

amt (g) 

monofilament blend 

composition (nylon:mineral) 
Obtained 

% yield 

(expected yield) 

Kr BET 

Surface 

area 

7746-34A 0.46 g PA6 (100:0) 0.44 g 96% (100%) 0.12 m2/g 

7746-34B 0.92 g 
PA6:Multifex-MM™ CaCO3 

75:25 
0.68 g 74% (75%) -- 

7746-34C 0.61 g PA6:Albafil CaCO3 75:25 0.47 g 77% (75%) 0.33 m2/g 

 

Example 4. Melt compounding with polymeric porogens. In this 

experiment, nylon was blended with various amounts of a polymeric 

porogen, poly(lactic acid) polymer. These blends were subsequently 

used for fiber extrusion experiments.   

A variety of nylon/PLA blend samples were generated using a 

compounding extruder. A range of PLA and Nylon 6 blends were made 

and are shown in Table 3 below.  The appropriate amount of dried 

pellets were weighed and dry blended. The dry blended mixture was 

then added to the feed conveyor belt on the compounding extruder. 

The feed belt was adjusted to sufficiently feed the compounding 

extruder.  The material was extruded out of a single strand die 

into a water bath and then pelletized. 
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Table 3. Summary of nylon formulations compounded with PLA as a polymeric porogen. 

 

 

  

Example 5. PLA porogen extraction from extruded filaments. In this 

experiment, the process for PLA porogen extraction from extruded 

filaments from the melt compounder using a 1.5 N sodium hydroxide 

solution is described.  The fibers are subsequently neutralized, 

washed, a gravimetric assay is performed, and the surfaces of the 

fibers are inspected by scanning electron microscopy (SEM).   

Into a 250 mL glass jar with cap were added 2.0 g of extruded 

filament (approximately 2.0 mm diameter) and 0.2 L of 1.5 N NaOH 

(0.75 mol). The suspension was stirred at room temperature 

overnight. The fiber solids were isolated by vacuum filtration and 

washed with DI water (3 x 250 mL) and ethanol (1 x 250 mL).  The 

material was placed in an oven to dry at 60 °C for 3 hours. The 

results of the PLA polymeric porogen extraction experiments from 

the extruded 2 mm filaments are shown in Table 4 below. From these 

data, it can be seen that the PLA porogen is more easily extracted 

for the high PLA loading sample (50 wt% PLA) than it is for the 

low PLA loading sample (35 wt% PLA).  The large difference between 

the actual and expected yields is due to restricted access to the 

interior of these large 2 mm diameter filaments. SEM inspection of 

the filament surface morphology was conducted after extraction of 

the PLA polymeric porogen and these images are shown in FIG. 3. 

These data show the appearance of a fibrillated surface morphology 

Materials Blend Ratio 

PA6:PLA 80:20 

PA6:PLA 75:25 

PA6:PLA 70:30 

PA6:PLA 65:35 

PA6:PLA 60:40 

PA6:PLA 55:45 

PA6:PLA 50:50 
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after PLA porogen extraction from the filaments. These surface 

features are quite pronounced for PLA loadings equal to or greater 

than 40 wt%. Fibrillated surface morphologies such as these are 

expected to greatly increase the surface area of a fiber substrate.       

 

Table 4. PLA porogen extraction from extruded filaments. 

Sample ID 
Fiber amt 

(g) 

filament blend 

composition 

(nylon:PLA) 

Obtained 
% yield 

(expected yield) 

7895-126A 1.94 g 65:35 1.94 g 100% (65%) 

7895-126B 1.99 g 60:40 1.80 g 90% (60%) 

7895-126C 1.84 g 55:45 1.60 g 87% (55%) 

7895-126D 1.82 g 50:50 1.59 g 85% (50%) 

 

Example 6. Melt extrusion of polymeric porogen loaded fibers. In 

this experiment, a general description of the process for melt-

spinning the compounded nylon/PLA polymer porogen pellets into 

core/sheath or 15 wing bi-component fibers of approximately 20 

micron diameters is provided.  

The blended nylon/PLA pellets were melt spun into fibers using 

a bi-component fiber spinning machine. The bi-component fiber 

spinning machine is an LBS System from Hills Inc. (Melbourne, FL). 

The extruded fiber samples were core/sheath and 15 wing fibers 

with a sheath of PLA and the blended pellets in the core (or vice 

versa).  Samples are summarized in Table 5 below.  

 

Table 5.  Summary table of extruded fibers containing polymeric porogens located within the fiber core or as a 

porogen-loaded external sheathing. 

Sample ID Fiber type Core blend 

composition 

(nylon:PLA) 

Sheath composition Core/Sheath ratio 

7895-122 core 2 Core/Sheath 80:20 PLA 50:50 
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7895-122 core 4 Core/Sheath 75:25 PLA 50:50 

7895-128 core 4 Core/Sheath 65:35 PLA 50:50 

7895-128 core 6 Core/Sheath 60:40 PLA 50:50 

7895-128 core 7 Core/Sheath 55:45 PLA 50:50 

7895-128 core 8 Core/Sheath 50:50 PLA 50:50 

7895-123 core 6 15 wing 70:30 PLA 1:2 

7895-159 core 2 Core/Sheath 100:0 nylon:PLA 60:40 50:50 

7895-159 core 4 Core/Sheath 100:0 nylon:PLA 60:40 2.6:1 

7895-159 core 1 Core/Sheath 100:0 nylon:PLA 60:40 8:1 

7895-159 core 5 Core/Sheath 100:0 nylon:PLA 60:40 1:2 

 

Example 7. Melt extrusion using hand-blended samples. In this 

experiment, a general description of the process for melt-spinning 

a hand-blended mixture of nylon and PLA polymer porogen pellets 

into core/sheath bi-component fibers of approximately 20 micron 

diameters is provided. 

A variety of melt-extruded fiber samples were generated by 

melt spinning using a lab scale bi-component extruder from Hills 

Inc. (Melbourne, FL) mounted with a core/sheath spin pack.  The 

sheath side of the die was fed with polylactic acid (PLA) pellets.  

For the core side of the die, polymer pellets were mixed at various 

ratios by simple agitation in a bag before being fed into the 

extruder.  Fibers were drawn and wound on a core for later 

processing and analysis.  Samples are summarized in Table 6 below.  

 

Table 6. Summary table of extruded fibers containing hand-blended polymeric porogen / nylon mixtures located 

within the fiber core. 

Sample ID Fiber type 

Core hand-blend 

composition (nylon 

PA6:PLA) 

Sheath 

composition 

Core/Sheath 

ratio 

7993-6A Core/Sheath 30:70 PLA 50:50 

7993-6B Core/Sheath 35:65 PLA 50:50 

7993-6C Core/Sheath 40:60 PLA 50:50 
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7993-6D Core/Sheath 60:40 PLA 50:50 

7993-6E Core/Sheath 65:35 PLA 50:50 

7993-6F Core/Sheath 70:30 PLA 50:50 

   

Example 8. General procedure for PLA extraction. In this 

experiment, the process for PLA porogen extraction from extruded 

bicomponent core/sheath fibers using a 1.5 N sodium hydroxide 

solution is described. The fibers are subsequently neutralized, 

washed, a gravimetric assay is performed, and the surfaces of the 

fibers are inspected by scanning electron microscopy (SEM). Kr BET 

surface area measurements are also conducted. 

Into a 1 liter Pyrex bottle with cap were added 5.0 g of cut 

staple fiber (1.0 mm length) and 0.5 L of 1.5 N NaOH (0.75 mol).  

The suspension was stirred at room temperature overnight.  The 

fiber solids were isolated by vacuum filtration and washed with DI 

water (3 x 250 mL) and ethanol (1 x 250 mL).  The material was 

placed in an oven to dry at 60 °C for 18 hours.  The results of 

the PLA polymeric porogen extraction experiments from extruded bi-

component fibers (20 micron diameter) are shown in Table 7 below.  

From these data, we find that the PLA porogen was extracted from 

both the fiber sheath and from within the fiber core for all fiber 

samples.  The small difference between the actual and expected 

yields is evidence of complete extraction of the PLA porogen from 

within the bi-component fiber. SEM inspection of the fiber surface 

morphology was conducted after extraction of the PLA polymeric 

porogen and these images are shown in FIG. 4.  From these data, we 

find the appearance of a fibrillated surface morphology after PLA 

porogen extraction from the fibers with PLA loadings greater than 

35 wt%.  These fibers appear to be constructed of bundles of highly 

entangled nylon nanofibrils.  For PLA porogen loadings greater 

than about 50 wt%, there is an apparent unraveling of the fiber 

structure to afford individual nylon nanofibers.  Cryo-SEM cross 

24



 

section images for the 40wt% PLA sample are shown in FIG. 5.  From 

these cross section images, we find this fiber appears to be 

constructed of hundreds of loosely axially-aligned nylon 

nanofibrils and there is a significant porosity within the fiber 

cross section.  Fibrillated surface morphologies such as these are 

expected to greatly increase the surface area of a fiber substrate.  

In FIG. 6, it is shown that high Kr BET surface areas are measured 

for the extracted nylon fiber samples that were constructed with 

PLA polymeric porogen loadings greater than 25 wt%. 

 

Table 7. PLA porogen extraction and sheath removal. 

Sample ID 
Fiber amt 

(g) 

Core blend 

composition 

(nylon:PLA) 

Sheath 

composition 

Core/Sheath 

ratio 
Obtained 

% yield 

(expected 

yield) 

Kr BET 

Surface area 

7895-128A 5.0 g 65:35 PLA 50:50 1.44 g 29% (33%) 6.08 m2/g 

7895-128D 5.0 g 60:40 PLA 50:50 1.38 g 28% (30%) 10.57 m2/g 

7895-128B 5.0 g 55:45 PLA 50:50 1.28 g 26% (28%) 6.39 m2/g 

7895-128C 5.0 g 50:50 PLA 50:50 1.17 g 23% (25%) 8.07 m2/g 

    

Example 9. Melt extrusion of winged fibers having a porous core.  

In this experiment, a general description of the process for melt-

spinning the compounded nylon/PLA polymer porogen pellets into 15 

wing bi-component fibers of approximately 15 micron diameters is 

provided.  The PLA is subsequently extracted from the fiber sheath 

as well as from within the fiber core.  As a result, these 15 wing 

fibers present a porous core structure. 

The blended nylon/PLA pellets were melt spun into fibers using 

a bi-component fiber spinning machine. The bi-component fiber 

spinning machine is an LBS System from Hills Inc. (Melbourne, FL).  

The extruded fiber samples were 15 wing fibers and were prepared 

with a sheath of PLA and the blended pellets as the fiber core.  

After extraction of the PLA from the fiber sheath and from within 
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the fiber core, a 15 wing fiber having a porous structure is 

provided.  The general procedure for the extraction of the PLA 

polymeric porogen is described in the example above.  Various 15 

wing fiber samples prepared using nylon/PLA 70/30 and 60/40 blends 

as the fiber core composition are illustrated in FIG. 7 and FIG. 

8.  These images show the appearance of cylindrical pores or 

cavities that extend within the winged fiber cross sections.  Such 

features are expected to further increase the surface area of 

winged fibers. 

 

Example 10. General procedure for the surface modification of SAE 

fibers. In this experiment, a general procedure for the surface 

modification of SAE fibers with a pendant, strong cation exchange 

functional groups is described. This procedure involves the 

deposition of an epoxy-functional polymer coating onto the fiber 

surface, a heating step to covalently attach the polymer coating 

to the fiber surface, and a subsequent epoxy-ring opening process 

to install a sulfonic acid functionality onto the fiber surface. 

Twenty-five grams of a 1 wt% solution of poly(glycidyl 

methacrylate) in methyl ethyl ketone (MEK) were prepared in a 30 

mL glass vial.  Into a separate 30 mL glass vial, were added 0.2 

grams of fiber and 12.5 g of the 1% poly(glycidyl methacrylate) 

polymer solution. The suspension was agitated at room temperature 

overnight. The fiber solids were subsequently isolated by vacuum 

filtration and placed into an oven at 100 °C for 30 minutes.  The 

fiber solids were removed from the oven and re-suspended in 40 mL 

MEK for 1 hour at room temperature.  The fiber solids were isolated 

by vacuum filtration and then suspended in 15 mL of a 1 M sodium 

sulfite / 0.4 M tetra-n-butyl ammonium bisulfate solution.  The 

suspension was sparged with N2 for 5 minutes, the vial sealed and 

heated to 80 °C overnight.  The suspension was cooled to room 
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temperature.  The fiber solids were isolated by vacuum filtration 

and washed with DI water (5 x 30 mL), and ethanol (1 x 30 mL).  

The fibers were dried at 60 °C for 2 hours.  Results for the 

surface modification of a surface area enhanced (SAE) core/sheath 

fiber as well as a non-porous 15 wing control sample are shown in 

Table 8 below.  Static binding capacity measurements were also 

conducted for both of these sulfonic acid functionalized fibers 

using IgG, lysozyme, and methylene blue as large protein, small 

protein, and small molecule probes, respectively.  Standard cation 

exchange binding conditions were employed for all of these static 

binding capacity tests and the results are summarized in FIGS. 9, 

10, 11 and in Table 9 below.  From these data, an increased static 

binding capacity for the SAE fiber over the 15 wing fiber is shown, 

as well as that the binding capacity advantage for the SAE fiber 

increases with decreasing molecular size.   

 

Table 8. Surface modification of SAE nylon and 15 wing fibers, BET surface area, and recovery data. 

Sample ID 
Fiber amt 

(g) 

Fiber 

description 

Kr BET 

Surface area  
Obtained % yield 

7895-179A 0.20 g SAE 10.57 m2/g 0.19 g 95% 

7895-179B 0.20 g 15 wing 1.43 m2/g 0.17 g 85% 

 

Table 9. Summary of static binding capacity data for SP modified SAE and 15 wing fibers. 

 IgG Lysozyme Methylene Blue 

Molecular weight 160 KDa 14.3 KDa 374 Da 

15W fiber SBC (mg/g) 25 21 8 

SAE fiber SBC (mg/g) 58 62 38 

SAE fiber (SBC gain) 2.3x 2.9x 4.8x 

Est. accessible surface area1 3.2 m2/g 4.2 m2/g 6.7 m2/g 

% of BET surface area 31% 40% 64% 
1Based on 15W fiber, 100% accessible surface area of 1.4 m2/g  
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Example 11. Surface modification of SAE fibers (7895-136).  In 

this experiment, a procedure for the modification of SAE type 

fibers with a surface-grafted ion exchange ligand for bind/elute 

cation exchange chromatography applications is described.  The 

first step of this process involves the activation of the SAE fiber 

surface with a cross linked HPA/MBAm 95/5 polymer coating.  This 

step provides a highly reactive hydroxyl-functional coating on the 

fiber surface that is well suited for a subsequent polymer grafting 

process. In a second step, the HPA/MBAm-modified fiber undergoes 

a ceric ion redox polymerization with 2-Acrylamido-2-methyl-1-

propanesulfonic acid sodium salt to provide a polymer grafted fiber 

substrate.  The grafted polymer provides pendant sulfonic acid 

functional groups for cation exchange chromatography applications.   

 

SAE nylon fiber surface modification with HPA/MBAm 95/5. Into a 

500 mL Pyrex bottle were added hydroxypropylacrylate (HPA, 4.9 g, 

38 mmol), N,N′-methylenebis(acrylamide) (MBAm, 0.28 g, 2 mmol) and 

water (253 mL).  6.0 g of surface area enhanced (SAE) nylon fibers 

were added to the mixture.  Ammonium persulfate (0.63 g, 3 mmol) 

was added.  The wet solids were heated to 80 °C for 4 hours. 

After cooling to room temperature, the solids were 

transferred to a Buchner funnel and washed with hot water (4 x 200 

mL) and ethanol (1 x 200 mL).  The material was allowed to dry 

under vacuum for 20 minutes.  The material was transferred to an 

oven and dried at 60 °C for 18 hours. 

 

Obtained 6.46 g as white fibers.   

 

Graft polymerization of HPA/MBAm modified nylon fibers.  Into 3 x 

125 mL glass jars were added 2-Acrylamido-2-methyl-1-

propanesulfonic acid sodium salt (AMPS-Na), water, HPA/MBAm 

modified SAE nylon fibers (see above) and 1 M HNO3 solution (in 
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the amounts described in the table below).  A 0.4 M solution of 

ammonium cerium(IV) nitrate (CAN) in 1 M HNO3 were added to each 

bottle.  The reaction bottles were capped, sparged with nitrogen, 

and the mixtures were heated to 35 °C for 18 hours. 

After cooling to room temperature, the solids were washed 

with a solution of 0.2 M ascorbic acid in 0.5 M sulfuric acid (3 

x 80 mL), DI water (3 x 80 mL), 0.5 M sodium hydroxide solution (3 

x 80 mL), DI water (3 x 80 mL) and ethanol (1 x 80 mL).  The 

material was placed in an oven to dry at 60 °C for 18 hrs. 

 

Obtained samples of a white fibrous solid (see table for recovery 

and weight add-on data). 

 

Table 10. Cerium redox graft polymerization compositions and recovery data. 

Reaction # 
HPA/MBAm 

fiber (g) 

AMPS-Na 

monomer, 

g (mmol) 

CAN 

(mM) 

HNO3 

(mM) 

water 

(mL) 

Product wt, 

g (% add-on) 

7895-136A 1.5 g 1.37 g (6 mmol) 3 mM 31 mM 44 mL 1.45 g (-3% ) 

7895-136B 1.5 g 4.11 g (18 mmol) 3 mM 31 mM 42 mL 1.51 g (+1%) 

7895-136C 1.5 g 5.46 g (24 mmol) 3 mM 31 mM 40 mL 1.54 g (+3%) 

 

Example 12. Static binding capacity measurement. In this 

experiment, the IgG static binding capacity of the SP surface-

modified SAE fibers in a cation exchange mode is presented. 

The results of IgG static binding capacity measurements for 

the SP-modified SAE nylon fibers are provided in Table 11 below.  

From these data, substantial IgG static binding capacities are 

shown for the SP surface-modified SAE fibers and these IgG SBC 

values are comparable to commercial bead-based cation exchange 

chromatography resins.  

 

  

29



 

Table 11. IgG static binding capacity (SBC) data for SP modified SAE nylon fibers. Challenge: 2 g/L polyclonal 

human IgG (SeraCare Life Sciences, Milford, MA) in 50 mM Sodium Acetate (pH 5). 

Sample 

Fiber 

Amt 

(mg) 

IgG Bound (mg) SBC (mg/g) SBC (mg/mL)1 

7895-136A-1 56 8.0 143 47 

7895-136A-2 32 4.6 143 47 

7895-136B-1 44 8.1 185 61 

7895-136B-2 59 10 177 58 

7895-136C-1 62 12 197 65 

7895-136C-2 69 4.2 61 20 

1Based on a 0.33 g/mL fiber packing density   

 

Example 13. Dynamic binding capacity measurement. In this 

experiment, the packing of the SP surface-modified SAE fibers into 

a chromatography column and permeability of the packed fiber bed 

is described.  The IgG dynamic binding capacity of the SP surface-

modified SAE fibers in a cation exchange mode is also presented. 

The results of IgG dynamic binding capacity measurements for 

the SP-functionalized SAE fiber media of example 7895-136B are 

provided in Table 12 below.  1.0 g of the media was packed into an 

11 mm internal diameter Vantage column and compressed to a bed 

depth of 3.0 cm (2.85 mL column volume, 0.35 g/mL fiber packing 

density). The packed fiber permeability at 0.35 g/mL was determined 

to be 200 mDa using 50 mM acetate buffer (pH 5).  The dynamic 

binding capacity measurements were conducted over a range of linear 

velocities from 200 cm/hr to 60 cm/hr.  These velocities correspond 

to residence times of 54 seconds to 3 minutes.  The fiber media of 
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example 7895-136B demonstrates IgG dynamic binding capacities in 

the range of 50 mg/mL. 

 

Table 12. IgG DBC values for the SP- functionalized SAE fiber cation-exchange media at 1, 5, 10, and 50% 

breakthrough at varying linear velocities (RT = residence time).  Challenge: 2.0 g/L polyclonal human IgG 

(SeraCare Life Sciences, Milford, MA) in 50 mM acetate, pH 5. 

7895-136B DBC (mg/mL) 

% Breakthrough 60 cm/hr 

(RT 180 sec) 

60 cm/hr 

(RT 180 sec) 

200 cm/hr 

(RT 54 sec) 

200 cm/hr 

(RT 54 sec) 

1 46 46 45 45 

5 50 50 50 49 

10 53 53 52 52 

50 69 69 69 69 

 

Example 14. Melt extrusion of “connected islands in the sea” (CIST) 

fibers. In this experiment, a general description of the process 

for melt-spinning hand-blended mixtures of nylon and PLA polymer 

porogen pellets into ‘connected islands in the sea” (CIST) type 

fibers of approximately 20 micron diameters is described.  The 

fibers are subsequently neutralized, washed, a gravimetric assay 

is performed, and the surfaces of the fibers are inspected by 

scanning electron microscopy (SEM). N2 BET surface area 

measurements are also conducted. 

A variety of melt-extruded fiber samples were generated by 

melt spinning using a lab scale bi-component extruder from Hills 

Inc. (Melbourne, FL) mounted with an “islands in the sea” spin 

pack (36 island configuration).  The “island” side of the die was 

fed with nylon 6 pellets.  For the “sea” side of the die, polymer 

pellets were mixed at various ratios by simple agitation in a bag 

before being fed into the extruder.  For this example, the blend 

components were PLA and nylon 6.  Fibers were drawn and wound on 

a core for later processing and analysis.  Samples are summarized 
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in the table below.  After extraction of the PLA polymeric porogen 

from within the ‘sea’ domain of the extruded bi-component fiber, 

a CIST fiber having a porous structure is provided.  Several 

examples of CIST type fibers are summarized in Table 14, below.  

The general procedure for the extraction of the PLA polymeric 

porogen is described in the example above.  Various CIST fiber 

samples prepared using a range of nylon/PLA porogen blends as the 

fiber ‘sea’ domain composition were prepared.  Surface and cryo-

SEM cross section images of a CIST fiber and a SAE type fiber are 

provided in FIG. 12. From the cross section images, it can be seen 

that large channels or crevices extending throughout the interior 

of the CIST fiber and these features may make the internal surface 

considerably more accessible than for the SAE-type fiber.  Such 

features are expected to improve the access of large proteins and 

biomolecules to the interior surface area of such nano-fibrillated 

fiber supports.   

  

Table 13. Summary table of extruded ‘connected islands in the sea’ (CIST) fibers containing 36 nylon PA6 ‘islands’ 

and hand-blended polymeric porogen / nylon mixtures as the fiber ‘sea’ component. 

Sample ID Fiber Type Island Composition 
Sea blend composition 

(nylon:PLA) 
Island/Sea ratio 

7895-188D CIST PA6 PA6:PLA 40:60 1:1 

7895-188A CIST PA6 PA6:PLA 60:40 3:2 

7895-189D CIST PA6 PA6:PLA 40:60 1:1 

7895-189A CIST PA6 PA6:PLA 60:40 1:1 

7993-8A CIST PA6 PA6:PLA 55:45 2.1:1 

7993-8B CIST PA6 PA6:PLA 55:45 1:1 

7993-8C CIST PA6 PA6:PLA 55:45 0.6:1 

7993-8D CIST PA6 PA6:PLA 60:40 2.1:1 

7993-8E CIST PA6 PA6:PLA 60:40 1:1 

7993-8F CIST PA6 PA6:PLA 60:40 0.6:1 

 CIST PA6 PA6:PLA 65:35 2.1:1 

 CIST PA6 PA6:PLA 65:35 1:1 
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Table 14. PLA porogen extraction and N2 BET data for ‘connected islands in the sea’ (CIST) type fibers. 

Sample 

ID 

Fiber 

Type 

Fiber 

amt (g) 

Island 

Composition 

Sea blend 

composition 

(nylon:PLA) 

Island/Sea 

ratio 
Obtained 

% yield 

(expected 

yield) 

N2 BET 

Surface 

area 

7895-

188D 
CIST 10.5 g nylon 

nylon:PLA 

40:60 
1:1 6.9 g 66% (70%) 5.1 m2/g 

7895-

189A 
CIST 9.5 g 

nylon 

(higher 

visc.) 

nylon, 

higher visc. 

:PLA 60:40 

1:1 7.6 g 80% (80%) 6.6 m2/g 

7895-

189D 
CIST 10.5 g nylon 

nylon, 

higher 

visc.:PLA 

40:60 

1:1 7.0 g 67% (70%) 4.4 m2/g 

 

Example 15. Surface modification of SAE, CIST, 15 wing, and round 

nylon fibers.  In this experiment, a procedure for the modification 

of SAE, CIST, and 15 wing type fibers with a surface-grafted ion 

exchange ligand for bind/elute cation exchange chromatography 

applications is described.  In this process, the fiber surfaces 

are modified in a single step using a ceric ion redox 

polymerization with 3-sulfopropylmethacrylate potassium salt to 

provide a polymer-grafted fiber substrate.  The grafted polymer 

provides pendant sulfonic acid functional groups for cation 

exchange chromatography applications.   

Into a 125 mL bottle were added 3-sulfopropylmethacrylate 

potassium salt (3-SPMA), water, CIST nylon fibers and 1 M HNO3 

solution (in the amounts described in the table below).  A 0.4 M 

solution of ammonium cerium(IV) nitrate (CAN) in 1 M HNO3 was added 

to the bottle.  The reaction bottle was capped and the mixture was 

heated to 35 °C for 5 hours. 

33



 

After cooling to room temperature, the fiber solids from the 

bottle was washed with a solution of 0.2 M ascorbic acid in 0.5 M 

sulfuric acid (3 x 50 mL), DI water (3 x 50 mL), 0.5 M sodium 

hydroxide solution (3 x 50 mL), DI water (3 x 50 mL) and ethanol 

(1 x 50 mL).  The material was placed in an oven to dry at 60 °C 

for 18 hrs. 

 

Obtained samples of a white fibrous solid (see Table for recovery 

and weight add-on data). 

 

Table 15. Cerium redox graft polymerization compositions and recovery data for surface area enhanced (SAE), 

‘connected islands in the sea’ (CIST), non-porous 15 wing and round control fibers (15 μm diameter). 

Reaction # Fiber type 
Fiber 

amt (g) 

3-SPMA 

monomer, 

g (mmol) 

CAN 

(mM) 

HNO3 

(mM) 

water 

(mL) 

Product wt, 

g (% add-on) 

7895-142A SAE 1.5 g 1.85 g (7.5 mmol) 6 mM 60 mM 69.4 mL 1.52 g, (+1%) 

7895-142B SAE 1.5 g 4.62 g (19 mmol) 6 mM 60 mM 69.4 mL 1.68 g (+12%) 

7993-2A CIST 1.5 g 1.85 g (7.5 mmol) 6 mM 60 mM 69.4 mL 1.50 g, (0%) 

7895-62D 15 wing 1.5 g 9.24 g (38 mmol) 6 mM 60 mM 69.4 mL 1.8 g, (+19%) 

7895-142D 
round, 15 

μm 
1.5 g 1.85 g (7.5 mmol) 6 mM 60 mM 69.4 mL 1.43 g, (-5%) 

7895-142E 
round, 15 

μm 
1.5 g 4.62 g (19 mmol) 6 mM 60 mM 69.4 mL 1.50 g, (0%) 

7895-142F 
round, 15 

μm 
1.5 g 9.24 g (38 mmol) 6 mM 60 mM 69.4 mL 1.52 g, (+1%) 

 

Example 16. Static binding capacity measurement. In this 

experiment, the IgG static binding capacity of the SP surface-

modified SAE, CIST, 15 wing, and simple round fibers in a cation 

exchange mode is presented.  For the SAE fibers (samples #7895-

142A and 7895-142B), we find that an increase in 3-SPMA monomer 

from 7.5 mmol to 19 mmol in the grafting step affords a substantial 
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increase in IgG static binding capacity from 47 mg/g to 212 mg/g.  

The CIST fibers (entry 7993-2A-1, 7993-2A-2) give comparable IgG 

SBC values to the SAE type fibers at the low 3-SPMA monomer loading 

condition (7.5 mmol).  The 15 wing fiber (entry 7895-62D) was 

modified using 38 mmol of 3-SPMA monomer and this sample affords 

an IgG SBC value of 130 mg/g.  In comparison, simple 15 micron 

round fibers provide very low IgG SBC values under all of the 

grafting conditions evaluated.  This may be attributed to the very 

low surface area of round fibers which lack projections or internal 

porous structures.  

The results of IgG static binding capacity measurements for 

the SP modified surface area enhanced (SAE), ‘connected islands in 

the sea’ (CIST), non-porous 15 wing and round control fibers (15 

μm diameter) are provided in Table 16 below. 

 

Table 16. IgG static binding capacity data for SP modified surface area enhanced (SAE), ‘connected islands in the 

sea’ (CIST), non-porous 15 wing and round control fibers (15 μm diameter).  Challenge: 2 g/L polyclonal human 

IgG (SeraCare Life Sciences, Milford, MA) in 50 mM Sodium Acetate (pH 5). 

Sample Fiber type 
Base fiber surface 

area (m2/g) 
BET Method 

Fiber 

Amt 

(mg) 

IgG Bound 

(mg) 

SBC 

(mg/g) 

7895-142A-1 SAE 10.6 
Kr BET, 

multipoint 
53 2.7 50 

7895-142A-2 SAE 10.6 
Kr BET, 

multipoint 
74 3.3 45 

7895-142B-1 SAE 10.6 
Kr BET, 

multipoint 
63 11 176 

7895-142B-2 SAE 10.6 
Kr BET, 

multipoint 
54 13 248 

7993-2A-1 CIST 4.4 
N2 BET, 

singlepoint 
49 2.7 56 

7993-2A-2 CIST 4.4 
N2 BET, 

singlepoint 
61 2.9 48 
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7895-62D-1 15 wing 1.43 
Kr BET, 

multipoint 
52 6.9 133 

7895-62D-2 15 wing 1.43 
Kr BET, 

multipoint 
51 6.4 125 

7895-142F-1 
round, 15 

μm 
~0.1 

Kr BET, 

multipoint 
68 0.5 7 

7895-142F-2 
round, 15 

μm 
~0.1 

Kr BET, 

multipoint 
51 0.7 13 

 

Example 17. Melt-Extrusion of shaped fibers. Shaped fibers are 

prepared using a bi-component melt spinning process. The bi-

component fiber has a core of one material and a sheath of a second 

polymer. These core and sheath materials could be any type of melt-

processable thermoplastic known to those studied in the art. A 

series of die plates is used to split and redirect the two polymer 

feed streams into a given number of fibers and the desired cross-

sectional shape. The fibers are drawn to the appropriate size after 

melt-spinning. The fiber characteristics are summarized in Table 

17.  

 

Table 17. - Summary of shaped fiber shapes, BET surface area, and fiber diameter.  

 

Fiber Shape BET Surface Area 

(m2/g)  

Fiber Diameter 

(microns) 

Fractal 1 No Data 14.8 

Fractal 2 2.11 15.1 

Snowflake 1.25 26.9 

 

 

Example 18. General procedure for the surface modification of 

shaped fibers. The shaped fibers were prepared according to Example 

10. See tables for IgG static binding capacity data. 
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Table 1817. Summary of static binding capacity data for SP modified Shaped and 15 wing 

fibers. 

Fiber Type IgG SBC (mg/g) 

15W fiber SBC 

(mg/g) 
25 

Fractal 1 NA 

Fractal 2 90 

Snowflake 29.5 

 

Example 19. Surface modification of Shaped Nylon Fibers.  The 

shaped fibers were prepared according to Example 11. See table for 

recovery and weight add-on data. 

 

Table 19. Cerium redox graft polymerization compositions and recovery data 

for fractal fiber. 

Reaction 

# 

Fiber type 
HPA/MBAm fiber 

(g) 

AMPS-Na 

monomer, 

g (mmol) 

CAN 

(mM) 

HNO3 

(mM) 

water 

(mL) 

Product wt, 

g (% add-on) 

Ex. 19 Fractal 2 1.51 g 11.00 g (48 mmol) 3 mM 31 mM 24.1 mL 1.43 g (-5% ) 

 

Example 20. Dynamic binding capacity measurement. The surface 

modified fractal fibers from Example 19 above were packed according 

to the method described in Example 13.  

The dynamic binding capacity measurements were conducted over 

a range of linear velocities from 200 cm/hr to 600 cm/hr.  These 

velocities correspond to residence times of 54 seconds to 18 

seconds.  The fiber media of example 19 demonstrates IgG dynamic 

binding capacities in the range of 72 mg/mL. 

 

Table 20. IgG DBC values for the SP- functionalized shaped fiber cation-exchange 

media at 1, 5, 10, and 50% breakthrough at varying linear velocities (RT = 
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residence time).  Challenge: 2.0 g/L polyclonal human IgG (SeraCare Life 

Sciences, Milford, MA) in 50 mM acetate, pH 5. 

Fiber: Ex 19 DBC (mg/mL) 

% Breakthrough  200 cm/hr 

(RT 54 

sec) 

200 cm/hr 

(RT 54 

sec) 

600 cm/hr 

(RT 18 

sec) 

600 cm/hr 

(RT 18 

sec) 

1 72 71 65 64 

5 76 75 69 69 

10 79 78 72 72 

50 95 95 86 87 

 

Example 21. Graft polymerization of un-modified SAE fibers.  

Surface modification of SAE fibers with a tetraalkylammonium (Q-

type) polymeric ligand functionality for anion exchange 

chromatography (AEX) applications. Into a 500 mL bottle are added 

glycidyl methacrylate (GMA, 1.70 g, 12 mmol), and water (232.8 

mL).  5 g of SAE fibers are added to the solution.  1 M HNO3 

solution (7.22 mL, 7.2 mmol) are added to the reaction mixture, 

followed by addition of a 0.4 M solution of ammonium cerium(IV) 

nitrate in 1 M HNO3 (0.602 mL, 0.240 mmol).  

The reaction mixture is heated to 35 °C for 1 hour. 

After cooling to room temperature, the solids are washed with 

DI water (3 x 100 mL) and the damp material (12.21 g) is used 

immediately in the following step. 

Q-functionalization of epoxy-functionalized SAE fibers.  Into a 

250 mL bottle are added the damp GMA-functionalized SAE fibers 

from the example above, and a solution of 50 wt% trimethylamine 

(aq.) in methanol (in the amounts described in Table 21 below).  

The mixture is agitated at room temperature for 18 hours. 

 The fiber solids are subsequently washed with a solution of 

0.2 M ascorbic acid in 0.5 M sulfuric acid (3 x 50 mL), DI water 

(3 x 50 mL), 1 M sodium hydroxide solution (3 x 50 mL), DI water 
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(3 x 50 mL) and ethanol (1 x 50 mL).  The material is placed in an 

oven to dry at 40°C for 12 hrs. 

Obtain samples of a white fibrous solid. 

Table 21. Composition for the modification of epoxy-functionalized 

SAE fibers with trimethylamine. 

Reaction # 

damp 

GMA- 

fiber(g) 

50% Me3N,  

aq. (mL) 

Methanol 

(mL) 

Example 21 2.44 g 50 mL 50 mL 

 

Example 22. Graft polymerization of un-modified SAE fibers.  

Surface modification of SAE fibers with a 

poly(hydroxyethylmethacrylate) polymer functionality for 

hydrophobic interaction chromatography (HIC) applications.  Into 

a 500 mL bottle are added hydroxyethylmethacrylate (HEMA, 1.69 g, 

13 mmol), and water (232.5 mL).  5.00 g of SAE fibers are added to 

the solution. 1 M HNO3 solution (7.21 mL, 7.2 mmol) are added to 

the reaction mixture, followed by addition of a 0.4 M solution of 

ammonium cerium(IV) nitrate in 1 M HNO3 (0.601 mL, 0.240 mmol). 

The reaction mixture is heated to 35°C for 1 hour. 

After cooling to room temperature, the solids are washed with 

a solution of 0.2 M ascorbic acid in 0.5 M sulfuric acid (3 x 100 

mL), DI water (3 x 100 mL), 1 M sodium hydroxide solution (3 x 100 

mL), DI water (3 x 100 mL) and ethanol (1 x 100 mL).  The material 

is placed in an oven to dry at 40°C for 12 hrs. 

 

Example 23. SAE fiber surface modification with recombinant 

protein A affinity ligand, rSPA. Surface modification of SAE fibers 

with a recombinant protein A affinity ligand for affinity 
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chromatography applications.  Into a 250 mL bottle are added 1 M 

sodium bicarbonate (100 mL), recombinant protein A (rSPA 

#RN091139, 150 mg, as a 47.5 mg/mL solution in water) and water 

(90 mL).  GMA-grafted SAE fibers (350 mg) from Example 21 above 

are added to the reaction mixture. The mixture is heated at 37°C 

for 2.5 hours. 

 After cooling to room temperature, the solids are transferred 

to a Buchner funnel and washed with 0.1 M sodium bicarbonate (3 x 

100 mL).  The wet fiber solids are suspended in 100 mL of a 10 wt% 

thioglycerol solution in 0.2 M sodium bicarbonate/0.5 M sodium 

chloride solution. The mixture is stirred at room temperature 

overnight. 

The solids are transferred to a Buchner funnel and washed 

with a solution of 0.1 M TRIZMA base with 0.15 M sodium chloride 

(1 x 75 mL), 0.05 M acetic acid solution (1 x 75 mL). The TRIZMA 

base and acetic acid washing cycles are repeated two additional 

times.  The SAE fiber solids are finally washed with DI water (1 

x 75 mL) and 20 wt% ethanol (1 x 75 mL).  The SAE fiber solids are 

stored in 20 wt% ethanol solution. 

 

Example 24. Poly(allylamine) modification of epoxy-functionalized 

fibers.  Surface modification of SAE fibers with a poly(allylamine) 

polymeric ligand functionality for anion exchange chromatography 

(AEX) applications.  Into a 30 mL bottle are added GMA grafted SAE 

fibers from Example 21 above (0.5 g), water (10 mL), 40 wt% 

poly(allylamine) hydrochloride solution (1.25 g of 40 wt% 

solution) and 1.0 M sodium hydroxide (10 mL). The reaction mixture 

is heated to 35°C for 18 hours. 

 After cooling to room temperature, the solids are washed with 

DI water (3 x 50 mL) and acetone (1 x 50 mL).   
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 The damp material is placed in an oven to dry at 40°C for 12 

hrs. 

 

Example 25. Flow-through host cell protein clearance.  The Q-

functionalized SAE fiber media prepared according to Example 21 

are evaluated for HCP removal activity in a flow-through polishing 

mode. 0.34 g of the Q-functionalized fiber media are packed into 

a 14.5 mm internal diameter column and compressed to a bed depth 

of 0.6 cm (1.00 mL column volume, 0.34 g/mL fiber packing density).   

 A cell culture media containing monoclonal antibody is 

clarified and then isolated using Protein A column chromatography 

and the pH of the solution is adjusted to pH 5.  The pH of the 

Protein A elution is subsequently adjusted to pH 8 with TRIZMA 

base and then filtered through a 0.2 micron membrane. 

 The Q-functionalized SAE fiber media column is equilibrated 

with a buffer solution (25 mM Tris at pH 8). One hundred 

milliliters of 8.2 g/L monoclonal antibody Protein A elution (pH 

8) are passed through the column at a flow rate of 1.0 mL/ min. 

Ten 10 mL factions are collected.  Bound HCP is eluted using a 1 

M sodium chloride solution in 25 mM Tris pH 8 as an elution buffer.  

Two 10 mL elution fractions are also collected.  The ten flow-

through fractions and two elution fractions are analyzed by HCP-

ELISA and protein A HPLC to determine the level of HCP clearance 

and the monoclonal antibody recovery, respectively. 

 

Example 26. SAE fiber media capability for the bind/elute 
purification of viruses.  Static binding capacity and elution 

recovery experiments for bacteriophage 6 are conducted as shown 

below.  Anion exchange mode bind/elute operations also may be 

performed in a packed column format according to procedures similar 
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to those described in Example 13.  Into 5 plastic centrifuge tubes 

are added the Q-functionalized SAE fiber media of Example 21.  Each 

of the SAE fiber samples are equilibrated with 5 mL of 25 mM Tris 

buffer (pH 8, with 0.18 mg/mL HSA) with agitation for 10 minutes. 

The tubes are spun at room temperature in a table top centrifuge 

at 4000 rpm for 10 minutes to pellet the SAE fiber media.  2.5 mL 

of the supernatant are removed and 2.5 mL of a 1.7x107 pfu/mL 6 

solution in 25 mM Tris buffer (pH 8, with 0.18 mg/mL HSA) are added 

to each tube.  The samples are agitated at room temperature for 1 

hour.  Afterwards, the tubes are spun at room temperature in a 

table top centrifuge at 4000 rpm for 15 minutes to pellet the SAE 

fiber media.  2.5 mL of the supernatant are removed and these 

samples are assayed for unbound 6 by plaque-forming assay.  The 

tubes are washed 3 times with 2.5 mL washings of 25 mM Tris buffer 

(pH 8, with 0.18 mg/mL HSA) with centrifugation to pellet the SAE 

fiber media in between each wash and removal of 2.5 mL of the 

supernatant.  After washing, 2.5 mL of a 1.0 M NaCl solution in 25 
mM Tris buffer (pH 8, with 0.18 mg/mL HSA) are added to each tube 

(5 mL total volume, final NaCl concentration is 0.5 M).  The 

samples are agitated at room temperature for 10 minutes.  

Afterwards, the tubes are spun at room temperature in a table top 

centrifuge at 4000 rpm for 10 minutes to pellet the SAE fiber 

media.  2.5 mL of the supernatant are removed and these elution 

samples are assayed for eluted 6 by plaque forming assay. The Q-

functionalized SAE fiber media can be integrated into a pre-packed 

device format or a chromatography column for flow-through viral 

clearance or bind/elute viral purification applications. 
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What is claimed is: 

1. A method of purifying a biomolecule in a sample, comprising 

contacting said sample with a bed of porous nanofibers, said 

porous nanofibers arranged in discrete bundles, said nanofibers 

having imparted thereon functionality enabling chromatography. 

 

2. The method of claim 1, wherein said biomolecule comprises a 

virus. 

 

3. The method of claim 1, wherein said functionality is grafted 

to said nanofibers. 

 

4. The method of claim 1, wherein said functionality enables 

purification in a bind/elute mode. 

 

 

5. The method of claim 1, wherein said polymer is composed of a 

melt-processable thermoplastic polymer. 

 

6. The method of claim 5, wherein said melt-processable 

thermoplastic polymer is selected from the group consisting of 

polyamides, polyolefins, polyvinyl chloride, polystyrene, poly 

methylmethacrylate, polylactic acid, polyester, polyethylene 

terephthalate, polybutylene terephthalate, polyetherurethanes, 

polyvinyl alcohol, polyimide, polycarbonate, 

polyetheretherketone, polysulfone, and polytrimethylene 

terephthalate. 

 

7. The method of claim 1, wherein said polymer is nylon. 

 

8. The method of claim 1, wherein said porogen is a 

polymericporogen. 
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9. The method of claim 8, wherein said polymeric porogen 

ispoly(lactic acid). 

 

10. The method of claim 1, wherein said porogen is a mineralporogen. 

 

11. The method of claim 1, wherein said porogen is a combinationof 

polymeric porogen and a mineral porogen. 
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