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FUNCTIONALISED CHROMATOGRAPHY MEDIUM COMPRISING POLYMER NANOFIBRES AND PROCESS OF
PREPARATION THEREOF

Field of the Invention

The invention relates to functionalised chromatography media which are suitable for

isolating biological molecules from mobile phases.

Background to the Invention

The biotechnology market is the fastest growing sector within the world
pharmaceutical market, accounting for 20% ($153bn) of all market sales in 2012.

This growth from 10% of the market share in 2002 is set to grow by 41% between
2012 and 2018 from $153bn to $215bn. There are currently around 200 monoclonal
antibody (MAb) products on the market, and with over 1000 in clinical trials, the need
for technological advancement in this area is clear. Over the last few decades typical
fermeﬁtation titres of bidmoleculesv in industrial settings have grown from 0.5g/L. -
~3g/L, with levels of up to 10g/L believed to be achievable in the near future based on
activated advancements in molecular biology. Yet, while the downstream purification
processes have also received some research and development, improvements in this

area have not matched those in the upstream.

The manufacture of therapeutic proteins requires that a high degree of purity be
achieved during processing so that the protein to be administered is substantially
devoid of harmful contaminants. Currently, on industrial scale, chromatography is the
dominant methodology used to achieve high purity proteins. The heavily relied on
chromatography unit operations are, in economic terms, the key to advancements in
the downstream processing of biomolecules, such as MAbs. Chromatography
accounts for up to 60% of biotherapeutic processing (Re-use of Protein A Resin:
Fouling and Economics, Mar 01, 2015 BioPharm International, Volume 28, Issue 3,

Anurag S. Rathore, Mili Pathak, Guijun Ma, Daniel G. Bracewell).
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Such chromatographic separations involve binding of 1) the target molecule and/or, ii)
one or more impurities, to a solid phase when a liquid phase containing the target
molecule and impurities is contacted with the solid phase. The interaction between
target molecule/impurities and the solid phase can be based on charge,

hydrophobicity, affinity or a combination thereof.

Historically, conventional packed bed chromatography using porous beads has been
an extremely powerful separation tool. The porous nature of these beads yields a high
surface area for binding either target or impurity. This results in a high capacity
material, meaning a smaller amount of adsorbent material can be used. High
capacities also increase the concentration effect achieved during the separation as
more target can be bound per unit volume of adsorbent compared to the relative
concentration of the load suspension. These aspects are critical for industrial scale
processing where several kilograms of material might need to be purified per batch
from liquid volumes that can reach up to 20,000L. Typical binding capacities for
porous beads are in the region of 35-120 mg/mL dependant on the functionality of the

solid phase and species bound.

In a porous bead-based system, the binding event between target molecule/impurity
and the solid phase is dependent on diffusion into the porous bead. There is therefore
a strong correlation between the residence time in a porous bead-based system and
flowrate. Thus, binding capacity drops off with decreasing residence times. This in
turn is accompanied by rapid reduction of capacity where times of less than 2 minutes
are used in a porous bead-based system. The high flowrates required for short
residence times can also be incompatible with porous beads, particularly at
manufacturing scale where many litres of bead suspension are packed into a column.
Here the mechanical instability of the porous beads can lead to compression or

collapse events, which in turn results in a non-homogeneous column bed.

With flowrate impacting the residence time it is critical to maximise the amount of
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target that can be bound to the solid phase per unit time. This allows either smaller
adsorbent volumes to be used and/or the separation to be performed in less time. This
metric can be defined as grams bound, per unit volume, per unit time (mg/mL/min).
The typical binding capacities and residence times for porous beads discussed above
result in overall productivities for single column porous bead systems around 10-

120mg/mL/min.

As alternatives to porous bead-based systems, monoliths or membranes may be used.
The flow through such materials is convective rather than diffusional, and their
binding capacity is therefore far less sensitive to flow than porous bead-based
systems. These materials can be run at far higher flowrates than porous bead-based

materials, where typical residence times are in the order of 0.2-0.5 minutes.

However, typical binding capacities at 10% breakthrough of target for monoliths (10-
20mg/mL) and membranes (7.5-29mg/mL) under dynamic flow are lower than porous
beads (Gottschalk, U. (2008). Biotechnol Prog, 24(3), 496-503. doi:
10.1021/bp070452g). The inferior binding capacity of monolith and membrane
materials (compared to porous bead-based materials) can be offset to some extent by

utilising higher flowrates.

The typical binding capacities and residence times for monoliths and membranes
discussed above result in overall productivities of the binding event for monolith and

membrane systems around 10-145mg/mL/min.

There exists a need for chromatography materials which share high binding capacity
associated with porous bead-based materials and higher flowrates that are achievable
with monolith/membrane materials. Such a material would offer high capacity at high

flowrates to achieve maximum productivity (mg/mL/min).

The inventors have surprisingly found that a nanofibre material produced by a 2-step
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process, in which a functionalisation step is performed independently of a grafting
step, exhibits such advantageous properties. The material produced by this method
has a significantly increased binding capacity compared to a non-grafted material.
The capacities displayed by the products of the invention are comparable or exceed
those normally only achievable using porous beads, and are several fold higher than
those achievable with currently commercialised membrane and monolith
technologies. Furthermore, these capacities can be achieved at sub-second residence
times resulting in productivity values which are 10-100 or even several 1000 times

greater than conventional commercially available materials.

The materials produced in accordance with the present invention rely on a number of
surprising innovations. Firstly, it has been found by the present inventors that for a
set density of ligand groups, i.e. groups bonded to the chromatography medium that
selectively bind to the target biomolecule, increasing the amount of grafting may
increase the binding capacity of a chromatography material. It had previously been
understood in the context of chromatography media functionalised with charged
groups that increasing the amount of those charged groups increases the charge
density of the material, and the binding capacity of the material. Previous approaches
to maximising binding capacities of materials had therefore focussed on maximising
charge density. However, for the first time the present inventors have shown that by
increasing grafting, binding capacity may be increased independently of the charge

density of the material.

In other cases, it has been found that altering the functionalization step can have little
impact on charge density, but when combined with a grafting step a significant

increase in binding capacity can be achieved for the same degree of functionalization.

It has thus been found that the charge density and binding capacity of
chromatographic materials can be controlled by changing both the degree of

functionalization and degree of grafting to give a highly optimised material. This
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relationship between the grafting step and the subsequent functionalization step has
been researched and exploited by the present inventors to produce materials with very
high binding capacities at high flowrates. The relationship between charge density
and dynamic binding capacity was found to be much more subtle than had previously
been appreciated. Thus, for materials with the same charge density it has been found
that the dynamic binding capacity could be varied by controlling the degree of

grafting. This was an unexpected and highly advantageous result.

This is highly significant, since previous attempts to increase capacity of
chromatographic materials have focussed solely on increasing the density of ligand
groups on the materials. Therefore, they fail to address how the capacity of the
material can be controlled and increased by independently varying the conditions of
the grafting and functionalization as isolated steps. In many of the known
modification processes, this degree of control was simply not possible since
chromatographic materials were modified with charged polymers, i.e. the grafting and

functionalisation steps were carried out simultaneously.

Importantly, as well as increasing the binding capacity of the material, grafting and
functionalization also has the effect of modulating the resistance to flow of the
material, which has a detrimental impact upon the productivity of the chromatography
material. This is discussed in Menkhaus et al. (Menkhaus, T. J., Varadaraju, H.,
Zhang, L., Schneiderman, S., Bjustrom, S., Liu, L., & Fong, H. (2010). Chemical
Communications, 46(21), 3720-3722. doi: 10.1039/C001802C), which reports that
increasing grafting may be associated with increased resistance to flow and increased
diffusional aspects of mass transfer in convective media. This may be because known
methods of modifying chromatography materials typically graft a charged polymer
chain from the surface of the material. Thus, increasing the degree of grafting also
increases the charge density of the material with no way to independently control

these to optimise binding capacity and flow characteristics of the material.
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These drawbacks have been overcome in the present invention by separating the
grafting step from the step of functionalising the material. It has also been found that
increasing the degree of grafting does not, in itself, increase the resistance to flow
through the material. It is only when the grafted material is functionalised that

resistance to flow starts to be affected.

Further, the present inventors have discovered that glycidol and its derivatives are
particularly preferred monomer units to use in the grafting step. Surprisingly, when
the grafting step employs glycidol polymerisation, the resultant chromatography
media display improved properties (e.g., they benefit from a higher capacity and a
higher productivity) than the chromatography media produced from other grafting

methods, such as atom transfer radical polymerisation (ATRP).

Summary of the Invention

Accordingly, the present invention provides a process for preparing a functionalised
polymeric chromatography medium. The described process comprises:

(i) providing a substrate formed of one or more polymer nanofibres,

(ii) grafting one or more neutral polymer chains from the substrate, and

(iii) contacting the grafted product with a reagent which functionalises the product of

step (ii) as a chromatography medium,

OH
wherein step (ii) comprises reacting a plurality of compounds of formula © p

and/or its enantiomers, and/or its derivatives of formula (I) and/or enantiomers and/or

diastereomers thereof:

o S
OH
Rg M

Rs Rs Rs

with one or more functional groups present on the nanofibre substrate,
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wherein Ry, R2, R3, R4 and Rs may be the same or different, and are chosen from H,

halo, C1-C4 alkyl, or C1-Cy4 alkoxy provided that at least one of Ry, Rz, R3, R4 or Rs is

not hydrogen.

The present invention also provides:

A functionalised chromatography medium obtainable by the process of the

present invention.

A process for preparing a chromatography cartridge, which process comprises
carrying out the process of the present invention and incorporating the thus-

obtained product into a cartridge.

A chromatography cartridge which (a) is obtainable by said process, or (b)
which comprises one or more functionalised chromatography media of the

invention.

Use of a functionalised chromatography medium of the invention or a

chromatography cartridge of the invention in chromatography.

A process for isolating one or more biological molecules from a mobile phase,
which process comprises contacting one or more biological molecules in a
mobile phase with a functionalised chromatography medium of the invention

or a chromatography cartridge of the invention.

Brief Description of the Figures

Figure 1 shows dynamic binding capacity (DBC) as a function of residence time for a

number of commercially available porous bead-based systems.
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Figure 2 shows the effect of increasing the amount of functionalisation agent on
charge density of trimethylammonium functionalised material in the absence of a

grafting step.

Figure 3 shows the effect of increasing charge density on dynamic binding capacity
(DBC) of trimethylammonium functionalised material in the absence of a grafting

step.

Figure 4 shows the effect of increasing the degree of polymer grafting and amount of
trimethylammonium functionalisation agent on charge density for a number of

materials prepared in accordance with the present invention.

Figure 5 shows an average for the values displayed in Figure 4.

Figure 6 shows the effect of increasing polymer grafting on dynamic binding capacity
(DBC) at set charge densities for a number of trimethylammonium functionalised

materials prepared in accordance with the invention.

Figure 7 shows the effect of increasing the charge density on dynamic binding
capacity (DBC) at set polymer grafts for a number of materials prepared in

accordance with the invention, compared to ungrafted materials.

Figure 8 shows the effect of increasing the degree of polymer grafting and
functionalisation reaction time on charge density for glycidol/Sulfonic Acid

functionalised material.

Figure 9 shows the impact of an independent grafting step on the dynamic binding
capacity of glycidol/Sulfonic Acid functionalised material in accordance with the

invention.
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Figure 10 shows the impact of grafting on the dynamic binding capacity (DBC) of

glycidol/CarboxyMethyl functionalised material in accordance with the invention.

Figure 11 shows the effect of increasing charge density and the degree of polymer
grafting on resistance to flow for a number of materials prepared in accordance with

the invention.

Figure 12 shows the effect of increasing the degree of polymer grafting on resistance

to flow in a number of uncharged materials.

Figure 13 shows the effect of increasing the amount of glycidol reagent on the density

of —OH groups in the grafted product.

Detailed Description of the Invention

The present invention involves a two-step process for preparing a functionalised
polymeric chromatography medium from a polymer nanofibre substrate. The two

steps are a polymer grafting step, and a functionalisation step.

Polymer nanofibres

The functionalised polymeric chromatography media of the present invention are
formed from polymeric nanofibre substrates. Each substrate is formed of one or more

polymer nanofibres.

The polymer nanofibres are typically electrospun polymer nanofibres. Such
electrospun polymer nanofibres are well known to the person skilled in the art and
optimised conditions for their production can be found in, for example, O. Hardick, et
al., . Mater. Sci. 46 (2011) 3890, the entirety of which is incorporated herein by

reference. The processes of the present invention typically comprise an initial step of
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electrospinning a polymer to produce one or more polymer nanofibres. This may
involve electrospinning a polymer to produce one or more non-woven sheets, each

comprising one or more polymer nanofibres.

Polymer nanofibres for use in the present invention typically have mean diameters
from 10nm to 1000nm. For some applications, polymer nanofibres having mean
diameters from 200nm to 800nm are appropriate. Polymer nanofibres having mean

diameters from 200nm to 400nm may be appropriate for certain applications.

The length of polymer nanofibres for use in the present invention is not particularly
limited. Thus, conventional electrospinning processes can produce polymer
nanofibres many hundreds of metres or even kilometres in length. Typically, though,
the one or more polymer nanofibres have a length up to 10km, preferably from 10m to
10km.

Typically, the one or more polymer nanofibres are provided in the form of one or
more non-woven sheets, each comprising one or more polymer nanofibres. Thus, the
substrate is typically formed of one or more non-woven sheets, each comprising one

or more polymer nanofibres. A non-woven sheet comprising one or more polymer

nanofibres is a mat of said one or more polymer nanofibres with each nanofibre

oriented essentially randomly, i.e. it has not been fabricated so that the nanofibre or
nanofibres adopts a particular pattern. Non-woven sheets comprising polymer
nanofibres are typically provided by known methods, such as that disclosed in O.
Hardick, ef al., J.Mater. Sci. 46 (2011) 3890. Non-woven sheets may, in certain
circumstances, consist of a single polymer nanofibre. Alternatively, non-woven
sheets may comprise two or more polymer nanofibres, for example 2, 3,4, 5,6,7, 8, 9

or 10 polymer nanofibres.

Non-woven sheets typically have area densities from 1 to 40g/m?, preferably from 5

to 25g/m?, in some circumstances from 1 to 20 or 5 to 15 g/m?.
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Non-woven sheets typically have a thickness from 5 to 120um, preferably from 10 to
100pum, in some circumstances from 50 to 90um, in other circumstances from 5 to 40,

10 to 30 or 15 to 25um.

The polymer used to produce the nanofibres used in the processes of the present
invention is not particularly limited, provided the polymer is suitable for use in
chromatography applications. Thus, typically, the polymer is a polymer suitable for
use as a chromatography medium, i.e. an adsorbent, in a chromatography method.
Suitable polymers include polyamides such as nylon, polyacrylic acid,
polymethacrylic acid, polyacrylonitrile, polystyrene, polysulfones e.g.
polyethersulfone (PES), polycaprolactone, collagen, chitosan, polyethylene oxide,
agarose, agarose acetate, cellulose, cellulose acetate, and combinations thereof.
Polyethersulfone (PES), cellulose, cellulose acetate, and combinations thereof are
preferred. In some cases, cellulose, cellulose acetate, and combinations thereof are

preferred.

In some embodiments, the substrate comprises one or more nanofibres formed from
one or more polymer nanofibres formed from different polymers. Thus, in this
embodiment, the substrate comprises one or more different polymers. Typical

polymers are as defined above.

Typically, the process of the present invention is for preparing a functionalised
cellulose chromatography medium, and the process comprises providing a substrate
formed of one or more cellulose acetate nanofibres. Preferably, the process comprises
providing a substrate formed of one or more non-woven sheets, each comprising one
or more cellulose acetate nanofibres. Cellulose acetate is readily electrospun and can
readily be transformed into cellulose after electrospinning. Thus, preferably the
process comprises providing a substrate formed of one or more non-woven sheets,

each comprising one or more electrospun cellulose acetate nanofibres.
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The substrate formed of one or more polymer nanofibres comprises the one or more
polymer nanofibres, typically in the form of one or more non-woven sheets as
discussed above. In certain embodiments, the one or more polymer nanofibres or one
or more non-woven sheets are not subjected to any physical processing steps before

the grafting step.

Physical modification of nanofibres

However, in certain preferred embodiments of the invention, provision of a substrate
involves physical modification of the polymer nanofibres optionally in the non-woven
sheets, prior to the grafting step. Specifically, physical modification may involve
heating and/or pressing the polymer nanofibres/non-woven sheets, preferably heating
and pressing the polymer nanofibres/non-woven sheets. These steps improve the
structural stability of the material. The pressing and heating conditions may also be

varied to alter the thickness and/or porosity of the resultant material.

Use of multiple non-woven sheets of polymer nanofibres enables a thicker material to
be prepared which has a greater capacity for adsorbence (once grafted and
functionalised). The provision of a substrate typically therefore comprises providing
two or more non-woven sheets stacked one on top of the other, each said sheet
comprising one or more polymer nanofibres, and simultaneously heating and pressing

the stack of sheets to fuse points of contact between the nanofibres of adjacent sheets.

In the case of a cellulose chromatography medium, provision of a substrate typically
comprises providing two or more non-woven sheets stacked one on top of the other,
each said sheet comprising one or more cellulose acetate nanofibres, and
simultaneously heating and pressing the stack of sheets to fuse points of contact

between the nanofibres of adjacent sheets.

Preferred processing conditions for pressing and heating of polymer nanofibres/non-
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woven sheets can be found in WO-A-2015/052460 and WO-A-2015/052465, the

entirety of which are incorporated herein by reference.

Grafting nanofibre substrate

The processes of the present invention involve a grafting step (step (ii)) which

involves grafting one or more neutral polymer chains from the substrate provided in

step (i).

Grafting one or more neutral polymer chains from a substrate typically comprises
growing one or more polymer chains from one or more functional groups present on
the substrate, optionally in the presence of one or more catalysts. Thus, typically, the
substrate comprises one or more functional groups, preferably one or more functional
groups from which a polymer chain may be grown. Growing a polymer chain from
the one or more functional groups means building up a polymer at the one or more

functional groups from individual monomer building blocks.

The grafting step typically therefore involves growing polymer chains directly from
the substrate, rather than bonding preformed polymer chains to the substrate. Thus, as
the polymerisation progresses, individual monomers are added to the ends of growing

polymer chains that are anchored distally to the substrate.

Growth of the polymer chains directly from the substrate enables control over the
structure of the polymer coating, particularly using a polymerisation strategy whereby
the polymers all grow simultaneously at a uniform rate. This enables formation of a

dense and well-defined polymer coating layer.

In the present invention, the grafting step comprises reacting a plurality of compounds

OH
of formula O , and/or its enantiomers, and/or its derivatives of formula (I)
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and/or enantiomers and/or diastereomers thereof:

Q OH
Ry ()

Rg R4 R5

with one or more functional groups present on the nanofibre substrate,

wherein Ri, R2, R3, R4 and Rs may be the same or different, and are chosen from H,
halo, Ci-Cs alkyl, or Ci-C4 alkoxy provided that at least one of R1, R, R3, R4 or Rs is
not hydrogen. Typically, therefore, only one type of polymer is grafted to the
substrate. However, in other embodiments, more than one type of polymer may be

grafted to the substrate.

Typically, Ri1, Rz, R3, Rs and Rs may be the same or different, and are chosen from

fluoro, chloro, bromo, methy! or ethyl.

Thus, in compounds of formula (I):

R; is H, halo, Ci-C4 alkyl, or C-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

R is H, halo, Ci-C4 alkyl, or Ci-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

R3 is H, halo, C;-Cs alkyl, or C1-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

R4 is H, halo, C;1-Cs alkyl, or C1-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl; and

Rs is H, halo, C1-Cs alkyl, or C1-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl.

Typically, when the grafting step (ii) involves reacting the substrate having or more
functional groups from which polymers may be grown with a plurality of compounds

of formula (I) and/or enantiomers thereof, at least one of Ry, Rz, R3, R4 and Rs is
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hydrogen. Inthis case, preferably at least two of Ry, Ry, Rs, R4 and Rs are

hydrogen. More preferably, at least three of Ry, Ry, Rs, Ry and Rs are

hydrogen. Even more preferably, four of Ry, Ry, R3, Ry and Rs are

hydrogen. Preferably, R; is hydrogen, and at least one of R, and Rs is

hydrogen. Alternatively R, and R3 are hydrogen. Y et more preferably, Ri, Ry, and Rs

are hydrogen.

Most preferably, the grafting step (ii) involves reacting the substrate having one or
more functional groups from which polymers may be grown with a plurality of

N

7~ "OH
compounds of formula O , and/or its enantiomers.

In embodiments where the substrate is formed from nanofibres formed from different
polymers, each different kind of polymer nanofibre may be grafted with a different
polymer in the grafting step. That could, for instance, result from different functional
groups being present on the different polymer nanofibres. Alternatively, the same
polymer may be grafted to each of the different kinds of polymer nanofibre in the
substrate.

Typica functional groups include hydroxyl, amino and carboxyl groups. Inthe case
where the substrate is formed of one or more cellulose or cellulose acetate nanofibres,

the functional groups are typically hydroxyl groups.

Typicaly, the substrate is treated between steps (i) and (i) to introduce the one or
more functional groups, or the substrate is treated between steps (i) and (ii) to
deprotect or activate any functional groups on the substrate, or the substrate is treated
between steps (i) and (ii) to increase the number/density of functional groups on the
substrate. Preferably, the substrate is treated between steps (i) and (ii) to introduce the
one or more functional groups, or to deprotect or activate any functional groups on the
substrate. More preferably, the substrate is treated between steps (i) and (ii) to
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deprotect or activate any functional groups onsthiestrate. Even more preferably,
the substrate is treated between steps (i) antb (@gprotect any functional groups on

the substrate.

However, in alternative embodiments, there is rditamhal treating step between
steps (i) and (ii). In these embodiments, typicate grafting step (ii) is carried out
under conditions which additionally, in the samepsintroduce the one or more
functional groups, or deprotect or activate anycfiomal groups on the substrate, or
increase the number/density of functional groupthersubstrate. Preferably, the
grafting step (ii) is carried out under conditiomisich additionally, in the same step,
introduce the one or more functional groups, oradiget or activate any functional
groups on the substrate. More preferably, thetiggagtep (ii) is carried out under
conditions which additionally, in the same stegrdéect or activate any functional
groups on the substrate. Even more preferablygrdiéing step (ii) is carried out
under conditions which additionally, in the samepstdeprotect any functional groups

on the substrate.

In a particularly preferred embodiment, the funaéibgroups are hydroxyl groups. In
this particularly preferred embodiment, the graftstep (ii) is typically carried out
under conditions which additionally, in the sanmepstdeprotect the hydroxyl groups

on the substrate.

Deprotection of the functional groups is typicadfyected so that the functional

groups can have one or more polymer chains grommn them.

For instance, when the chromatography medium &lalose chromatography
medium, typically a cellulose acetate substrafgoesided and, prior to the grafting
step, the cellulose acetate is treated to convertaellulose. This involves the
deprotection of acetylated hydroxyl groups to diydroxyl groups. Conversion of

cellulose acetate to cellulose is typically efféasing aqueous alkali, preferably
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NaOH in water:ethanol, more preferably water:eth&rib for a period of greater

than 12hrs, for example from 12 to 36 hours.

Alternatively, when the chromatography medium eebulose chromatography
medium, a cellulose acetate substrate is providddraated in the grafting step (ii)

under conditions in which both the cellulose aeeisiconverted to cellulose, and the

OH
cellulose subsequently reacts with a pluralityahpounds of formuld ,

and/or its enantiomers, and/or its derivativesooiiula (I) and/or enantiomers and/or
diastereomers thereof to generate the grafted polgimins. In such embodiments,
the grafting step (ii) is typically effected in tpeesence of aqueous alkali, preferably
NaOH or KOH, more preferably KOH, in water or wagénanol, preferably in water,
for a period of 4-6 hours.

When the chromatography medium is a cellulose chtography medium, the
present invention typically provides a processpi@paring a functionalised cellulose
chromatography medium, which process comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

treating the cellulose acetate to convert it tdubate,

(i) grafting one or more neutral polymer chainsnfrthe resultant cellulose substrate,
and

(iif) contacting the grafted product with a reagesiich functionalises the product of

step (ii) as a chromatography medium.

When the chromatography medium is a cellulose chtography medium, the
present invention alternatively provides a prodesgreparing a functionalised
cellulose chromatography medium, which process cz@p

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to conditions undarcl both the cellulose acetate is

converted to cellulose and, subsequently, one oe meutral polymer chains are
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grafted onto the resultant cellulose substrate, and
(i) contacting the grafted product with a reage#ich functionalises the product of

step (ii) as a chromatography medium.

Activation of functional groups is discussed belowhe context of step (iii) of the
claimed process. That discussion applies equalfctivation of functional groups

for step (ii) of the claimed process.

Methods for increasing the number and/or densitye€tional groups on the

substrate will be known to the skilled person.

When the one or more functional groups are intreduo the substrate, the substrate
is treated between steps (i) and (ii) in a furgtep (i-a) of modifying a functional
group present on the substrate to introduce aifumadtgroup from which one or more
polymer chains may be grown followed by the st@m{igrowing polymer chains
from the thus-modified substrate. Step (i-a) nmapive a single step or multiple
steps that together modify the functional grousent on the substrate to a functional

group from which one or more polymer chains magtwoevn.

In embodiments involving glycidol polymerisatiohgtsubstrate is typically treated

between steps (i) and (ii) to deprotect any fumalgroups on the substrate.

Also described herein are comparative processedvimg ATRP and RAFT
polymerisation in the grafting step. In these psses, the substrate is typically
treated between steps (i) and (ii) to modify fumictil groups present on the substrate
to functional groups from which one or more polyrakains may be grown. Prior to
this step, the substrate may also be treated tmtdep any functional groups on the
substrate.

In processes involving ATRP polymerisation, typigdlydroxyl groups on the
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substrate are modified to introduce alkyl halideugd halide groups. Typically an
alkyl halide is an alkyl fluoride, alkyl chloridalkyl bromide or an alkyl iodide.
Alkyl bromides are preferred. Tertiary alkyl haglare more preferred. Tertiary
alkyl bromides are even more preferred.

The one or more polymer chains grafted to the satesare neutral. The polymer
chains do not contain any groups that would beidensd charged groups by a
person skilled in the art, e.g. the sort of chargexips discussed below. Typically,
the polymer chains grafted to the substrate in @e@o not contain any charged

groups as defined herein.

Neutrality of a polymer can be assessed by whelieepolymer contains any groups
which would be ionisable, i.e. protonated or depmated, at essentially neutral pH,
e.g. pH 6-8, typically pH 6.5-7.5, usually pH 6.725, or about pH 7.Typically, a
neutral polymer contains substantially no acidibasic centres, i.e. substantially no
functional groups that are protonated or deprotmhat pH 6-8, typically pH 6.5-7.5,
usually pH 6.75-7.25, or about pH 7. This can énined by a skilled person by
assays typical in the art. Typical proceduredhierassessment of acidity and
basicity, along with the theoretical aspects thieage discussed in “Acidity and
basicity of solids: Theory, assessment and utiligitors J. Fraisard and L. Petrakis,
NATO ASI Series C, volume 444, Kluwer Academic Rsifeérs, Dordrecht, Boston
and London, 1994, especially pp. 513, the entioétyhich is incorporated herein by
reference. As used here, substantially means féhaarl mol%, preferably fewer
than 0.1 mol%, even more preferably fewer than @06, or even fewer than
0.001mol%.

As mentioned above, the grafting step (ii) involveacting the substrate having one
or more functional groups from which polymers maygoown with a plurality of

OH
compounds of formul& , and/or its enantiomers, antialerivatives of
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formula (I) and/or enantiomers and/or diastereortresseof:

0 OH
R 0

Rs Rs Rs
wherein R, Rz, R3, Rs and R may be the same or different, and are chosen ffpm
halo, G-C4 alkyl, or G-C4 alkoxy provided that at least one of, R>, Rs, Rs or R is
not hydrogen;

using a method of polymerisation known as glycigmymerisation. Thus, the
growth of polymer chains is carried out using gligdipolymerisation.

Typically, Ry, Re, Rs, Rs and R may be the same or different, and are chosen from

fluoro, chloro, bromo, methyl or ethyl.

Thus, in compounds of formula (I):

R1 is H, halo, G-C4 alkyl, or G-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

Ro is H, halo, G-Cs4 alkyl, or G-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

Rsis H, halo, G-C4 alkyl, or G-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl;

Rsis H, halo, G-Cs4 alkyl, or G-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl; and

Rs is H, halo, G-C4 alkyl, or G-C4 alkoxy, preferably H, fluoro, chloro,
bromo, methyl or ethyl.

Typically, when the grafting step (ii) involves otiag the substrate having or more
functional groups from which polymers may be gromith a plurality of compounds
of formula (l) and/or enantiomers thereof, at least of R, Ry, R3, Rs and R is
hydrogen. In this case, preferably at least twB©0R., Rz, Rs and R are

hydrogen. More preferably, at least three gffR, Rs, R+ and R are
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hydrogen. Even more preferably, four af R, Rs, Rs and R are

hydrogen. Preferably,Rs hydrogen, and at least one ofddd R is

hydrogen. Alternatively Rand R are hydrogen. Yet more preferably, R, and R
are hydrogen.

Most preferably, the grafting step (ii) involvescing the substrate having one or
more functional groups from which polymers may banm with a plurality of

N

3 OH
\
compounds of formu O , and/or its enantiomers.

Glycidol polymerisation is a technique known to gezson skilled in the art.

Glycidol polymerisation does not typically requilee presence of a catalyst.
However, the polymerisation may optionally be adrout in the presence of one or
more appropriate catalysts. In such embodimeyps;dlly a chemical or biological
catalyst is used. Glycidol polymerisation is tyglig carried out in an aqueous
environment. Typically, glycidol polymerisationdarried out at room temperature.
Typically, glycidol polymerisation is carried oubder mildly alkaline conditions.
Typically, glycidol polymerisation is carried owdrfgreater than around 5 hrs,
preferably greater than around 10 hrs, more prefgigreater than around 15 hrs, for
instance around 16 hrs. Following glycidol polyimsation, typically the grafted

product is washed in water followed by mild acid.

Glycidol polymerisation involves polymerising glgal and/or a glycidol derivative
of formula (1) from one or more functional groupsdefined herein present on the
substrate. Typically, those functional groupstaréroxyl groups. Thus, typically,

step (ii) of the claimed process comprises readipyurality of compounds of

OH
formula O , and its enantiomers, and/or its demest of formula (1) and/or

enantiomers and/or diastereomers thereof, withoomeore hydroxyl groups present

on the nanofibre substrate. Preferably, stem{ithe claimed process comprises
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OH
reacting a plurality of compounds of formuld dats enantiomers with

one or more hydroxyl groups present on the naneflibstrate.

Glycidol polymerisation typically results in one miore poly-glycerol chains.

In an embodiment, the present invention therefoogifdes a process for preparing a
functionalised polymeric chromatography medium,cliprocess comprises

() providing a substrate formed of one or moreyp@r nanofibres,

(ii) grafting one or more neutral polymer chainanfrthe substrate, and

(i) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium,

wherein growing polymer chains comprises polymegsilycidol and/or a glycidol
derivative of formula (1), preferably glycidol, fin@ one or more functional groups

present on the substrate.

In an embodiment, the present invention thereftse rovides a process for
preparing a functionalised polymeric chromatograptegdium, which process
comprises

() providing a substrate formed of one or moreypw@r nanofibres,

(i) grafting one or more neutral polymer chainsnfrthe substrate, and

(i) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium,

wherein the one or more polymer chains are oneave poly-glycerol chains.

Glycidol polymerisation inevitably results in brdmg of the polymer chain, yielding

a “bush” structure. Thus, typically, one or moféhe polymer chains is branched.

Another polymerisation method well known to thegeer skilled in the art is

controlled radical polymerisation (CRP). Contrdliadical polymerisation is a term
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well known to the person skilled in the art andd¢gfly refers to free radical addition
polymerization of monomers wherein there is a degfecontrol of molecular weight
of the growing polymer with respect to time. Exaespof CRPs include atom
transfer radical polymerisation (ATRP), atom getextdby electron transfer (AGET)
ATRP, and reversible addition—fragmentation cheangfer (RAFT). Polymerisation
methodologies are not exclusively defined as CRRsnay include free radical

polymerisation (FRP) and ring opening metathesigmperisation (ROMP).

ATRP may be carried out in an aqueous environmeaptionally in a mixture of
water and another solvent, which may be, for exampkthanol, DMSO, THF, DMF
or NMP. ATRP polymerisation is preferably carrmat under substantially oxygen
free conditions. Typically, ATRP is carried outrabm temperature. Typically, after

ATRP is carried out, the resultant material is veaktvith water.

Catalysts for use in ATRP polymerisation are tylyciansition metals or transition
metal salts complexed with one or more ligands.ugex herein, a ligand is a
compound that co-ordinates to a metal ion (uswathansition metal ion). Suitable
transition metals include copper, cobalt, molybdenthodium, osmium, ruthenium,
palladium, nickel and rhenium. Copper is preferrésamples of suitable ligands for
copper coordinating catalysts include 2,2'-bipyr&d{bpy), 4,4'-di(5-nonyl)-2,2-
bipyridine (dNbpy), N,N,N’,N'-tetramethylethylenadhine (TMEDA), N-propyl(2-
pyridyl)methanimine (NPrPMI), 2,2".6',2"-terpyine (tpy), 4,4',4"-tris(5-nonyl)-
2,2".6',2"-terpyridine (tNtpy), N,N,N',N",N"-ptamethyldiethylenetriamine
(PMDETA), N,N-bis(2-pyridylmethyl)octylamine (BPM&), 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA), tris[Z2itethylamino)ethyllamine
(Me6TREN), tris[(2-pyridyl)methyl]amine (TPMA) ant4,8,11-tetraaza-1,4,8,11-
tetramethylcyclotetradecane (Me4CYCLAM).

Use of appropriate monomers and, where applicahben transfer agents, may

enable branching of the polymers to be inducedR# @nethods at the growing ends
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of the polymer chains, affording the possibilitylafsh type structures. In other
cases, branching is less preferred and an es$gntiddranched “brush” polymer

structure may be formed.

ATRP polymerisation may be controlled so as to giseentially linear polymeric
chains or to give a degree of branching. Substiytinbranched polymers yield a

polymer “brush” structure.

ATRP polymerisation may employ one or more différtgpes of monomer, wherein
a monomer is any individual unit used to form tleégymer. The monomers each
include one or more polymerisable groups and griedily selected from
monofunctional monomers and difunctional monomé@iise polymerisable group

typically comprises a C=C double bond.

Examples of suitable monofunctional monomers are
methacrylatesandmethacrylamides, for instance N-[3-
(dimethylamino)propyl]methacrylamide. Other typiceethacrylates and
methacrylamides include 2-hydroxypropyl methacrytee(HPMA) and
hydroxyethylmethacrylate (HEMA).

Difunctional monomers, for example dimethacrylaiegivinylsulfone, can be used

to introduce branching and/or cross-linking in &IERP polymerisation.

Functionalisation of grafted products

The processes of the present invention involvenatfonalisation step (step (iii)) of
the grafted product which functionalises that pidas a chromatography medium,
for instance by introducing one or more ligand gr®onto the grafted product. This
step involves contacting the grafted product witkagent which functionalises the

grafted product as a chromatography medium bydigtong one or more ligand
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groups onto the grafted product.

For the avoidance of doubt, step (iii) may involvsingle step or multiple steps that
together functionalise the product of step (ijpashromatography medium.

The reagent typically functionalises the chromaapyy medium by introducing one
or more ligand groups which render the functioraliproduct comprising the one or
more ligand groups suitable for use as a chromaptgyr medium. The one or more
ligand groups introduced will depend on the patticahromatography technique for
which the medium is to be used. The ligand grarpshe groups introduced onto
the grafted product that make it suitable for usa ahromatography medium.
Suitable ligand groups and reagents are discussttef below.

In some embodiments, the grafted product is funelised with only one type of
ligand group. In other embodiments, the graftemtipct is functionalised with two or
more types of ligand group. Thus, step (iii) af tlaimed process involves
contacting the grafted product with a reagent wifigtttionalises the product of step
(ii) as a chromatography medium by introducing onenore ligand groups, which

may be the same or different, onto the grafted ycbd

In embodiments where the substrate comprises om®m polymer nanofibres

formed from different polymers, each different kimidpolymer nanofibre may be
functionalised (after grafting) with one or morgdnd groups, which may be the same
or different.

In embodiments where more than one type of polymegy be grafted to the substrate,
each polymer graft may be functionalised with onenore ligand groups, which may

be the same or different.

Although the present invention envisages proceassesving only a single treatment
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with a reagent, processes involving multiple fumadlising steps may also be used.
Such embodiments involve functionalisation by cotitey the grafted product in a
batchwise fashion two or more times with a reag&#tchwise functionalisation
means that the grafted product is reacted witlagemet to functionalise it, that
reaction is then stopped and the resultant (pBptifainctionalised material reacted
with a separate batch of reagent. Reacting in@hhbase fashion does not simply

refer to adding more portions of reagent to a reactessel, for instance.

Batchwise functionalisation is typically carriedtdtom two to ten times, i.e. 2, 3, 4,
5,6,7,8,9or 10 times.

Preferred processing conditions for batchwise fonetfisation can be found in WO-
A-2015/052460 and WO-A-2015/052465, the entiretybich are incorporated

herein by reference.

In certain circumstances, contacting with a reageay comprise placing the grafted
product in a holder, and causing a reagent to flowugh the holder so that the
reagent flows in contact with the grafted produbtcl functionalises the grafted
product as a chromatography medium. Functiongisiaterial in this manner may
in certain circumstances be more efficient thamp$yoontacting the grafted product

with the reagent, in a flask or beaker for example.

Preferred processing conditions for flow functiosation can be found in WO-A-
2015/052460 and WO-A-2015/052465, the entirety loiictv are incorporated herein

by reference.

The reagent functionalises the grafted producidtmya chromatography medium,
specifically a functionalised chromatography mediuhypically, the reagent
functionalises the grafted product so that it isadle for use in an ion exchange,

affinity capture or hydrophobic chromatography noeth Thus, contacting with the
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reagent yields a chromatography medium which istionalised with one or more
ligand groups, i.e one or more moieties which agatively charged, one or more
moieties which are positively charged, one or npgeins, mimetic or synthetic
ligands that mimic the action of protein ligandsppides, antibodies or fragments
thereof, dyes, histidine, groups containing a medéibn, or hydrophobic groups. 2-
chloro-N,N-diethylamine hydrochloride (DEACH) anlygdyltrimethylammonium
are preferred as the reagent, particularly wherithetionalised chromatography
medium is for use in an anion exchange chromatdgrapethod. Other preferred
reagents are 1,4-butanesulfone, sodium chloroac&BMPO followed by sodium
perchlorate, or allyl gycidyl ether followed by $moh disulphite, particularly when
the funtionalised chromatography medium is forins@ cation exchange
chromatography method. Another preferred reageN&iQ;, divinylsulfone

followed by Protein A, allyl glycidyl ether follovekfirstly by a halohydrin-forming
reagent (e.g. N-bromosuccinamide) and subsequientBrotein A, or allyl glycidyl
ether followed firstly by an epoxide-forming reagand subsequently by Protein A,
particularly when the functionalised chromatograpigdium is for use in an affinity
chromatography method. Another preferred reagesilyrene oxide, particularly
when the functionalised chromatography mediumrsuig® in a hydrophobic

chromatography method.

Typically, the reagent is gycidyltrimethylammoniuin4-butanesulfone, sodium
chloroacetate, Nalgfollowed by Protein A, divinylsulfone followed Brotein A,
allyl glycidyl ether followed firstly by a halohysi-forming reagent (e.g. N-
bromosuccinamide) and subsequently by Protein Allgrglycidyl ether followed
firstly by an epoxide-forming reagent and subsetjyday Protein A. Preferably, the
reagent is divinylsulfone followed by Protein A,allyl glycidyl ether followed

firstly by a halohydrin-forming reagent (e.g. N-brosuccinamide) and subsequently
by Protein A.

Thus, in preferred embodiments, the present ingargrovides a process for
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preparing a functionalised polymeric chromatograptegdium, wherein the
functionalisation step (iii) involves multiple stefhat together functionalise the

product of step (ii) as a chromatography medium.

In a particularly preferred embodiment, the presavention provides a process for
preparing a functionalised polymeric chromatograptedium, wherein in the
functionalisation step (iii):

(a) the grafted product is first contacted witleagent selected from the group
selected from divinyl sulfone, allyl glycidyl etheand combinations thereof;

(b) the product of step (a) is optionally treatathva halohydrin-forming reagent or
an epoxide-forming reagent, preferably a halohyéyrming reagent; and

(c) the product of step (b) is contacted with Arote

In this particularly preferred embodiment, if thafged product is first contacted in
step (a) with divinyl sulfone, the product of s{@p is typically not treated with a
halohydrin-forming reagent or an epoxide-forminggent. Thus, in some
embodiments, in the functionalisation step (ilng grafted product is first contacted
with divinyl sulfone, and the product of this sisgubsequently contacted with
Protein A. In this particularly preferred embodmhéf the grafted product is first
contacted in step (a) with allyl glycidyl etheretproduct of step (a) is subsequently
treated with a halohydrin-forming reagent or anxege-forming reagent, preferably a
halohydrin-forming reagent, in step (b). Thussame embodiments, in the
functionalisation step (iii), the grafted produgfiirst contacted with allyl glycidyl
ether, and the product of this step is treated witlalohydrin-forming reagent, and
then the product of this step is subsequently cbetawith Protein A.

In another particularly preferred embodiment, thespnt invention provides a process

for preparing a functionalised polymeric chromagqary medium, wherein in the
functionalisation step (iii):
(a) the grafted product is contacted with a reagelgcted from the group selected

from divinyl sulfone, allyl glycidyl ether, and cdymations thereof;
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(b) the product of step (a) is optionally treatathva halohydrin-forming reagent or
an epoxide-forming reagent, preferably a halohyfsiming reagent; and

(c) the product of step (b) is contacted with Arote

In this particularly preferred embodiment, if thafgied product is first contacted in
step (a) with divinyl sulfone, the product of s{@p is typically not treated with a
halohydrin-forming reagent or an epoxide-forminggent. Thus, in some
embodiments, in the functionalisation step (ilng grafted product is first contacted
with divinyl sulfone, and the product of this sisgubsequently contacted with
Protein A. In this particularly preferred embodmhéf the grafted product is first
contacted in step (a) with allyl glycidyl etherethroduct of step (a) is subsequently
treated with a halohydrin-forming reagent or anxeg@-forming reagent, preferably a
halohydrin-forming reagent, in step (b). Thussame embodiments, in the
functionalisation step (iii), the grafted produsitiontacted with allyl glycidyl ether,
and the product of this step is treated with almadoin-forming reagent, and then the

product of this step is subsequently contacted Ratitein A.

Chromatography media and methods

The products of the process of the present inveraie functionalised
chromatography media, i.e. chromatography medithi#nee had polymer grafted
from them and which have then been functionalisagnder them suitable for use in
one or more chromatography methods by introducimegar more ligand groups onto

the grafted products.

Specific chemical functionalisations are discussedore detail below. In general
terms, such chemical functionalisation changehieenical and/or physical
properties of the functionalised chromatography inmadoy introducing one or more
charged groups. This in turn affects how the fismetlised chromatography medium
behaves when used in a chromatography method.mbkédications may, for

example, change the polarity, hydrophobicity oldmecal binding properties of the
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functionalised chromatography medium comparedstartfunctionalised form. The
modifications may, in certain circumstances, changee than one of the polarity,
hydrophobicity or biological binding propertiestbe functionalised chromatography
medium compared to its unfunctionalised form. he @mbodiment, the modification
changes the polarity and hydrophobicity of the fiomalised chromatography

medium compared to its unfunctionalised form.

The functionalised chromatography media are typjicalthe form of membranes.
Such membranes are suitable for use in membraoeneliography methods.
Membrane chromatography methods are well knowhd@erson skilled in the art
and are discussed in “Membrane Processes in Biodéoties and Pharmaceutics” ed.
Catherine Charcosset, Elsevier, 2012, the entoktyhich is incorporated herein by

reference.

Typically, the functionalised polymer chromatogrgphedia are suitable for use in
chromatography methods chosen from ion exchangeratography, affinity capture
chromatography, hydrophobic chromatography and chimede chromatography. In
certain circumstances, the chromatography methedatgs in “mixed mode”, i.e.
utilising more than one form of interaction, i.eniexchange, affinity capture and
hydrophobic interaction. Typically, such “mixed d&3 chromatography involves ion
exchange (ionic) and hydrophobic interactionsefétably, the functionalised
polymer chromatography media are suitable for nsghromatography methods
chosen from ion exchange chromatography, affirafytaere chromatography, and
hydrophobic chromatography, preferably ion exchastgematography and affinity
capture chromatography. In operation, such chtognaphy methods involve
passing a mobile phase containing a desired m@emdr an adsorbent phase, here
the functionalised chromatography medium. The dmisd phase is typically chosen
such that the desired molecule is retained onptéfierence to other components also

present in the mobile phase.
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Typically, the polymer chromatography medium isdiionalised with DEAE, Q, SP,
CM, Protein A, phenyl, or MEP groups, for instaifeAE, Q, SP, CM or Protein A
groups. Generally, the polymer is cellulose arddiromatography medium is
functionalised with DEAE, Q, SP, CM, Protein A, plgk or MEP groups, for
instance DEAE, Q, SP, CM or Protein A groups. Thius functionalised
chromatography medium may be cellulose derivatigigid DEAE, Q, SP, CM,
Protein A, phenyl, or MEP groups, for instance DE&AE SP, CM or Protein A

groups.

In a preferred embodiment, the polymer chromatdgyapedium is functionalised
with Protein A.

lon exchange chromatography is a technique forraipg molecules, typically ions
or polar molecules, based on their ionic chargenckonalised chromatography
media for use in such methods therefore containoomeore moieties which are
positively or negatively charged. Positive andiegative charges in functionalised
chromatography media are usually balanced withaomaore counter ions. lon
exchange chromatography involves one or more adrcaxchange chromatography

and anion exchange chromatography.

Functionalised chromatography media for use irocagxchange chromatography
contain one or more moieties which are negativebrged. Typical negatively
charged moieties include one or more carboxylathenate or phosphonate groups,
or mixtures thereof, i.e. the moieties typicallytan one or more -COO-SQ, or
-P(OHYO" groups, or mixtures thereof. Typical functionetischromatography media
for use in cation exchange chromatography contaenar more -O-CHCOQ,
-CH2COQ, -SQ&, -CHCHCH2SGOs, -CHCH.SGs, or -P(OHYO™ moieties.

Functionalised chromatography media for use inraeixchange chromatography

contain one or more moieties which are positivélgrged. Typical positively
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charged moieties include one or more quaternarpauioups. Typical
functionalised chromatography media for use in a@xchange chromatography
contain one or more -NICHj3)s, -N*(C2Hs)H, -CHCH2N*(C2Hs)H,
-CH2CH2N*(C2H5s)2(CH2CH(OH)CHg), -O-CH.CH2-N*(CHz3)s, -CHCH2N*(CHz)s, or
-CH2CH2N*(CHzs)2H moieties.

For the avoidance of doubt, by “charged group” eant a group that comprises a
moiety that is ionised so that it bears a positiveegative charge, i.e. a “charged
group” comprises an anionic or cationic moietychfarged group is a particular

example of a ligand group.

Typically, the one or more charged groups compisgor more carboxylate
(-COOQ), sulphonate(-S©), or phosphonate groups(-P(Q8)) groups, or quaternary
amine groups, or mixtures thereof. Typically, tme or more charged groups
comprise all anionic groups or all cationic group@wever in certain circumstances
mixtures of anionic and cationic groups are enwaslagrypically, only one type of
anionic group is used, but mixtures may also be.ugypically, only one type of

cationic group is used, but mixtures may also leglus

Representative charged groups include -G@BIO, -CH.COQO, -SGs,
-CH2CH2CH2SGs, -CH.CH2S GOz, -P(OHYO', -N*(CHz)z, -N*(C2Hs)H,
-CH2CH2N*(C2Hs)H, -CH2CH2N*(C2Hs)2(CH2CH(OH)CH), -O-CH.CH2-N*(CHz)s,
-CH.CH2N*(CHg)s, and -CHCH:N*(CHs)2H moieties.

Typical charged groups include DEAE, Q, SP, and@bups. Typically, the
functionalised polymer chromatography medium icfiomalised with DEAE, Q, SP,
or CM groups. Thus, the functionalised chromatplgyamedium may be cellulose
derivatised with DEAE, Q, SP, or CM groups.

Affinity capture chromatography is a technique deparating molecules based on
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their affinity to particular ligands, usually bubtralways biological ligands. This
method may, for example, rely on the attractivedsrbetween antibodies and
antigens or enzymes and substrates. Functionallsedhatography media for use in
affinity capture chromatography typically contaimecor more moieties chosen from
one or more proteins, peptides, antibodies or feEagmthereof, dyes, histidine, or
groups containing a metal cation. Thus, the onaane ligand group may comprise
one or more such moieties. Alternatively, funcéiised chromatography media for
use in affinity capture chromatography may contaimetic or synthetic ligands that

mimic the action of protein ligands.

Typical proteins for use in affinity capture chrawgraphy are well known to the
person skilled in the art and include Protein AtEin G and Protein L. Protein A is

preferred.

Protein A is a protein well known to the skilledgen. As used herein, references to
“Protein A” embrace recombinant Protein A (whichyniieve an altered sequence
compared to Protein A found in Staphylococcus a)rand tagged Protein A (as
described in EP-B-0873353 and US6399750, the épntifewhich are incorporated
herein by reference). Protein A may be a modiiadant of Protein A, for instance

cysteine modified variants of Protein A.

Typical antibodies and fragments thereof for usafimity capture chromatography

are well known to the person skilled in the art ardude IgG.

Typical dyes for use in affinity capture chromatggny are well known to the person
skilled in the art and include Yellow HE-4R, Red 3B and Cibacron Blue F3G.

Typical groups containing metal cations for usaffmity capture chromatography
are well known to the person skilled in the articlsgroups typically contain a

chelating agent to immobilize metal cations. Thatahcation is typically chosen
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from copper, nickel, zinc and cobalt cations, pathéy Cif*, Ni?*, Zr** and C8".

Hydrophobic interaction chromatography is a techaitpr separating molecules
based on their hydrophobicity. Functionalised amtography media for use in such
methods therefore contain one or more moieties hwbiontain one or more
hydrophobic groups. Typical hydrophobic groupdude propyl, butyl, phenyl, and
octyl groups.

Mixed mode (or multimodal) chromatography is a teghbe for separating molecules
based on two or more characteristics, typicallyrbgtobicity and ionic charge. This
may involve a combination of hydrophobicity andamc properties, or a
combination of hydrophobicity and cationic propesti Functionalised
chromatography media for use in such methods thexéypically contain one or
more moieties which are positively or negativelpiged, typically as defined above,
and which contain one or more hydrophobic grougscally as defined above.
Positive and/or negative charges in functionaldewmatography media are usually
balanced with one or more counter ions. Functisadlchromatography media for
use in such methods may also contain one or matehkiobic groups which are
ionisable, for use in so-called Hydrophobic Chdrghiction Chromatography
(HCIC). Thus, in one embodiment, mixed mode chitography is Hydrophobic
Charge Induction Chromatography. Suitable groopsi$e in such methods are 4-

mercapto-ethyl-pyridine (MEP) groups and octylangneups.

Functionalised chromatography media for use in chix@de chromatography
methods which involve a combination of hydrophaddrc anionic interactions
contain one or more moieties which are positivélgrged, typically as defined
above, and one or more hydrophobic groups, typiealdefined above. Suitable
groups for use in such methods are N-benzyl mettdnolamine groups and N-
benzoyl-homocysteine groups. Functionalised chtography media for use in

mixed mode chromatography methods which involveralination of hydrophobic
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and cationic interactions contain one or more nesethich are negatively charged,
typically as defined above, and one or more hydobphgroups, typically as defined
above. Suitable groups for use in such methodbldrenzoyl-homocysteine groups.

The processes claimed in the present inventioprigparing functionalised
chromatography media typically involve in step)(ifitroducing one or more ligand
groups into the grafted product such that the tastifunctionalised product
comprising the one or more ligand groups is suitédt use as a chromatography
medium in a chromatography method. Typical mosetieedia, reagents and methods
are as defined above. The one or more ligand gratgintroduced by reacting a
suitable reagent with one or more functional grocg#tained on the grafted product.
Typical functional groups include hydroxyl, amif@logen and carboxyl groups.
Since step (ii) of the method involves glycidol yukrisation, the functional groups
are typically hydroxyl groups. Suitable reagewtsiftroducing the one or more

ligand groups are discussed elsewhere.

The one or more functional groups may be activateat to reaction with a reagent.
Conventional activation methods known in the arytn@a employed. Thus, in the
case where the functional group is an hydroxyl grauch a group may be activated
by treating with carbonyl diimidazole (CDI), bisoanes, cyanuric acid, N-
hydroxysuccinimide esters (NHS), 2-fluoro-1-metpytidinium toluene-4
sulphonate (FMP), NalQdivinylsulfone, or allyl glycidyl ether. In thease where
the functional group is an amino group, such a gmay be activated by treating
with epichlorohydrine, glutaraldehyde or epoxide.the case where the functional
group is a carboxyl group, such a group may beatetd by treating with CDI or 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCIn the case where the
functional group is a halogen atom, such a grouyp lesactivated by treating with

divinylsulfone.

A skilled person can choose suitable reagentsttodace particular groups and
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moieties into particular polymers, for example be basis of the desired ligand
groups and moieties and the functional groups @oedan those polymers. Typical
reagents include 2-chloro-N,N-diethylamine hydrocide (DEACH),
glycidyltrimethylammonium chloride (GMAC), 1,4-butesulfone, sodium
chloroacetate, Nalgfollowed by Protein A, divinylsulfone followed Brotein A,

allyl glycidyl ether followed firstly by a halohysi-forming reagent and subsequently
by Protein A, or allyl glycidyl ether followed fitlly by an epoxide-forming reagent
and subsequently by Protein A.

Typical halohydrin-forming reagents include an #&lgghilic source of a halogen and
a nucleophilic source of hydroxyl. Thus, typicaldhydrin-forming reagents include
a diatomic halogen (typically, &IBr2 or ) in water, N-chlorosuccinamide, N-
bromosuccinamide, or N-iodosuccinamide. Typicalyalohydrin-forming reagent
generates a halohydrin species from an alkene.h@ludydrin-forming reaction may
be regioselective to yield predominantly the habbiry product on which the halogen
atom is bonded to the terminal carbon atom of thigrper chain, or it may be
regioselective to yield predominantly the halohgdgsroduct on which the hydroxyl
group is bonded to the terminal carbon atom opitigmer chain, or it may have low
regioselectivity. Preferably, the halohydrin-fongireaction may be regioselective to
yield predominantly the halohydrin product on whiblke halogen atom is bonded to
the terminal carbon atom of the polymer chain.

Typical epoxide-forming reagents include peroxyadglich asneta-
chloroperoxybenzoic acid (mcpba)), hydrogen perexidthe presence of NaOH or
H20, tert-butyl hydroperoxide in the presence of ¥bthacetylacetonate, tert-butyl
hydroperoxide in the presence of TiF®, and diethyltartrate, tert-butyl
hydroperoxide in the presence of TiF®, and diisopropyltartrate, or oxone in the

presence of a fructose-derived catalyst and a base.

Typically,

- the chromatography method is a cationic exchangghod, and the reagent
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functionalises the chromatography medium with oneore charged groups
comprising one or more carboxylate, sulphonatehosphonate moieties; or

- the chromatography method is an anionic exchamgfdod, and the reagent
functionalises the chromatography medium with onmore charged groups
comprising one or more quaternary amino or diethyk@moieties;

- the chromatography method is an affinity captimematography method, and
the reagent functionalises the chromatography nmedvith one or more
proteins, peptides, antibodies or fragments thedbads, histidine groups, or
groups containing a metal cation;

- the chromatography method is a hydrophobic ictesa chromatography
method, and the reagent functionalises the chragnapdy medium with one or
more propyl, butyl, phenyl, or octyl groups; or

- the chromatography method is a mixed mode chrognaphy method, and the
reagent functionalises the chromatography mediutin @ne or more MEP,

octylamine, N-benzyl methyl ethanolamine or N-begtmmocysteine groups.

Particular embodiments of the invention

As discussed above, the present invention pro\ades-step process for preparing a
functionalised polymeric chromatography medium framolymer nanofibre
substrate, the two steps being (i) a polymer grgfstep, and (ii) a functionalisation

step.

The polymer grafting step typically introduces 58@000umol/g of polymer to the
substrate, preferably 1000-60,@@0ol/g. In some embodiments, the grafting step
introduces 1000-20@0nol/g. In other embodiments, the grafting stepoiditices
5000-10,00Qamol/g. In yet other embodiments, the grafting stepduces 30,000-
60,00Qumol/g. This amount can typically be determinedchhyassay method
measuring the amount of particular functional gugg. hydroxyl groups, added to

the substrate by the grafting method. A skilledspa will be aware of suitable
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methods to use to determine the amount of partidutectional groups present in a

given sample of grafted material.

An increased polymer density can be obtained hygusicreased amounts or higher
concentrations of polymerisation reagents, or byyaag out the reaction at higher

temperatures or for longer periods of time.

In the context of glycidol polymerisation, the dnad step typically introduces 500-
60,000umol/g of glycidol to the grafted product as detered by the -OH density of
the grafted product. The -OH density of the gfteoduct may be determined by a

titration method, typically a titration with tetnatylammonium hydroxide.

An increased —OH density can be obtained by usingaeased amount of glycidol

or a glycidol derivative having formula (1).

Preferably, the -OH content of a sample of a paldicpolymer is determined by the
following assay:

1) Placing a sample of grafted material on a wditest paper, located in Buchner
filter funnel and washing with ultrapure water vehdpplying a vacuum to ensure the
water washes through the sample;

2) Drying the sample to constant mass in an ové@@af and determining the mass of
the sample.

3) Shredding the sample and suspending it in alb@antrifuge tube containing
10ml of p-toluenesulfonylisocyanate solution (20ptoluenesulfonylisocyanate in
500 ml acetonitrile);

4) Sealing the tube and stirring the mixture wigtating (60°C), in a water bath, for 1
hour;

5) Allowing the tube and its contents to cool tomotemperature, quenching
carefully with 10 mL ultrapure ¥D before being transferring the mixture to a titnat
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cup and making up to 80 mL with iso-propyl alcohol,

6) Stirring the mixture was stirred for 30 ming@dm temperature and then titrating
with tetrabutylammonium hydroxide (0.481M solutiormethanol) to determine the
absolute concentration of hydroxyl groups present.

The -OH concentration (mol/g) of a sample of aipal&r polymer may be
determined by determining the absolute concentraifdiydroxyl groups in a sample
by the above assay and dividing by the total mé#iseodried sample obtained in step
(2) of the assay.

Following steps (ii) and (iii), the density of ligd groups introduced in step (iii) of
the process of the present invention is typicallp-2,00Qumol/g of functionalised
chromatography medium. The density is preferably-B8,50Qumol/g, more

preferably 500-12Q@mol/g. In some embodiments, the density is 1004506)/g. In
other embodiments, the density is 1200-30001/g. Densities much greater than
2,00Qumol/g of functionalised chromatography medium mesutt in materials that

are difficult to use as chromatography media.

The density is typically determined by a titratimethod to determine the number of
moieties in the functionalised material. A skilleerson will be aware of suitable
methods to use to determine the amount of particntaeties present in a given
sample of functionalised material.

In the context of functionalisation with trimethgianonium chloride, the density can
be determined as the trimethylammonium chloridesdgrvhich may be determined

by the following assay:

1) Washing 50 mg of material with 100 mL 0.1M HGlwgion on a Buchner filter
funnel and then with a further 100 mL 0.01M HClgain;

2) Drying the material in a drying oven at 75°CGctmstant mass before tearing into
small pieces and placing in a 50 mL centrifuge te@eipped with a small magnetic

stir bar;
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3) Adding 15 mL deionised water along with approaiely 1 mL (added via a teat
pipette) potassium chromate solution which causesrixture to become yellow in
colour,

4) Stirring the mixture was vigorously for 20 miastbefore being titrating with 0.1M
silver nitrate, the endpoint of the titration beidgntified by a change in colour from
clear yellow to misty brown;

5) Calculating the trimethylammonium chloride caorit@umol/g) as the number of
micromoles of silver nitrate added to reach endipoumber of grams of nanofibre

material used in the titration.

In the context of functionalisation with sulfonicia (S) groups, the density can be
determined as the sulfonic acid density which magétermined by the following
assay:

1) Washing a dried sample of functionalised maltevidgn 0.1M HCL and 0.01M

HCI;

2) Drying the material in an oven and weighing;

3) Determining the molarity of the material by #maount of NaOH that must be
added to reach pH7;

4) Calculating the sulfonic acid (S) contepinol/g) as the number of micromoles of
NaOH added to reach pH7/number of grams of narefitaterial used in the
titration.

The two step method of the invention enables a Hagree of control over the
pressure drop over a sample of the material. iShaslvantageous, since absolute
pressure drop over a chromatography materialirniting factor at industrial scales.
Specifically, the normal operating parameters ofhoemmercial pumps are such
that a pressure drop of 2MPa is the maximum tolerakessure drop. The present
inventors have found that a surprisingly high flaterof material is possible through
materials produced in accordance with the presemiition at a pressure drop of
2MPa. Thus, typically the pressure drop over threefionalised polymeric
chromatography medium is less than 2MPa when aliginase is passed through a
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thickness of 0.05 to 10mm of the medium at a flate of between 1 to 640
membrane volumes per minute. This can be detetnisimg standard means, e.g. an
AKTA protein purification system. This is a measwif the resistance to flow of the

material.

Typically, the pressure drop is less than 1MPdgepably less than 0.5MPa.

Typically, the flow rate through the medium is beem 1 and 60 membrane volumes

per minute, preferably between 5 and 40.

The liquid phase passed through the medium is awicplarly significant. Typical
liquid phases include standard buffers, for instafias buffer, preferably 10mM Tris.

Typically, the liquid phase is passed through ekiess of 0.1 to 5mm of material.

Preferably, the pressure drop over the functioedlgolymeric chromatography
medium is less than 1MPa when Tris buffer is patisemligh a thickness of 0.1 to

5mm of the medium at a flow rate of between 1 tor@nbrane volumes per minute.

More preferably, the pressure drop over the funetised polymeric chromatography
medium is less than 0.5MPa when 10mM Tris is patdsedigh a thickness of 0.1 to

5mm of the medium at a flow rate of between 5 toréInbrane volumes per minute.

The combination of grafting and functionalisatiaeps allows a material with a high
dynamic binding capacity (DBC) to be achieved. §hypically, the functionalised
chromatography material has a DBC of 10 to 210 mg/h0% breakthrough),
preferably 20 to 195mg/mL (10% breakthrough), 3@86mg/mL (10%
breakthrough), 40 to 165mg/mL (10% breakthroughh®to 150mg/mL (10%
breakthrough). For materials where step (ii) Imslved glycidol polymerisation,

typically the functionalised chromatography matehngs a DBC of 50-150 mg/mL
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(10% breakthrough).

The DBC for 10% breakthrough can be determined¢ao@ance with standard
means, e.g. using an AKTA Pure system.

DBC for 10% breakthrough is typically determineda@cling to the following assay
method:

1) Loading material (For anion exchange materialltading material was 1mg/mL
BSA in 10 mM Tris to pH 8. For cation exchange matdéhe loading material was
1mg/mL lysozyme in sodium acetate pH 4.7 10mM.gissed through functionalised
material contained within a holder on an AKTA Paystem (GE Healthcare);

2) material is loaded under a determined membraheme per minute flowrate
(mV/min) until the concentration after the holdettlet exceeded 10% of that loaded
as determined by the UV flow cell;

3) Accounting for dead volumes in the system amdhibider device the total amount
of protein loaded onto the disc at the 10% breakitin was determined through

analysis of the chromatogram in the Unicorn sofeM@E Healthcare).

The high dynamic binding capacities of and highsgiae flowrates through the
functionalised materials of the invention enableadwantageously high productivity
to be achieved. Thus, typically, the productiafythe functionalised polymeric
chromatography medium is 50mg/mL/min to 75,000mgimih. Preferably, the
productivity is 600mg/ml/min or greater. More pedbly, the productivity is
1200mg/ml/min or greater. Even more preferablg, groductivity is 2400mg/ml/min
or greater. The productivity may be 10,000mg/miimii greater or even
15,000mg/ml/min or greater, or 20,000mg/ml/min eager. Productivities of
10,000mg/ml/min, 15,000mg/ml/min or 20,000mg/ml/roingreater are typically
achievable using glycidol polymerisation.

As used herein, the productivity of a materialésedmined by how much material can
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be loaded onto the adsorbent material, per unitmelof material, per unit time. In
practice this is determined as the DBC (10% breakilh) divided by the residence
time of the loading material in the holder. Thsidence time can, in turn, be
determined from the flowrate of material passingtigh the holder.

As discussed above, the present inventors havstigaged thoroughly the
relationship between the grafting step (ii) andctionalisation step (iii) and have
found that by decoupling these steps from one a&ndtighly optimised materials can

be produced.

Thus, in certain embodiments, it has been founttheagrafting step (ii) has the
effect of increasing the dynamic binding capad®B() of the functionalised
polymeric chromatography medium. Thus, for twoenats of a given density of
ligand groups, a material with a higher degreerafting has been found typically to
have a higher DBC. This is particularly the casenfiaterials functionalised with
positively charged groups, i.e. where the functiised chromatography materials are

suitable for use in an anionic exchange chromaptgyranethod.

Thus, in one embodiment, the present inventionigesva process for preparing a
functionalised polymeric chromatography medium,cliprocess comprises

() providing a substrate formed of one or moreyp@r nanofibres, as defined herein,
(ii) grafting one or more neutral polymer chainsnfrthe substrate, as defined herein,
and

(i) contacting the grafted product with a reagexst defined herein, which
functionalises the product of step (ii) as a chrmgeaphy medium, as defined herein,

wherein the grafting step (ii) comprises reactirguaality of compounds of formula

OH
© , and/or its enantiomers, and/or its derivativetahula (I) and/or

enantiomers and/or diastereomers thereof:
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R4
OH
Ry 0]
Rs Rs Rs

with one or more functional groups present on theofibre substrate, wherein,RR»,
R3, Rs and R may be the same or different, and are chosen fphalo, G-Cs alkyl,
or C;-C4 alkoxy provided that at least one of, Rz, Rs, R4 or Rs is not hydrogen, and
has the effect of increasing the DBC of the funwised polymeric chromatography

material.

In other embodiments, usually materials functisedi with negatively charged
groups, i.e. where the functionalised chromatogyaphterials are suitable for use in
a cationic exchange chromatography method, it kas found that varying the
amount of functionalisation reagent used in steépdf the claimed method has only a
small impact on charge density, but when combingld avgrafting step a significant
increase in binding capacity can be achieved feisiime degree of functionalization.
Again, therefore it is clear that it is the comhioa of the grafting and

functionalisation steps that positively impacts DBC

Typically, the functionalised chromatography medisna functionalised cellulose
chromatography medium and the substrate is formhed@or more cellulose acetate
nanofibres, between steps (i) and (ii) the cellellasetate is treated to convert it to
cellulose, the step of grafting one or more neygcdymer chains from the substrate
involves glycidol polymerisation, and the graftedgluct is contacted with a reagent
chosen from glycidyltrimethylammonium chloride (G4 1,4-butanesulfone,
sodium chloroacetate, Nal@llowed by Protein A, divinylsulfone followed by
Protein A, allyl glycidyl ether followed firstly bg halohydrin-forming reagent (e.g.
N-bromosuccinamide) and subsequently by ProteiorAllyl glycidyl ether followed

firstly by an epoxide-forming reagent and subsetjyday Protein A.

Alternatively, the functionalised chromatographydmen is a functionalised cellulose
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chromatography medium and the substrate is formhedeor more cellulose acetate
nanofibres, the step of grafting comprises bothcthreversion of cellulose acetate to
cellulose and the grafting of one or more neutadymer chains onto the resultant
cellulose substrate via glycidol polymerisationg @ime grafted product is contacted
with a reagent chosen from glycidyltrimethylammaniahloride (GMAC), 1,4-
butanesulfone,sodium chloroacetate, Nait@owed by Protein A, divinylsulfone
followed by Protein A, allyl glycidyl ether follovekfirstly by a halohydrin-forming
reagent (e.g. N-bromosuccinamide) and subsequientBrotein A, or allyl glycidyl

ether followed firstly by an epoxide-forming reagand subsequently by Protein A.

In a preferred embodiment, the present inventiaviges a process for preparing a
functionalised cellulose chromatography medium,clwlprocess comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

treating the cellulose acetate to convert it tdubate,

(i) grafting one or more neutral polymer chainsnfrthe resultant cellulose substrate,
as defined herein, and

(i) contacting the grafted product with a reagexst defined herein, which
functionalises the product of step (ii) as a chrmgeaphy medium, as defined herein,

wherein the grafting step (ii) comprises reactirguality of compounds of formula

OH
O , and/or its enantiomers, with one or more fun@lagroups present on the

nanofibre substrate.
Typically in this preferred embodiment step (i) qoees providing a substrate
formed of one or more non-woven sheets, each cemgrone or more cellulose

acetate nanofibres.

Preferably in this preferred embodiment step (ijpdses providing two or more
non-woven sheets stacked one on top of the otheh, gaid sheet comprising one or
more cellulose acetate nanofibres, and simultamgbesting and pressing the stack

of sheets to fuse points of contact between thefitaes of adjacent sheets.



10

15

20

25

46

In an alternative preferred embodiment, the presemintion provides a process for
preparing a functionalised cellulose chromatograplegium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to conditions undbarcl both the cellulose acetate is
converted to cellulose and, subsequently, one oe meutral polymer chains are
grafted onto the resultant cellulose substrate, and

(i) contacting the grafted product with a reagexst defined herein, which
functionalises the product of step (ii) as a chrmgeaphy medium, as defined herein,

wherein the grafting step (ii) comprises reactirguaality of compounds of formula

OH
© , and/or its enantiomers, with one or more fun@la@roups present on the

nanofibre substrate.

Typically in this alternative preferred embodimetep (i) comprises providing a
substrate formed of one or more non-woven sheat$, @omprising one or more

cellulose acetate nanofibres.

Preferably in this alternative preferred embodinstap (i) comprises providing two
or more non-woven sheets stacked one on top adttiex, each said sheet comprising
one or more cellulose acetate nanofibres, and aameusly heating and pressing the

stack of sheets to fuse points of contact betweemanofibres of adjacent sheets.

In a more preferred embodiment, the present ingargrovides a process for
preparing a functionalised cellulose chromatograplegium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,
treating the cellulose acetate to convert it tdubase,

(i) grafting one or more polymer chains from tlesultant cellulose substrate by
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OH
reacting a plurality of compounds of formuld , amdts enantiomers,

with one or more hydroxyl groups present on thessake, and
(i) contacting the grafted product with a reagexst defined herein, which

functionalises the product of step (ii) as a chrmgaphy medium.

Typically in this more preferred embodiment stgp@mprises providing a substrate
formed of one or more non-woven sheets, each cemgrone or more cellulose

acetate nanofibres.

Preferably in this more preferred embodiment sepofmprises providing two or
more non-woven sheets stacked one on top of thex,ahch said sheet comprising
one or more cellulose acetate nanofibres, and aameusly heating and pressing the

stack of sheets to fuse points of contact betweemanofibres of adjacent sheets.

In an alternative more preferred embodiment, tlesgmt invention provides a process
for preparing a functionalised cellulose chromaapiry medium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to aqueous alkalmeddions under which both the
cellulose acetate is converted to cellulose anaseguently, one or more neutral

polymer chains are grafted onto the resultant lmekisubstrate by reaction of a

OH
plurality of compounds of formula® , and/or its etiamers, with one or

more hydroxyl groups present on the substrate, and
(i) contacting the grafted product with a reagexst defined herein, which

functionalises the product of step (ii) as a chrmgeaaphy medium.

Typically in this alternative more preferred embuodnt step (i) comprises providing

a substrate formed of one or more non-woven sheats, comprising one or more
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cellulose acetate nanofibres.

Preferably in this alternative more preferred emimaaht step (i) comprises providing
two or more non-woven sheets stacked one on ttipeadther, each said sheet
comprising one or more cellulose acetate nanofjlzned simultaneously heating and
pressing the stack of sheets to fuse points ofacbiletween the nanofibres of

adjacent sheets.

In an even more preferable embodiment, the preseeamtion provides a process for
preparing a functionalised cellulose chromatograplegium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,
treating the cellulose acetate to convert it tdubate,

(ii) grafting one or more polymer chains from tiesultant cellulose substrate by

OH
reacting a plurality of compounds of formuld , andfs enantiomers, with

one or more hydroxyl groups present on the sulestaaid
(i) contacting the grafted product with a reagesich functionalises the product of
step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity

chromatography method.

Typically in this even more preferred embodimerpgt) comprises providing a
substrate formed of one or more non-woven sheat$, @omprising one or more

cellulose acetate nanofibres.

Preferably in this even more preferred embodimtagt §) comprises providing two
or more non-woven sheets stacked one on top adtties, each said sheet comprising
one or more cellulose acetate nanofibres, and aameusly heating and pressing the
stack of sheets to fuse points of contact betweemanofibres of adjacent sheets.
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In an alternative even more preferred embodiméetptesent invention provides a
process for preparing a functionalised cellulos®rtatography medium, which
process comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to aqueous alkalmreddions under which both the
cellulose acetate is converted to cellulose anaseguently, one or more neutral

polymer chains are grafted onto the resultant loe®isubstrate by reaction of a

OH
plurality of compounds of formula® , and/or its etiamers, with one or

more hydroxyl groups present on the substrate, and
(i) contacting the grafted product with a reage#iich functionalises the product of
step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity
chromatography method.

Typically in this alternative even more preferrendb®diment step (i) comprises
providing a substrate formed of one or more nonemsheets, each comprising one

or more cellulose acetate nanofibres.

Preferably in this alternative even more prefegetbodiment step (i) comprises

providing two or more non-woven sheets stackedamimp of the other, each said

sheet comprising one or more cellulose acetatefiteies, and simultaneously heating

and pressing the stack of sheets to fuse pointertfict between the nanofibres of

adjacent sheets.

In a yet more preferred embodiment, the presemnteon provides a process for
preparing a functionalised cellulose chromatograplegium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,
treating the cellulose acetate to convert it tdubate,

(ii) grafting one or more polymer chains from tiesultant cellulose substrate by
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OH
reacting a plurality of compounds of formuld , discenantiomers, with

one or more hydroxyl groups present on the sulestaaid

(i) contacting the grafted product with a reageich functionalises the product of
step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity
chromatography method, which reagent is glycidyleéihylammonium chloride
(GMAC), 1,4-butanesulfone, sodium chloroacetatddollowed by Protein A,
divinylsulfone followed by Protein A, allyl glycidyther followed firstly by a
halohydrin-forming reagent (e.g. N-bromosuccinamated subsequently by Protein
A, or allyl glycidyl ether followed firstly by anpoxide-forming reagent and
subsequently by Protein A.

Typically in this yet more preferred embodimenpstg comprises providing a
substrate formed of one or more non-woven sheaté, @omprising one or more

cellulose acetate nanofibres.

Preferably in this yet more preferred embodimegyp $t) comprises providing two or
more non-woven sheets stacked one on top of thex,ahch said sheet comprising
one or more cellulose acetate nanofibres, and sameusly heating and pressing the

stack of sheets to fuse points of contact betweemanofibres of adjacent sheets.

In an alternative yet more preferred embodimem pitesent invention provides a
process for preparing a functionalised cellulos®rtatography medium, which
process comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to aqueous alkalmreddions under which both the
cellulose acetate is converted to cellulose anaseguently, one or more neutral

polymer chains are grafted onto the resultant loekisubstrate by reaction of a

OH
plurality of compounds of formula® , and/or its etiamers, with one or
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more hydroxyl groups present on the substrate, and

(i) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity
chromatography method, which reagent is glycidyleihylammonium chloride
(GMAC), 1,4-butanesulfone, sodium chloroacetatddollowed by Protein A,
divinylsulfone followed by Protein A, allyl glycidyether followed firstly by a
halohydrin-forming reagent (e.g. N-bromosuccinamated subsequently by Protein
A, or allyl glycidyl ether followed firstly by anpoxide-forming reagent and
subsequently by Protein A.

Typically in this alternative yet more preferredl®diment step (i) comprises
providing a substrate formed of one or more nonemsheets, each comprising one

or more cellulose acetate nanofibres.

Preferably in this alternative yet more preferretbediment step (i) comprises
providing two or more non-woven sheets stackedammp of the other, each said
sheet comprising one or more cellulose acetatefiteies, and simultaneously heating
and pressing the stack of sheets to fuse pointertfict between the nanofibres of

adjacent sheets.

In a further even more preferred embodiment, tiesgmt invention provides a process
for preparing a functionalised cellulose chromaapiry medium, which process
comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

treating the cellulose acetate to convert it ttubate,

(ii) grafting one or more polymer chains from tiesultant cellulose substrate by

OH
reacting a plurality of compounds of formuld , aisdenantiomers, with

one or more hydroxyl groups present on the sulestaaid

(i) contacting the grafted product with a reage#ich functionalises the product of
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step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity
chromatography method, which reagent is divinytsudf followed by Protein A, allyl
glycidyl ether followed firstly by a halohydrin-foring reagent (e.g. N-
bromosuccinamide) and subsequently by Protein Allgrglycidyl ether followed

firstly by an epoxide-forming reagent and subsetjyday Protein A.

Typically in this further even more preferred emineeht step (i) comprises providing
a substrate formed of one or more non-woven sheats, comprising one or more

cellulose acetate nanofibres.

Preferably in this further even more preferred ednment step (i) comprises
providing two or more non-woven sheets stackedammp of the other, each said
sheet comprising one or more cellulose acetatefiteies, and simultaneously heating
and pressing the stack of sheets to fuse pointertfict between the nanofibres of

adjacent sheets.

In an alternative further even more preferred enrbedt, the present invention
provides a process for preparing a functionalisgilose chromatography medium,
which process comprises

() providing a substrate formed of one or mordutese acetate nanofibres,

(ii) subjecting the substrate to aqueous alkalmeddions under which both the
cellulose acetate is converted to cellulose anaseguently, one or more neutral

polymer chains are grafted onto the resultant loe®isubstrate by reaction of a

OH
plurality of compounds of formula® , and/or its etiamers, with one or

more hydroxyl groups present on the substrate, and

(i) contacting the grafted product with a reage#iich functionalises the product of
step (ii) as a chromatography medium suitable $&rin an ion exchange or affinity

chromatography method, which reagent is divinytsudf followed by Protein A, allyl
glycidyl ether followed firstly by a halohydrin-foring reagent (e.g. N-
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bromosuccinamide) and subsequently by Protein Allglrglycidyl ether followed

firstly by an epoxide-forming reagent and subsetjyday Protein A.

Typically in this alternative further even more fereed embodiment step (i)
comprises providing a substrate formed of one aremon-woven sheets, each

comprising one or more cellulose acetate nanofibres

Preferably in this alternative further even morefpired embodiment step (i)
comprises providing two or more non-woven sheetsk&ld one on top of the other,
each said sheet comprising one or more cellulostecnanofibres, and
simultaneously heating and pressing the stack edtsho fuse points of contact
between the nanofibres of adjacent sheets.

Chromatography cartridge of the invention

The present invention also provides a chromatographtridge. The
chromatography cartridge of the present inventmmprises one or more
functionalised chromatography media of the presesmntion. Alternatively, the
chromatography cartridge of the present inventsoobitainable by carrying out the
process of the present invention and incorporatieghus-obtained product into a

cartridge.
Also provided is a process for preparing a chrograiohy cartridge which comprises
carrying out the process of the present inventimhiacorporating the thus-obtained

product into a cartridge.

The chromatography cartridge is typically suitaoleuse in chromatography,

preferably a chromatography method as defined iherei

A chromatography cartridge of the present inventygaically comprises one or more
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functionalised chromatography media of the presesntion within a holder, for

example a holder as defined above. The holdgpisadlly cylindrical.

Typically, the chromatography cartridge comprises or more functionalised

chromatography media of the present invention stakside a cylindrical holder.

Typically, the chromatography cartridge comprises br more functionalised
chromatography media of the present invention. idally, the chromatography
cartridge comprises up to twenty functionalisecbamaitography media of the present

invention.

Typically, the chromatography cartridge also cosggione or more frits within the
typically cylindrical holder. Frits are well known the person skilled in the art and
refer to rigid porous structures, typically rigicetal, polymeric or ceramic, preferably
rigid metal or ceramic, porous structures. Fnistgpically included in a
chromatography cartridge to improve flow distriloutithrough the cartridge and/or to
support the one or more functionalised chromatdgyapedia of the present
invention. Pores in typical frits have diametemf 1 to 100Qm, preferably from 5
to 50Qum, more preferably from 10 to 1. Other suitable frit pore diameters
include from 1 to 2(m, preferably from 5 to J0m, more preferably from 3 tqum.

Typically, the cartridge comprises two or more fimetalised chromatography media
of the present invention and one or more frits ftiie being located between
functionalised chromatography media.

In some embodiments, the cartridge does not comfnts.

The cartridge may comprise alternative spacer naggenstead of or in addition to

frits. Typical alternative spacer materials in@utbn-woven and woven materials.
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Non-woven polymer materials are known to the persfaskill in the art. Such non-
woven materials are porous, i.e. allow the passégiquid, typically without
significant pressure drop. Typically, the non-woym®lymer material is
polypropylene. Typically, the non-woven materiaktan area density of 45-150gsm.

In some embodiments, the cartridge comprises twoare functionalised
chromatography media of the present invention aredar more non-woven polymer
material layers as defined above, the one or manewoven polymer material layers

being located between functionalised chromatograpégia.

Woven materials are known to the person of skitheart. Such woven materials are
porous, i.e. allow the passage of liquid, typicaliyhout significant pressure drop.
Typically, the woven material is a woven polymertenel, preferably woven

polypropylene. Typically, the woven material habiakness less than 1mm.

Typically, the chromatography cartridge also cosgsione or more inlet fluid
distribution means and/or outlet fluid collectioeams. Such means are well known

to the person skilled in the art.

Chromatography method of the invention

The present invention also provides use of a fonalised chromatography medium
of the invention or a chromatography cartridgehaf invention in chromatography,
particularly in a chromatography method as defineckin.

The present invention also provides a processstwaiing one or more biological
molecules from a mobile phase, which process caaprgontacting one or more
biological molecules in a mobile phase with a fum@lised chromatography medium
of the invention or a chromatography cartridgehef invention. The chromatography

medium or chromatography cartridge binds prefeadigitio the one or more
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biological molecules in the mobile phase, typicatiypreference to other components
(for instance other biological molecules) also preesn the mobile phase. This can be
carried out in accordance with conventional methHauaswvn for the bind phase of

such chromatographic methods.

Thus, typically, this chromatographic process iscemn(anion or cation) exchange,

affinity capture, hydrophobic interaction or mixedde chromatography process.

Preferably, the chromatographic process is an axchange chromatography
process and the chromatography medium is funcigethiwith DEAE or Q; the
chromatographic process is a cation exchange chiogmahy process and the
chromatography medium is functionalised with SIEbf; the chromatographic
process is an affinity capture chromatography pea@nd the chromatography
medium is functionalised with Protein A; or the @matographic process is a
hydrophobic interaction chromatography processthaadthromatography medium is
functionalised with phenyl groups.

Thus, the present invention provides a chromatdgrgpocess which comprises the
above step. Typically, the chromatography procesarried out in accordance with a
chromatography method as defined above.

One of the advantageous findings of the presemniion is that a functionalised
chromatography material produced by the procesiseoinvention has a high binding
capacity and can be operated at high flowratesis;Tiypically in the chromatography
process of the present invention, the one or mimledical molecules in a mobile
phase is contacted with the functionalised chrografghy medium for a period of
time of one minute or less, preferably 50 secomdsss, more preferably 40 seconds
or less, yet more preferably 30 seconds or ledlsystre preferably 20 seconds or
less, or even 15 seconds or less, 12 secondsspii@seconds or less, 8 seconds or

less, 6 seconds or less, 4 seconds or less, 2dseootess, 1.5 seconds or less, or
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even 1 second or less.

The chromatography process typically comprisesthdn step of recovering the one
or more biological molecules from the functionatisgnromatography medium or
chromatography cartridge. This step can typida#lyeffected by contacting the
functionalised chromatography medium or chromatalgyacartridge to which is
adsorbed the one or more biological molecules aitlelution buffer. This can be
carried out in accordance with conventional metHauswvn for the elute phase of
such chromatographic methods. Thus, the procdgpically a bind-elute

chromatographic method.

Between the bind and elute steps, the process undnef comprise a step of washing
the functionalised chromatography medium or chragpaphy cartridge of the
invention to which is adsorbed the one or moredgimal molecules. This washing
step is carried out to remove any components wdsiemot bound to the
functionalised chromatography medium or chromatolgyecartridge. This can be
carried out in accordance with conventional methaasvn for the washing phase of

such chromatographic methods.

After the elute step, the process may further case@ step of regenerating the
functionalised chromatography medium or chromafolgyacartridge of the invention.
Typically this is effected by contacting the fulctalised chromatography medium or
chromatography cartridge from which the one or nimodogical molecules have been
eluted with a buffer. This can be carried outen@dance with conventional methods

known for the regeneration phase of such chromapge methods.

Typically, the one or more biological molecules enesen from cells, proteins,
polypeptides, antibodies, amino acids, virusesraraeic acids, including, for
example, recombinant proteins, monoclonal antitgydigal vaccines, viral vectors,

RNA, exosomes, cells and plasmid DNA.
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The monoclonal antibody may be a multispecific lamdly (e.g. a bispecific antibody)
or a domain-deleted antibody. Preferably the mlmmad antibody is a humanized
antibody or a human antibody. Antigen-binding freamts of monoclonal antibodies
may be used. Examples of antibody fragments irckab, Fab', F(ab"and Fv

fragments, diabodies and single chain antibodies.

Typically, the one or more biological molecules ane or more monoclonal
antibodies, or proteins engineered to exhibit@sith an affinity for Protein A
binding, and the functionalised chromatography maedoptionally contained in a

cartridge carries at least one Protein A ligandugro

Typically, the chromatographic process employsrautated or actual moving bed
system. Thus typically, the process comprisesdhicing the one or more biological
molecules in a mobile phase into one or more sitadlar actual moving bed
chromatography apparatuses having a pluralityndield chromatography columns,
which chromatography columns contain as adsorienfuinctionalised

chromatography medium of the present invention.

Any known simulated or actual moving bed apparatay be used to carry out the
chromatographic process, provided that it compyiaesdsorbent, the functionalised

chromatography medium of the present invention.

Simulated and actual moving bed chromatographkm@ogn techniques, familiar to
those of skill in the art. The principle of opépatinvolves countercurrent movement
of a liquid eluent phase and a solid adsorbentghdsis operation allows minimal
usage of solvent making the process economicadlglei Such separation technology
has found applications in diverse areas includungfipation of biological molecules

using membrane adsorbents.

A simulated moving bed system consists of a nurobardividual columns
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containing adsorbent which are connected togethseiies. Eluent is passed through
the columns in a first direction. The injectionms of the feedstock and the eluent,
and the separated component collection pointsarsyistem are periodically shifted

by means of a series of valves. The overall efeetd simulate the operation of a
single column containing a moving bed of the salidorbent. Thus, a simulated
moving bed system consists of columns which, asdanventional stationary bed
system, contain stationary beds of solid adsorttentigh which eluent is passed, but
in a simulated moving bed system the operationgh ss to simulate a continuous

countercurrent moving bed.

An actual moving bed system is similar in operatma simulated moving bed
system. However, rather than shifting the injecpoints of the feed mixture and the
eluent, and the separated component collectiortpbinmeans of a system of valves,
instead a series of adsorption units (i.e. colurans)physically moved relative to the
feed and drawoff points. Again, operation is sasho simulate a continuous

countercurrent moving bed.

The materials of the present invention are alstablé for use in methods of
immobilised enzyme biocatalysis, metal scavengangl, water treatment. Thus, the
present invention provides a method of enzyme Iabygsis, which involves a
functionalised chromatographic material of the presnvention. The present
invention also provides a method of metal scavengitich involves a
functionalised chromatographic material of the preésnvention. The present
invention also provides a method of water treatm&htch involves a functionalised
chromatographic material of the present inventitirwill be appreciated that certain
minor modifications may be required to the processel products of the invention to

render the products suitable for use in these nastho
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EXAMPLES

The following Examples illustrate the invention.

Materials and equipment

Unless otherwise noted all chemicals were obtafr@d, or are available from,
companies such as Fisher Scientific, Sigma-AldithproChem, Repligen, and
VWR.

Washing Protocols

Washing protocol A

The reaction media was replaced with an equal veldezionised water and
circulated for 1 hour. The rinsing procedure waseeted once more. Finally, the
materials were treated with an equal volume of agsethanol (2:1-HD:EtOH)

before being removed from the reaction vessel.

Washing protocol B

The reaction media was replaced with an equal velafrde-ionised water and
circulated for 1 hour. After this time, the washmgdia was replaced with 0.01M
HCI which was circulated for 1 hour whereupon iswaplaced with 0.001M HCI and
circulated for 1 hour. Finally, the media was replwith 2:1 mixture of bFD:EtOH
which was circulated for 1 hour. The derivatisedofdores were then removed from

the reaction vessel.
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Washing protocol C

The reaction media was replaced with an equal velafil:1 mixture of warm (6C)
de-ionised water:acetone which was circulated @omins. The washing procedure
was repeated twice more. Finally, the media wakcep with 2:1 mixture of
H>O:EtOH which was circulated for 1 hour. The delised nanofibres were then

removed from the reaction vessel.

Washing protocol D

2 Ltrs of ultrapure water was pumped through theofiare material.

Washing protocol E

The reaction media was replaced with an equal velafri:1-de-ionised water:EtOH
and circulated for 1 hour. The washing procedurs rggeated twice more. Finally,
the media was replaced with 2:1 mixture e2EtOH which was circulated for 1
hour. The derivatised nanofibres were then remdnged the reaction vessel.
Finally, the media was replaced with 2:1 mixturéde®:EtOH which was circulated
for 1 hour. The derivatised nanofibres were thenaeed from the reaction vessel.
Washing protocol F

The reaction media was replaced with ultapure deseéal water. The nanofibre
materials were gently stirred in the clean wate3f® mins. After this time, the
washing media was replaced and the wash cycle texpea

Washing protocol G

The reaction media was poured out and the beakerepdenished with water until
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the pH of the effluent was neutral or slightly acid

Washing protocol H (for halohydrin nanofibers)

The reaction media was replaced with an equal velafri:1 mixture of de-ionised
water:acetone which was circulated for 1 hour.eAthis time the wash solution was
refreshed and the fibres washed for a further I faduie stirring vigorously. This
process was repeated a further 3 times beforartakewash of de-ionised water for a
further 1 hour. The derivatised halohydrin naneftowere then removed from the

reaction vessel and were ready for use in the stegt

I PREPARATION OF MATERIALS

Preparative Example 1

A solution of cellulose acetate, with a relativelerolar mass of 29,000g/mol, was
dissolved in common solvents prior to electrospigrio produce fibres with
diameters ranging between 300-600nm. Optimiseditons for nanofibre
production can be found in, for example, O. Hardetkal, J.Mater. Sci. 46 (2011)
3890, the entirety of which is incorporated heteyrreference. Sheets of
approximately 20g/fmmaterial were layered and subjected to a comUieating and

pressure treatment.

Example 1 - Glycidol/trimethylammonium chloride functionalization

Nanofibre materials were derivatised accordingsttteeme outlined below:



10

15

63

SEe s o @% #

|CI

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

Q/ Y (i) "

Cellulose acetate sheets (44*32mm*150mm) obtainedcordance with the method
of Preparative Example 1 were placed into a laegkeér containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Teaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing

protocol A.

Sep (ii): Glycidol polymerisation

o A

O

Materials from (i) were suspended in 1L of 0.5M NaQ'he reaction media was
circulated for 15 minutes prior to the careful dubai of varying amounts of Glycidol
(15mL, 30mL, 60mL, 120mL, 180mL) in a single portid he reaction media was
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circulated at room temperature for 16 hours andhterial was subsequently

washed according to washing protocol B.

Sep (iii): Glycidyltrimethylammonium chloride derivatisation

HO
o OH o) O
o o
n n
HO™ — O HO

(iif) n w+cr

Materials obtained in step (ii) were typically sasded in 1Ltr 0.5M NaOH. The
reaction media was circulated for 15 minutes piaathe addition of
glycidyltrimethylammonium chloride (25mL, 50mL, 1®@ and 200mL) in a single
portion. The reaction media was circulated forréhier 16 hours at room temperature.

The materials were then washed according to wagiiotgcol C.

The trimethylammonium chloride content was detegdiby the following method.

50 mg of material was washed with 100 mL 0.1M H&uson on a Buchner filter
funnel and then with a further 100 mL 0.01M HClwgan. The material was then
placed in a drying oven at 75°C and dried to conistaass before being torn into
small pieces and then placed in a 50 mL centrituge. A small magnetic stir bar and
15 mL deionised water were then added along wigt@apmately 1 mL (added via a
teat pipette) potassium chromate solution whictsedihe mixture to become yellow
in colour. The mixture was stirred vigorously fd@ &inutes before being titrated with
0.1M silver nitrate. The endpoint of the titratisndentified by a change in colour

from clear yellow to misty brown.
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The trimethylammonium chloride contempinfol/g) was calculated as the number of
micromoles of silver nitrate added to reach endipoumber of grams of nanofibre

material used in the titration.

Example 2 — glycidol/S functionalization

Nanofibre materials were derivatised accordinghtodcheme outlined below:

0
QOJ\ — - QOH L QO/\(\OH S Clo/\/\o/\/\/S\OH
OH

Sep (i): Saponifcation of cellulose acetate (CA) to regenerated cellulose (RC)
O .
QOJ\ — QOH

Cellulose acetate sheets (44*32mm*150mm) obtainedcordance with the method
of Preparative Example 1 were suspended in 5 LO0®&5M sodium hydroxide
solution in 2:1-water:ethanol. The reaction mixtwas circulated at room
temperature for 48 hours. The materials were thashed according to washing

protocol A.

Sep (ii): Glycidol derivatisation

HO
0 OH
(@)
OH n
— > HO
O w ;

Materials from (i) were suspended in 1L of 0.5M NaQhe reaction media was

circulated for 15 minutes prior to the careful aube of varying amounts of glycidol
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(15mL, 30mL, 120mL, 180mL) in a single portion. Tieaction media was circulated
at room temperature for 16 hours and the materal subsequently washed

according to washing protocol B.

Sep (iii): 1,4-butanesulfone derivatisation

Reaction media consisting of 150ml 1M NaOH (aq.} Wwaated up to58. In this
was suspended glycidol functionalised materialiokthin step (ii), along with 1,4-
butanesulfone (6ml, 53°C, 58.6mmol). The reacti@uia was stirred at 60°C for
15min, 30min, and 60min. The materials were theshed according to washing

protocol B.

The sulfonic acid (S) content of the material (Wmplvas calculated via titration.
Dried material from (iii) was washed with 0.1M H@hd 0.01M HCI. The material is
then oven dried and weighed. After washing the nitglaf the material is determined

from the amount of NaOH added to reach pH?7.

Example 3 — glycidol/Carboxymethyl (CM) functionalsation

Nanofibre materials were derivatised accordingsttteeme outlined below:

R e R iy e B OH[

n

OH
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Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

O OH
O/ \([)]/ () Q

Cellulose acetate sheets (44*32mm*150mm) obtainetcordance with the method
of Preparative Example 1 were placed into a laggkér containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Teaction mixture was stirred at
room temperature for 48 hours. The materials weza tvashed according to washing

protocol A.

Sep (ii): Glycidol polymerisation

OH
- o o) OH
e
(11) Q HO n

n

Materials from (i) were suspended in 1L of 0.5M N&Qhe reaction media was
circulated for 15 minutes prior to the careful dubai of varying amounts of Glycidol
(15mL, 30mL, 60mL, 120mL, 180mL) in a single portid he reaction media was
circulated at room temperature for 16 hours andhterial was subsequently
washed according to washing protocol B.

Sep (iii): Carboxymethyl (CM) derivatisation

AL @H[

n

OH
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Materials from (ii) were suspended in water (66 rat$2°C. A solution of sodium
chloroacetate (12.8 g) in water (27.5 mL) was fiephepared. A solution of KOH
(6.2 g) in water (27.5 mL) was also freshly prepaioth solutions were added to the
reaction at a rate of 13.75 mL/hour while keepimg temperature at 62°C. The
reaction was stirred vigorously at 62°C for 4hatat. After 4h at 62°C, the reaction
media was removed and the nanofibre materials wasted under a continuous flow
of water until the pH of the effluent was neutiéhe beaker was then stirred in 0.01M

hydrochloric acid aqueous solution until a steadyogb 2-3 was reached.

Reference Example 1 - ATRP functionalization to preide dimethylamino-

derivatised nanofibre materials.

Nanofibre materials were derivatised accordingsttteeme outlined below:

— NH
0 ﬁg ﬁ&o Lo/ 7 {so x—" Y=o
0J< OH o) o)
Or Owr O 50O O
08 (08 iy 8 ~

X=SorN

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

O OH

(T T——Cr

Cellulose acetate sheets (44*32mm*150mm) obtainedcordance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Thaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing

protocol A.

Z\/\/%

\3

/Z\/\/§

/\
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Sep (ii): Divinylsulfonederivatisation

OH OO
or

Material obtained in step (i) was suspended inlatism of K;COs (24.4g, 176.54
mmol K2CGOsz in 275 mL BO) and acetonitrile (75 mL). The mixture was stirfer

15 minutes prior to the dropwise addition of diuswfone (50 mL, 498.1 mmol) over
2.5 hours. Upon complete addition of the divinylsag, the reaction was stirred for a
further 1.5 hours. After this time, the nanofibraterial was washed according to

washing protocol C.

Sep (iii)

/

£ s
O w0

Material obtained in step (ii) was suspended in BiL5H,0 that contained either

— /N NH;
<o (" s=0 x—/
@)

ethylenediamine (125mL, 1870 mmol) or 2-mercaptgathine hydrochloride
(37.5g, 167 mmol). The mixture was stirred overhaftroom temperature. After this

time, the derivatised nanofibre material was wastembrding to washing protocol A.
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Sep (iv): a-bromoisobutyryl bromide derivatisation:

NH NH
ﬁ/s/:;\x—/_ ’ //s/:;\ x—/;zzo
o©O o ©O
O O
—>
(iv)

Dry material obtained in step (iii) was placed ioemtrifuge tube and 2mL
acetonitrile and 0.4mL (3.24 mmat}bromoisobutyryl bromide were added. The
tubes were gently agitated on an orbital shakeb fminutes at room temperature,
whereupon triethylamine was added dropwise (0.2r86 mmol). The reaction
mixture was agitated for 1 hour. After this timiee derivatised nanofibre materials

were washed according to washing protocol A.

Sep (v): ATRP

NH
hls/zg\x—/;gto ﬁs/_;\x NH
Br

O
O v O €
—N

\
Typically, derivatised nanofibre material obtainedtep (iv) was placed in a reaction

N

vessel to which was added 2.5 mL saturated ascadui; 0.33 ml catalyst solution A
and N-[3-(dimethylamino)propyllmethacylamide (1®&, 9.2 mmol). The reaction
mixture was gently agitated on an orbital shakepatn temperature for 4 hrs. After
this time, the derivatised nanofibre materials weashed according to washing

protocol A.

/\



10

15

20

25

71

Catalyst solution A

CuBr2 (0.3g, 1.343 mmol) dissolved in 10mj®land 0.45 mL (1.650 mmol)
1,1,4,7,10,10-hexamethyltriethlyenetetramine.

Example 4 — Glycidol grafted, aldehyde functionalisd, Protein A coupled

material

Nanofibre materials were derivatised accordingsitteeme outlined below:
HO o Prot-A
. Ny o j,l;oy\lw o j/oQLH oj/oJ
Q/TOKT.O/T WOl Wl Ho

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

O OH
OY 57O

Cellulose acetate sheets (44*32mm*150mm) obtainextcordance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Teaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing

protocol A.

Sep (ii): Glycidol polymerisation

\/()g

O OH
OH O

O (i) @{H 0 n

n
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Materials from (i) were suspended in 1L of 0.5M NaO'he reaction media was
circulated for 15 minutes prior to the careful dubai of 180mL glycidol in a single
portion. The reaction media was circulated at réemperature for 16 hours and the
material was subsequently washed according to wggirotocol B.

Step (iii): Oxidation to Aldehyde

(|||)

Material from (ii) was suspended in 17.5L 0.05M Mabuffer modified to pH5.5.
The reaction media was circulated for 30 mins paathe addition of Nal@(200g,
0.94 moles, dissolved in 2L of reaction media). Tdection media was circulated for
a further 30 mins. The materials were then waslkedrding to washing protocol C to
provide aldehyde functionalised materials.

Sep (iv): Protein A Coupling

Materials from step (iii) were added to a 6 welltpl To each well was added 2 mL of
a protein-A solution (rSPA, 50 mg/ml Protein A ieidnised water). The plate gently
agitated on an orbital shaker for 1hr. After tise, the supernatant liquid was
removed and replaced with reducing buffer solufiof2.5 ml per well, prepared as
0.0762g of NaCNBEladded to 10mL carbonate buffer, which is prepas@.@603g
NaCOz (0.569 mmol) and 0.337g NaHG(.012 mmol) added to 100 mL de-
ionised water) and agitated for a further 15 miaufdter this time the protein-A

coupled materials were washed according to protbcol
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Example 5 —Glycidol grafted, DVS functionalised, Potein A coupled material

Nanofibre materials were derivatised accordingsttteeme outlined below:
:\gj j\sfprot-A

o
(o)

OI

o
o As

ot pecrme A A

o\s Ots

)/ Prot- A\)/

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

o OH
O \([)]/ @) Q

Cellulose acetate sheets (44*32mm*150mm) obtainedtcordance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Taaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing

protocol A.

Sep (ii): Glycidol polymerisation

on
- o 0 OH
B ——
(1) O HO n

n

Materials from (i) were suspended in 1L of 1M NaQHe reaction media was
circulated for 15 minutes prior to the additionl80mL Glycidol in a single portion.
The reaction media was circulated at room tempexdtu 16 hours and the material

was subsequently washed according to washing pBc
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Sep (iii): Divinylsulfonederivatisation

(iii)

O
HO @) N
o OH o e
O o}
n n
HO 0 - = O

Materials from (ii) were suspended in a solutioat ttonsisted of 550mL 4@ with
K2CO:s (48.8g, 0.35 moles) dissolved within it and 150adetonitrile. The reaction
media was circulated for 15 minutes prior to thepdvise addition of divinylsulfone
(100 ml, 0.86 moles), after which the reaction raeslas circulated for a further 1.5
hours. The materials were then washed accordimgghing protocol C.

Sep (iv):Protein-A coupling:

0 0 Prot-A
S o

Material from step (iii) was suspended in 70 magdrotein A solution (50mg/mL
protein A suspension to which is added 668mg(Ta) and 58mg NaHC@&and
NaOH to reach pH 11.1). The solution was circuldted.6 hours. The materials

were then washed according to washing protocol D.

Prot-A
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Reference Example 2 — ATRP grafted, Protein A coupl material

Nanofibre materials were derivatised accordingheodcheme, outlined below:

00 OO0

0 0 o X o %

O OH O O _\\ O xProt A

Ow Ow O & m

G ) @ od W s

o o
) {
Prot A

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

O
O OH
e O

Cellulose acetate sheets (5*65cm*100cm) were sugzem 17.5Ltr of 0.075M
NaOH, in 2:1-HO:EtOH. The reaction media was circulated at roemperature for

48 hours. The materials were then washed accotdimgshing protocol A.

Sep (ii): a-bromoacetylation

O
OH O
Br
[O8

Dried materials from (i) were suspended in 240etrathydrofuran (THF) witlu-
bromoisobutyryl bromide (6.24 mL, 50.4 mmol) dissd in it. The reaction mixture
was cooled to «™ and then triethylamine (7.2 mL, 51.6 mmol) wadextidropwise.
The mixture was stirred af@ for 2 hours before being allowed to warm to room
temperature. The mixture was stirred at room teatpee for a further 16 hours. After

this time the derivatised nanofibre materials weashed according to washing
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protocol A.

Sep (iii): ATRP polymerisation

A vessel was charged with 5 mL acetone, 5mL sadrascorbic acid, CuB(30 mg,
0.134 mmol) and 11,4,7,10,10-hexamethyltriethyletmraamine (4%L, 0.165 mmol).
Material from (ii) was suspended in the reactiomxtome along with divinylsulfone
(2.5 mL, 24.9 mmol). The reaction mixture was geagitated, using an orbital
shaker, at room temperature, for 1 hour. Aftes thme, the nanofibre materials were
washed according to washing protocol A.

Sep (iv): Protein-A derivatisation
Q.9 Q0
O S @) S
0 _\\ @) _\‘Prot A
O™ ¥ gON
n — n
0=S (V) 0sS
o’ o’
/ )

Prot A

\\/ 1

26mm disks of material from step (iii) were pladec 6 well plate. To each disk was
added 1mL protein-A solution (50mg/mL solution a$inked above) along with 1mL
of carbonate buffer solution (as defined aboveg disks were gently agitated for 16

hours. After this time, the disk were washed usuaghing protocol D.
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Reference Example 3 - trimethylammonium chloride fuctionalization

Nanofibre materials were derivatised accordingsitteeme outlined below:
Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

@) OH

OR 0

Cellulose acetate sheets (44*32mm*150mm) obtainextcordance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Teaction mixture was circulated

at room temperature for 48 hours. The materialewsen washed according to

washing protocol A.

Sep (ii): Glycidyltrimethylammonium chloride derivatisation

OH
0
B Q/ /\(+/CI'
U @ ™

Materials obtained in step (i) were suspended i®.BM NaOH. The reaction media
was circulated for 15 minutes prior to the additudrglycidyltrimethylammonium
chloride (25mL, 50mL, 100mL) in a single portiorhélreaction media was circulated
for a further 16 hours at room temperature. Theenas were then washed according

to washing protocol B.

The trimethylammonium chloride content was deteadiby the following method.
50 mg of material was washed with 100 mL 0.1M H&uson on a Buchner filter
funnel and then with a further 100 mL 0.01M HClwan. The material was then

placed in a drying oven at 75°C and dried to constaass before being torn into
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small pieces and then placed in a 50 mL centrituge. A small magnetic stir bar and
15 mL deionised water were then added along wigv@apmately 1 mL (added via a
teat pipette) potassium chromate solution whictsedithe mixture to become yellow
in colour. The mixture was stirred vigorously fd@ &inutes before being titrated with
0.1M silver nitrate. The endpoint of the titratisndentified by a change in colour

from clear yellow to misty brown.
The trimethylammonium chloride contepingol/g) was calculated as the number of
micromoles of silver nitrate added to reach endipoumber of grams of nanofibre

material used in the titration.

Reference Example 4 — Glycidol grafting

Sep (i): Saponification of cellulose acetate (CA) to regenerated cellulose (RC)

o} OH
O
o) ()

Cellulose acetate sheets (44*32mm*150mm) obtainextcordance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Teaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing
protocol A.

Sep (ii): Glycidol polymerisation

HO
o) OH
O
OH n
O e O

(ii)
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Materials from (i) were suspended in 1L of 0.5M NaO'he reaction media was
circulated for 15 minutes prior to the careful dabahi of varying amounts of glycidol
(15mL, 30mL, 60mL, 120mL, 180mL) in a single portid he reaction media was
circulated at room temperature for 16 hours andihterial was subsequently

washed according to washing protocol G.

Example 6 — Alternative protocol for Glycidol grafted, DVS functionalised,

Protein A coupled material

Nanofibre materials were derivatised accordinghtodcheme outlined below:

\/o = o
™ & H ‘/<O/\
° ONOH i )/ o Protein-A
o\\// C>/o 1 o O/kj,{o o
ogt-oS T n
/O

Sep (i): Glycidol polymerisation and saponification

The glycidol polymerisation and saponification oA @Ganofiber materials was
effected by taking CA nanofiber material (11x80mixBn) and suspending it in 1L
de-ionised water. The solvent was circulated fop@rs before being refreshed with
a further 1L de-ionised water. After repeatingtbrocess 4 times, the nanofiber
materials were suspended in 350ml of 1M KOH. Tdection media was circulated
for 60 minutes prior to the careful addition of yiag amounts of glycidol (100ml)
where 25% of the glycidol was added as a singla@oand the remainder added
dropwise over 90 minutes. The reaction media waslated at room temperature for

4 hours and the material was subsequently washmtding to washing protocol B.
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Sep (ii): Divinylsulfone derivatisation

S ‘UW“I

_°
o/k

Materials from (i) were suspended in a solutiort tmasisted of 550mL ¥ with
K2C0Os3(48.8g, 0.35 moles) dissolved within it and 150ncktanitrile. The reaction

/_/

\

media was circulated for 15 minutes prior to thepavise addition of divinylsulfone
(100 ml, 0.86 moles), after which the reaction raeslas circulated for a further 1.5

hours. The materials were then washed accordimghing protocol C.

Sep (iii): Protein-A coupling:

\

Proteln

&

| o

)

j H
o @*N
E .

Protem A

2

O

//_\\O

Protein-A

Material from step (ii) was suspended in 70 ml pfatein A solution (50mg/mL
protein A suspension to which is added 668mgQ@a) and 58mg NaHCgand
NaOH to reach pH 11.1). The solution was circuldted.6 hours. The materials
were then washed according to washing protocol D.
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Example 7 -Halohydrin formation and derivatisation

Nanofibre materials were derivatised accordinghtodcheme outlined below:
| T C_

Sep (i): Saponifiication of cellulose acetate (CA) to regenerated cellulose (RC)

o\( OH

(i)

XN

Proteir

Cellulose acetate sheets (11x80mmx50mm) obtainaddardance with the method
of Preparative Example 1 were placed into a laegker containing 5 L of a 0.075M
sodium hydroxide solution in 2:1-water:ethanol. Taaction mixture was stirred at
room temperature for 48 hours. The materials weea tvashed according to washing

protocol A.

Sep (ii): Glycidol polymerisation

OH
O OH
OH O
n n
—
HO

(i)

Materials from (i) were suspended in 350 of 1M KOHe reaction media was

circulated for 60 minutes prior to the careful dabai of varying amounts of Glycidol
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(60mL) where 25% of the glycidol was added as glsiportion and the remainder
added dropwise over 90 minutes. The reaction medgcirculated at room

temperature for 4 hours and the material was sutesely washed according to

washing protocol B.

Sep (iii) Allyl glycidyl ether derivatisation

T
S ans *DW“MI

Materials from (ii) were suspended in 1 L 1M KOHarying amounts of allylglycidol
ether were added (20, 30, 40, 50, 60, 70, 80, @1 by initial addition of 25% of

the allylglycidyl ether followed by dropwise additi of the remainder over 90 mins.
The reaction was maintained with stirring for 4 teoat room temperature. After this

time the materials were subsequently washed acwptdiwashing protocol B.
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Sep (iv): Halohydrin formation

Materials from (iii) were suspended in 1L 3:2HMeCN with 25g N-

Bromosuccinimide dissolved in it. The reaction naedas circulated through the

materials for 4 hours. After this time the reactinadia was removed and the

remaining materials washed according to washintppod H.

Sep (v): Protein immobilisation

% - U@Nw%

Br

f
T X

Protein

A single strip of material from step (iv) was pldda a polyethylene pouch.

b

Protein

To this

Br
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pouch was then added 25 ml of protein A solutidin{g§/mL protein A suspension to
which is added 668mg (M@0s) and 58mg NaHC&®and NaOH to reach pH 11.1).
The pouch was sealed and the resulting mixturai@gitslowly on an orbital shaker
for 16 hours. After this time, the derivatised mitis were removed from the pouch

and washed according to washing protocol H.

Example 8 — Alternative Halohydrin formation and deivatisation

Nanofibre materials were derivatised accordinghtodcheme outlined below:
o e . - X
L R J»M\ g
gt Hg*ﬁw% dkjﬂ - g ~

| C '

Sep (i): Glycidol polymerisation and saponification

o

The glycidol polymerisation and saponification oA @anofiber materials was
effected by taking CA nanofiber material (6x120m®x@n) and suspending it in 1L
de-ionised water. The solvent was circulated fop@rs before being refreshed with a
further 1L de-ionised water. After repeating thiegess 4 times, the nanofiber
materials were suspended in 350 mL of 1M KOH. Téeetion media was circulated
for 5 minutes prior to the careful addition of 1d0glycidol where 25% of the

glycidol was added as a single portion and the netlea added dropwise over 90

minutes. The reaction media was circulated at reemperature for 4 hours and the
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material was subsequently washed according to wggirbotocol B.

Sep (ii) Allyl glycidyl ether derivatisation

Materials from (i) were suspended in 350 L 1M KQkrying amounts of allyl
glycidyl ether were added (20, 30, 40, 50, 60,810,90, 100 mL) by initial addition
of 25% of the allyl glycidyl ether followed by dragse addition of the remainder
over 90 mins. The reaction was maintained withistirfor 6 hours at room
temperature. After this time the materials weressgjently washed according to

washing protocol B.

Use of lower amounts of allyl glycidyl ether proédcmaterials having particularly
beneficial flow characteristics. Use of higher amis of allyl glycidyl ether

produced materials having higher binding capacities
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Sep (iii): Halohydrin formation

S M%
*j** N @H
R .
5 Materials from (ii) were suspended in 1L 3:3€HMeCN with 25g N-
Bromosuccinimide dissolved in it. The reaction naedas circulated through the

materials for 4 hours. After this time the reactinadia was removed and the

remaining materials washed according to washintppod H.

10  Sep (iv): Protein immobilisation

OH
Br o OH
Protein ©
HO
o OH HO
o OH
o o
o o o
n n O
— n n

o] (iv) o,
o
HO.
HO HO.
HO
Br
o Protein
OH
OH
Br

Protein

A single strip of material from step (iii) was pétin a polyethylene pouch. To this
15 pouch was then added 25 mL of protein A solutidin{g§/mL protein A suspension to
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which is added 668mg (N@0s) and 58mg NaHC&and 1M NaOH (to reach
pH11.1)). The pouch was sealed and the resultimture agitated slowly on an
orbital shaker for 16 hours. After this time, therivatised materials were removed

from the pouch and washed according to washingpobt.

I ANALYTICAL METHODS

Example 9 - Determination of dynamic binding capady

Loading material was passed through a selectedifuratised nanofibre disc
contained within a holder on an AKTA Pure systerk (@ealthcare). The material
was loaded under a determined membrane volume ipeterflowrate (mV/min) until
the concentration after the holder outlet exceedd¥®¥d of that loaded as determined
by the UV flow cell. Accounting for dead volumestire system and the holder
device the total amount of protein loaded ontodise at the 10% breakthrough was
determined through analysis of the chromatogratherUnicorn software (GE

Healthcare).
For anion exchange material the loading materia frag/mL BSA in 10 mMTris to
pH 8. For cation exchange material the loading mate&yas 1mg/mL lysozyme in

sodium acetate pH 4.7 10mM.

Example 10 — Determination of resistance to flow

The pressure drog\P) across the selected functionalised nanofibrenahtvas
determined using the AKTA Pure system (GE Heal#cak buffer of 10 mMTris
(pH 8) was passed through a functionalised namfilsc contained within a holder.

The flowrate at which the delta column pressuf)(equalled 0.5 MPa was recorded.
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1 ANALYSES AND COMPARISONS OF SPECIFIC MATERIALS

Example 11 - Relationship between charge density dririmethylammonium

functionalisation with the addition of a separate gafting step in accordance with

the invention

Materials were fabricated and tested in accordaniteReference Example 3 to
produce trimethylammonium functionality to enalile tnaterial to operate as an
anion exchanger. These were compared to grafteeriaatof the invention,

produced and assayed according to Example 1.

The charge densities obtained for the trimethylamioma functionalised materials are
shown in Figure 4. An average value for each efdatapoints in Figure 4 is plotted

in Figure 5.
It is clear from Figure 4 and Figure 5 that wheseaamount of the functionalisation
reagent GMAC is used, increasing the graft amooesadot significantly affect the

charge density.

Reference Example 5 — relationship between chargedsity and

trimethylammonium functionalisation

Materials were fabricated and tested in accordaniteReference Example 3 to
produce trimethylammonium functionality to enalile tnaterial to operate as an

anion exchanger. The results are shown in Figure 2

It can be seen from Figure 2 that increasing theuarhof functionalisation agent
(glycidyltrimethylammonium chloride) increases tterge density where there has

been no grafting step.
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Example 12 - Relationship between dynamic bindingapacity (DBC) and

trimethylammonium functionalisation with the additi on of a separate grafting

step in accordance with the invention

The dynamic binding capacities (DBCs) for the samagerials assayed in Example

11 were determined using the method in Example 9.

DBC plots of materials of the invention fabricateztording to Example 1 are shown
in Figure 6. The DBCs of these materials are coetpto those that have not
undergone the two-step grafting process of thentioe (i.e. the materials of

Reference Example 3) in Figure 7.

It can be seen that the binding capacity of thé&gplanaterials produced according to
the invention are over 4 fold greater than thoser@mo grafting has been used.
Conversely to what is seen in Reference Example®y) for the non-grafted
materials, it is clear that for a grafted matewhkere charge density remains constant,
increasing the graft amount gives rise to increasése binding capacity of the

material.

Reference Example 6 — Relationship between chargemkity and dynamic

binding capacity (DBC) for trimethylammonium chlori de material

Materials were fabricated and tested in accordaniteReference Example 3 to
produce trimethylammonium functionality to enalile tnaterial to operate as an
anion exchanger. Dynamic binding capacities of¢hmaterials were determined

according to Example 9.

The results are shown in Figure 3.

As expected by someone skilled in the art, it caisden from Figure 3 that increasing
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the amount of functionalisation agent, glycidyltethylammonium chloride,

increases the binding capacity where there has hegnafting step.

Example 13 - Relationship between charge density drsulfonic acid (S)

functionalization with the addition of a separate gafting step in accordance with

the invention

Materials of the invention were given S functiohatp enable the material to work as

cation exchange material and assayed in accordeittt&xample 2.

The sulfonic acid content of the materials was metged as set out in Example 2.
The results are shown in Figure 8. It can be oleskthat it is the grafting step rather
than the functionalisation step that has the biggeact on the charge density of the

materials.

Example 14 - Relationship between dynamic bindingapacity (DBC) and

sulfonic acid (S) functionalisation with the additon of a separate grafting step in

accordance with the invention

The dynamic binding capacities (DBCs) for the mateifabricated according to
Example 2 were determined using the method in Exa@ypr he results are shown in

Figure 9.

It can be seen from Figure 9 that as seen in Exadfpkhere is also interdependency
between the grafting step and functionalisatiop.siénese materials created in
accordance with the invention yield binding capasibetween 47 and 207mg/mL at

a flowrate of 160 membrane volumes (mV)/min.
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Example 15 - Relationship between dynamic bindingapacity (DBC) and

Carboxymethyl (CM) functionalisation with the addition of a separate grafting

step in accordance with the invention

Materials of the invention were given carboxymet{@M) functionality to enable the
material to work as cation exchange material iroest@nce with Example 3. The
dynamic binding capacities (DBCs) for these malern@lating to the invention were
determined using the method in Example 9. Thelteeave shown in Figure 10.

It can be seen from Figure 10 that materials falbed in accordance with the
invention can reach binding capacities betweenr@D1a9mg/mL at a flowrate of

160mV/min.

Reference Example 7 - Binding capacity of dimethylaino-derivatised materials

using ATRP grafting

Materials in accordance with the invention wereegidimethylamino functionality to
enable the material to work as anion exchange mamelsrin accordance with
Reference Example 1. The dynamic binding capadibexCs) for these materials of
the invention were determined using the methodxaniple 9.

Example 16 — relationship between degree of polymegrafting and resistance to

flow at set charge densities

The resistance to flow of the same materials assayExample 11 were determined

using the method of Example 10.

The results from this assay are shown in FigureTHis shows a clear relationship
between degree of polymer grafting and resistamdew for the charge-

functionalised materials. A clear relationshipvizetn charge density and resistance
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to flow can also be seen.

Reference Example 8 - Determination of OH densityfeer grafting

A sample of material produced in accordance witfeR@ce Example 4 was removed
and washed with copious amounts of water (using@Ber funnel) and then dried to
constant mass. The sample was then weighed andidegltrénto a 50 mL centrifuge
tube. To the tube was added exactly 10 mL of dyetesulfonylisocyanate (20 mL

p-toluenesulfonylisocyanate in 500 mL acetonitrike)small stir bar was added to the

10

15

20

25

30

centrifuge tube which was then sealed and placednater bath at 6C and stirred
for 60 min. After this time the sample was diluteith 20 ml HO and stirred for a
further 10 mins. 40 mL iso-propanol was then adaledi the sample stirred for a
further 10 minutes before being titrated using @M&BwWwNOH on the autotitrator
(use method CA OH titration).

Two inflection points are observed in the titratmmve. The first occurring at
approximately pH5.5 (VEP1) and the second at apprately pH 9.5 (VEP2). The
amount of free OH present in the sample was caledifdous:

OHV = ((VEP2-VEP1*f*c(TBAH)*MA))/ms

OHV: Hydroxy value of sample in KOH/g sample

VEP1: Titrant consumption until first equivalenagimnt in mL

VEP2: Titrant consumption until second equivalepomt in mL

C(TBOAH): Concentration of the Tetrabutylammoniuhiazide in mol/L

F: Correction factor (titre) without unit

Ma: molecular weight ok KOH; here 56.11 g/mol

Ms: Sample size in g

Analyses of the materials produced in accordantie Reference Example 5 show
that for this particular substrate and graftingmoet, varying the amount of glycidol
reagent gives materials with an —OH group dengtyards of 600@mol/g. This is
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shown in Figure 13.

Reference Example 9 - Effect of increasing polymeajrafting on resistance to flow

for uncharged materials

Materials were treated with differing amounts ofaillol in accordance with
Reference Example 4 and the resistance to flovach enaterial (and for ungrafted
RC material) measured using the assay as set &xample 10. The results are

shown in Figure 12.

It can be seen from Figure 12 that there is noedisable increase in the pressure drop
with respect to flow for uncharged materials hawiiféerent degrees of grafting. It
can therefore be concluded that there is no difderpore clogging in the materials
with increased degrees of grafting. It is cleathgervable that, once a material is
functionalised with charged groups a relationst@ween grafting amount and
resistance to flow is seen, as reported in Exarbpl@bove) and Figure 11.

Example 17 — Productivity of materials of the invetion

Capacity (DBC) and productivity values for a numbematerials of the invention

were determined. The results obtained are sahadltdble 1
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Table 1: Capacities and productivities of materialclaimed in the invention

Capacity Residence Flowrates Productivity
10% DBC time (s) (mV/min) (mg/mL/min)
(mg/mL)
No-graft Q 40 0.4 160 6,400
Glycidol Q 160 0.4 160 25,600
Glycidol S 207 0.4 160 33,120
Glycidol CM 149 0.4 160 23,840
ATRP dimethylamino
material 11 0.3 240 2,640
(Reference Example)
Glycidol DVS Protein A 34 0.75 80 2,720
Alternate Glymdol DVS 60 0.75 80 4,800
Protein A
Glycidol Aldehyde 11 0.4 160 1,760
Protein A
Alternative Halohydrin
formation and 40 0.75 80 3,200
derivatisation
ATRP Protein A ) 0.4 240 1,920

(Reference Example)

Comparative Example 1

Binding capacities, residence times and produgtivaiues for a variety of

commercially available porous bead materials wétained from the manufacturers.

The results obtained are set oufable 2
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Table 2: Examples of porous bead capacities and padactivities

Functionality Support Capacity Residence  Productivity
type time (min) (mg/mL/min)

GE Healthcare Agrose 100mg

L|fce:aSp(i|oer(1?cles: Anion Exchange bead BSA/ML2 1 100
GE Healthcare Cation Agrose 120mg
Life Sciences: lysozyme/ 1 120
Capto § Exchange bead mLA
GE Healthcare . 35mg
Life Sciences: Ta:?f}r?iltn )A Ag]égze human 2.4 15
MabSelectSuRé y IgG/ml°
GE Healthcare
Life Sciences: Protein A Agrose r?Smr:\?\ 6 10
MabSelectSuRe (affinity) bead 1aG/mE
LX7 g m

Comparative Example 2

Dynamic binding capacity as a function of residetice was determined for A)
Capto Q and bovine serum albumin (BSA), and B)Qh8egse Fast Flov The
results obtained are presented in Figure 1. Thosvshihat residence times below 2

minutes are not possible in these large scalepdread columns.

IAccessed 30th march 2016:
https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1335359522418/litdoc11002576_2012051418
1545.PDF

2Dynamic binding capacity at 10% breakthrough as measured at a residence time of 1 minute, 600 cm/h in a Tricorn 5/100
column with 10 cm bed height in a 50 mMTris-HCI buffer, pH 8.0.

SAccessed 30th march 2016:
https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1335359522418/litdoc11002576_2012051418
1545.PDF

“Dynamic binding capacity at 10% breakthrough as measured at a residence time of 1 min, 600 cm/h in a Tricorn™ 5/100
column with 10 cm bed height, in a 30 mM sodium phosphate buffer, pH 6.8.

SAccessed 30th March 2016: http://www.gelifesciences.com/webapp/wcs/stores/servlet/catalog/en/GELifeSciences-
uk/products/AlternativeProductStructure_17372/17543801

bDetermined at 10% breakthrough by frontal analysis at a mobile phase velocity of 500 cm/h in a column with a bed height of
20 cm.

"Accessed 30th March 2016: http://www.gelifesciences.com/webapp/wcs/stores/servlet/catalog/en/GELifeSciences-
uk/products/AlternativeProductStructure_17372/17547401

8Determined at 10 % breakthrough by frontal analysis at a mobile phase velocity of 100 cm/h in a column with a bed height of
10 cm

9Accessed 30/3/2016
https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1335359522418/litdoc11002576_2012051418
1545.PDF
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Comparative Example 3

Binding capacities, residence times and produgtivaiues for a variety of
commercially available membrane and monolith matervere determined from

manufacturers’ data. The results obtained arewgan Table 3.

Table 3: Examples of membrane and monolith capaciis and productivities

Functionality Support  Capacity Flowrate Residence Productivity
type (adsorbant  time (min)  (mg/mL/min)
volumes/min)
Sartorius .
StedimBiotech: EAT]O“ Membrane 29mg 51 0.2 145
Sartobind Q1° xehange BSA/mL
Sartorius Stedim Cation 26mg
Biotech: Membrane lysozyme 513 0.2 130
Sartobind S*? Exchange Y /mz
Sartorius Stedim
Biotech: Protein A 7.5 16
Sartobind (affinity) Membrane . <) 15 5 0.2 375
Protein A4
BIA
Separations: Anion . 20mg 18
CiMmultus QA- Exchange Monolith BSA/mL 2 0.5 40
817
BIA
. . 20mg
Separations: Cation . 20
CIMmultus Exchange Monolith Iys/ozyme 2 0.5 40
SO3e mL
BIA
Separations: Protein A . 10 2
CIM r-Protein (affinity) Monolith IgG/mL 1 1 10
A-82

10Accessed 30th March 2016: https://www.sartorius.co.uk/fileadmin/fm-dam/sartorius_media/Bioprocess-
Solutions/Purification_Technologies/Membrane_Chromatography/Data_Sheets/Data_Sartobind-75-plus-150ml_SL-2086-e.pdf
11Recommended flowrate of 0.75L/min through 150mL membrane of thickness 8mm

12 Accessed 30/3/2016
https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1335359522418/litdoc11002576_2012051418
1545.PDF

13Recommended flowrate of 0.75L/min through 150mL membrane of thickness 8mm

4Accessed 30th March 2016: https://www.sartorius.co.uk/en/product/product-detail/93prap06hb-12-a/

152mL bed volume, 10 - 15 mg/unit

165 - 10 ml/min, bed volume 2mL

17Accessed 30th March 2016 http://www.biaseparations.com/interactions/category/30-ion-
exchange/product/download/file_id-2008

8Bed volume 8mL, flowrate at which capacity quoted 16mL/min

18Accessed 30th March 2016 http://www.biaseparations.com/interactions/category/30-ion-
exchange/product/download/file_id-2024

20Bed volume 8mL, flowrate at which capacity quoted 16mL/min

21Accessed 30th March 2016 http://www.biaseparations.com/interactions/category/29-affinity/product/download/file_id-1970
22Bed volume 8mlL, flowrate at which capacity quoted 8mL/min
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Further General Aspects of the Invention

1. A process for preparing a functionalised polyimehromatography medium,
which process comprises

() providing a substrate formed of one or moreypwr nanofibres,

(i) grafting one or more neutral polymer chainsnfrthe substrate, and

(iif) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium by introducing or more charged groups

onto the grafted product.

2. The process according to aspect 1, whereinrtftiuat of polymer introduced in

step (ii) is between 500-60,0Q@nol/g of grafted product.

3.  The process according to aspect 1 or 2, whéneicharge density of the

product of step (iii) is between 100-2,Q000l/g of chromatography medium.

4.  The process according to any one of the pregembpects, wherein the pressure
drop over the functionalised polymeric chromatogsamedium is less than 2MPa
when a liquid phase is passed through a thickne8956 to 10mm of the medium

at a flow rate of between 1 to 640 membrane volupeesninute.

5. The process according to any one of the pregeapects, wherein the
productivity of the functionalised polymeric chrotography medium is
50mg/mL/min to 75,000mg/mL/min.

6. The process according to any one of the pregeapects, wherein the
productivity of the functionalised polymeric chrotography medium is greater than

200mg/ml/min.

7. The process according to any one of the pregeapects, wherein the grafting

step (ii) has the effect of increasing the dynabmnzling capacity (DBC) of the
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functionalised polymeric chromatography medium.

8.  The process according to any one of the pregembpects, wherein grafting one
or more neutral polymer chains from the substrataprises growing one or more
polymer chains from one or more functional groupesspnt on the substrate,

optionally in the presence of one or more catalysts

9. The process according to aspect 8, whereinubstsate is treated between steps
(i) and (ii) to introduce the one or more functibgeoups, or the substrate is treated
between steps (i) and (ii) to deprotect or actiatg functional groups on the
substrate, or the substrate is treated betweesa @)emd (ii) to increase the
number/density of functional groups on the substrat

10. The process according to aspect 8 or 9, whémneifunctional groups are

hydroxyl, amino or carboxylic acid groups.

11. The process according to any one of aspectd 8,twherein growing one or
more polymer chains comprises polymerising a pityraf monomers from one or
more functional groups present on the substrat#rmadly in the presence of one or
more catalysts.

12. The process according to any one of aspecd 8wherein one or more of the

polymer chains is branched.

13. The process according to any one of aspectd 8,twherein growing polymer
chains comprises polymerising glycidol from onermre functional groups present

on the substrate.

14. The process according to any one of the prageaipects, wherein the one or

more polymer chains are one or more poly-glycehairs.
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15. The process according to any one of the prageaipects, wherein step (ii)

OH
comprises reacting a plurality of compounds of folan© , and its

enantiomers, with one or more hydroxyl groups prese the nanofibre substrate.

16. The process according to any one of the prageaipects, wherein in step (iii)
the reagent functionalises the grafted produchabthe resultant functionalised
chromatography medium is suitable for use in aexchange chromatography

method.

17. The process according to aspect 16, wherein

- the chromatography method is a cationic exchangghod, and the reagent
functionalises the chromatography medium with oneore charged groups
comprising one or more carboxylate, sulphonatehoisphonate moieties; or

- the chromatography method is an anionic exchamgdod, and the reagent
functionalises the chromatography medium with oneore charged groups

comprising one or more quaternary amino or diethyi@ moieties.

18. The process according to any one of the pregeaBpects, wherein the

substrate is in the form of a membrane.

19. The process according to any one of the prageaipects, wherein the polymer
is selected from the group consisting of cellulasdiulose acetate, polysulfones,
polyamides, polyacrylic acid, polymethacrylic aqud]yacrylonitrile, polystyrene,

polyethylene oxide, and mixtures thereof.

20. The process according to any one of the pragezBpects, wherein the
nanofibres have mean diameters from 10nm to 1000nm.
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21. The process according to any one of the pregeaBpects, which process
comprises

() providing a substrate formed of one or mordutese nanofibres,

(i) grafting one or more polyglycerol polymer chaifrom the substrate by reacting a

OH
plurality of compounds of formula® ,and its enamtars, with one or more

hydroxyl groups present on the substrate, and
(iif) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium suitable §erin an ion exchange

chromatography method.

22. A functionalised chromatography medium obtali@dly the process according
to any one of the preceding aspects.

23. A process for preparing a chromatography clygr which process comprises
carrying out the process of any one of aspects2ll tand incorporating the thus-
obtained product into a cartridge.

24. A chromatography cartridge which (a) is obthaledy the process of aspect 23,
or (b) which comprises one or more functionalisematography media according
to aspect 22.

25. Use of a functionalised chromatography medioooading to aspect 22 or a

chromatography cartridge according to aspect Zhiomatography.

26. A process for isolating one or more biologitallecules from a mobile phase,
which process comprises contacting one or mor@dicél molecules in a mobile
phase with a functionalised chromatography mediocoming to aspect 22 or a
chromatography cartridge according to aspect 24.
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27. The process according to aspect 26 whereiarteer more biological
molecules in a mobile phase is contacted with tinetionalised chromatography

medium for a period of time of one minute or less.

28. A process for preparing a functionalised polgmehromatography medium,
which process comprises

() providing a substrate formed of one or moreypwr nanofibres,

(i) grafting one or more neutral polymer chainsnfrthe substrate, and

(iif) contacting the grafted product with a reage#ich functionalises the product of

step (ii) as a chromatography medium.

29. The process according to aspect 28, whereiartieint of polymer introduced
in step (ii) is between 500-60,0@@nol/g of grafted product.

30. The process according to aspect 28 or 29, whtre step of contacting the
grafted product with a reagent introduces one arenfigand groups into the grafted
product which renders the functionalised produchgosing the one or more ligand

groups suitable for use as a chromatography medium.

31. The process according to aspect 30, whereidehsity of said ligand groups in

the product of step (iii) is between 100-2,a6tl/g of chromatography medium.

32. The process according to any one of aspedts 28, wherein the pressure drop
over the functionalised polymeric chromatographylime is less than 2MPa when a
liquid phase is passed through a thickness of @.0®mm of the medium at a flow

rate of between 1 to 640 membrane volumes per minut

33. The process according to any one of aspedis 28, wherein the productivity
of the functionalised polymeric chromatography medis 50mg/mL/min to
75,000mg/mL/min.
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34. The process according to any one of aspedis 28, wherein the productivity
of the functionalised polymeric chromatography medlis greater than

200mg/ml/min.

35. The process according to any one of aspedis 28, wherein the grafting step
(ii) has the effect of increasing the dynamic bimgdcapacity (DBC) of the
functionalised polymeric chromatography medium.

36. The process according to any one of aspedis 28, wherein grafting one or
more neutral polymer chains from the substrate c@®p growing one or more
polymer chains from one or more functional groupsspnt on the substrate,
optionally in the presence of one or more catalysts

37. The process according to aspect 36, whereiauhstrate is treated between
steps (i) and (ii) to introduce the one or morectional groups, or the substrate is
treated between steps (i) and (ii) to deproteetativate any functional groups on the
substrate, or the substrate is treated betweea §)emd (ii) to increase the

number/density of functional groups on the substrat

38. The process according to aspect 36 or 37, whtre functional groups are

hydroxyl, amino or carboxylic acid groups.

39. The process according to any one of aspedts 38, wherein growing one or
more polymer chains comprises polymerising a pityraf monomers from one or
more functional groups present on the substrat#rgdly in the presence of one or

more catalysts.

40. The process according to any one of aspedts 38, wherein one or more of

the polymer chains is branched.
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41. The process according to any one of aspedis 86, wherein growing polymer
chains comprises polymerising glycidol from onermre functional groups present

on the substrate.

42. The process according to any one of aspedis 28, wherein the one or more

polymer chains are one or more poly-glycerol chains

43. The process according to any one of aspedis 28, wherein step (ii)

OH
comprises reacting a plurality of compounds of folan© , and its

enantiomers, with one or more hydroxyl groups presa the nanofibre substrate.

44. The process according to any one of aspedts 28, wherein in step (iii) the
reagent functionalises the grafted product sottieatesultant functionalised
chromatography medium is suitable for use in amiatography method chosen from
the group consisting of ion exchange, affinity capt hydrophobic interaction and
mixed mode methods.

45. The process according to aspect 44, wherein

- the chromatography method is a cationic exchangghod, and the reagent
functionalises the chromatography medium with oneore charged groups
comprising one or more carboxylate, sulphonatehoisphonate moieties;

- the chromatography method is an anionic exchamgf@od, and the reagent
functionalises the chromatography medium with oneore charged groups
comprising one or more quaternary amino or diethyk@ moieties;

- the chromatography method is an affinity captirematography method, and
the reagent functionalises the chromatography nmeavith one or more
proteins, peptides, antibodies or fragments thedhads, histidine groups, or
groups containing a metal cation;

- the chromatography method is a hydrophobic ictesa chromatography
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method, and the reagent functionalises the chragnapdy medium with one or
more propyl, butyl, phenyl, or octyl groups; or

- the chromatography method is a mixed mode chrognaphy method, and the
reagent functionalises the chromatography mediutin @ne or more MEP,

octylamine, N-benzyl methyl ethanolamine or N-beittomocysteine groups.

46. The process according to any one of aspedts 28, wherein in step (iii) the
reagent functionalises the grafted product with oneore Protein A molecules.

47. The process according to any one of aspedis 28, wherein the substrate is in

the form of a membrane.

48. The process according to any one of aspedis 28, wherein the polymer is
selected from the group consisting of cellulosdutmse acetate, polysulfones,
polyamides, polyacrylic acid, polymethacrylic aqud]yacrylonitrile, polystyrene,
polyethylene oxide, and mixtures thereof.

49. The process according to any one of aspedis 28, wherein the nanofibres

have mean diameters from 10nm to 1000nm.

50. The process according to any one of aspedis 28, which process comprises
() providing a substrate formed of one or mordutese nanofibres,
(i) grafting one or more polyglycerol polymer chaifrom the substrate by reacting a

OH
plurality of compounds of formula® ,and its enanters, with one or more

hydroxyl groups present on the substrate, and

(iif) contacting the grafted product with a reage#ich functionalises the product of
step (ii) as a chromatography medium suitable $a&rin a chromatography method
chosen from the group consisting of ion exchantjmity capture, hydrophobic

interaction and mixed mode methods.
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51. A functionalised chromatography medium obtal@dly the process according

to any one of aspects 28 to 50.

52. A process for preparing a chromatography chygi which process comprises
carrying out the process of any one of aspect® Z®tand incorporating the thus-

obtained product into a cartridge.

53. A chromatography cartridge which (a) is obthlady the process of aspect 52,
or (b) which comprises one or more functionalisebmatography media according

to aspect 51.

54. Use of a functionalised chromatography mediogooaling to aspect 51 or a

chromatography cartridge according to aspect Ehfomatography.

55. A process for isolating one or more biologitallecules from a mobile phase,
which process comprises contacting one or mor@gichl molecules in a mobile
phase with a functionalised chromatography mediococoming to aspect 51 or a

chromatography cartridge according to aspect 53.

56. The process according to aspect 55 whereiartkeor more biological
molecules in a mobile phase is contacted with tinetionalised chromatography

medium for a period of time of one minute or less.

57. The process according to aspect 55 or &a§peevherein the one or more
biological molecules are one or more monoclonabadies, or proteins engineered
to exhibit a site with an affinity for Protein Arading, and the functionalised

chromatography medium carries at least one Prétdigand group.

58. The process according to any one of aspedis 28, wherein step (iii) of the

process comprises contacting the grafted produtt a¥iiyl glycidyl ether and a
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halohydrin-forming reagent.

59. The process according to any one of aspedis 28, wherein in step (iii):
(a) the grafted product is contacted with allylaytlyl ether;

(b) the product of step (a) is treated with a hgttsim-forming reagent; and

(c) the product of step (b) is contacted with Frofe

60. The process according to any one of aspedis 28, wherein step (iii)
comprises contacting the grafted product with aglity of reagents which together
functionalise the product of step (ii) as a chramgeaphy medium, and wherein the

plurality of reagents comprises a halohydrin-forgiieagent.

61. The process according to aspect 60, whereigrtfeed product is contacted

sequentially with the plurality of reagents.
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CLAIMS

1. Aprocess for preparing a functionalised polymeric chromatography medium, which
process comprises

(i) providing a substrate formed of one or more polymer nanofibers, the one or more polymer
nanofibers have mean diameters from 10nm to 1000nm,

(i1) grafting one or more neutral polymer chains from the substrate, and

(iii) contacting the grafted product with a functionalising reagent which functionalises the
product of step (ii) with ligands selected from the group consisting of negatively charged
moieties, positively charged moieties, proteins, peptides, antibodies or fragments thereof,

dyes, histidine, groups containing a metal cation and hydrophobic groups,

OH
wherein step (ii) comprises reacting a plurality of compounds of formula © , and/or

its enantiomers, and/or its derivatives of formula (I) and/or enantiomers and/or diastereomers

thereof:

Q OH
Ro )

R; Rs Rs
with one or more functional groups present on the nanofibre substrate, and growing one or
more neutral polymer chains directly from the one or more functional group present on the

nanofibre substrate,

wherein R1, Rz, Rs, R4 and Rs may be the same or different, and are chosen from H, halo, C1-

Cs alkyl, or C1-C4 alkoxy provided that at least one of R1, R2, Rs, R4 or Rs is not hydrogen.

2. The process according to claim 1 , wherein the polymer nanofibres comprise a polymer
selected from the group consisting of cellulose, cellulose acetate, polysulfones, polyamides,
polyacrylic acid, polymethacrylic acid, polyacrylonitrile, polystyrene, polyethylene oxide,
and mixtures thereof, preferably wherein the polymer is selected from the group consisting of

cellulose, cellulose acetate, and a mixture therof.

3. The process according to any one of claims 1 to 2, wherein the amount of polymer

introduced in step (ii) is between 500-60,000 umol/g of grafted product.
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4.  The process according to any one of claims 1 to 3, wherein the step of contacting the
grafted product with a functionalising reagent introduces one or more ligand groups into the
grafted product which renders the functionalised product comprising the one or more ligand

groups suitable for use as a chromatography medium.

5. The process according to claim 4, wherein the density of said ligand groups in the

product of step (iii) is between 100-2,500umol/g of chromatography medium.

6.  The process according to any one of the preceding claims, wherein the pressure drop
over the functionalised polymeric chromatography medium is less than 2MPa when a liquid
phase is passed through a thickness of 0.05 to 10mm of the medium at a flow rate of between

1 to 640 membrane volumes per minute.

7. The process according to any one of the preceding claims, wherein the productivity of
the functionalised polymeric chromatography medium is 50mg/mL/min to
75,000mg/mL/min.

8.  The process according to any one of the preceding claims, wherein the productivity of

the functionalised polymeric chromatography medium is greater than 200mg/mi/min.

9.  The process according to any one of the preceding claims, wherein the grafting step (ii)
has the effect of increasing the dynamic binding capacity (DBC) of the functionalised

polymeric chromatography medium.

10. The process according to any one of claims 1 to 9, wherein the substrate is treated
between steps (i) and (ii) to introduce the one or more functional groups, or the substrate is
treated between steps (i) and (ii) to deprotect or activate any functional groups on the
substrate, or the substrate is treated between steps (i) and (ii) to increase the number/density

of functional groups on the substrate.

11. The process according to any one of claims 1 to 9, wherein the grafting step (ii) is

carried out under conditions which additionally, in the same step, introduce the one or more
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functional groups, or deprotect or activate any functional groups on the substrate, or increase

the number/density of functional groups on the substrate.

12. The process according to claim 11, wherein the grafting step (ii) is effected in the
presence of aqueous alkali, preferably NaOH or KOH, in water or water:ethanol, preferably

in water.

13. The process according to any one of the preceding claims, wherein the one or more

functional groups present on the nanofibre substrate comprise hydroxyl groups.

14. The process according to any one of the preceding claims, wherein in the
functionalisation step (iii), the functionalising reagent is selected from the group consisting of
glycidyltrimethylammonium chloride (GMAC), 1,4-butanesulfone, sodium chloroacetate,
NalO4 followed by Protein A, divinylsulfone followed by Protein A, allyl glycidyl ether
followed firstly by a halohydrin-forming reagent, preferably N-bromosuccinamide, and
subsequently by Protein A, allyl glycidyl ether followed firstly by an epoxide-forming
reagent and subsequently by Protein A, and combinations thereof.

15. The process according to any one of claims 9 to 14, wherein one or more of the

polymer chains is branched.

16. The process according to claim 15, wherein

- the chromatography method is a cationic exchange method, and the reagent
functionalises the chromatography medium with one or more charged groups
comprising one or more carboxylate, sulphonate or phosphonate moieties;

- the chromatography method is an anionic exchange method, and the reagent
functionalises the chromatography medium with one or more charged groups
comprising one or more quaternary amino or diethylamine moieties;

- the chromatography method is an affinity capture chromatography method, and the
reagent functionalises the chromatography medium with one or more proteins, peptides,
antibodies or fragments thereof, dyes, histidine groups, or groups containing a metal
cation;

- the chromatography method is a hydrophobic interaction chromatography method, and
the reagent functionalises the chromatography medium with one or more propyl, butyl,

phenyl, or octyl groups; or
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- the chromatography method is a mixed mode chromatography method, and the reagent
functionalises the chromatography medium with one or more MEP, octylamine, N-

benzyl methyl ethanolamine or N-benzoyl-homocysteine groups.

17. The process according to any one of the preceding claims, wherein in step (iii) the
functionalising reagent functionalises the grafted product with one or more Protein A

molecules.

18. The process according to any one of the preceding claims, wherein step (iii) involves
multiple steps that together functionalise the product of step (ii) as a chromatography

medium.

19. The process according to claim 18, wherein in step (iii):

(a) the grafted product is contacted with a functionalising reagent selected from the group
selected from divinyl sulfone, allyl glycidyl ether, and combinations thereof;

(b) the product of step (a) is optionally treated with a halohydrin-forming reagent; and

(c) the product of step (b) is contacted with Protein A.

20. The process according to any one of the preceding claims, wherein the substrate is in

the form of a membrane.

21. The process according to any one of the preceding claims, which process comprises
(i) providing a substrate formed of one or more cellulose nanofibres,

(ii) grafting one or more polyglycerol polymer chains directly from the substrate by reacting a

OH
plurality of compounds of formula © , and/or its enantiomers, and/or its derivatives

of formula (1) and/or enantiomers and/or diastereomers thereof:

A
OH

R> 0]
R; Ry Rs

with one or more hydroxyl groups present on the substrate, and
(iii) contacting the grafted product with a reagent which functionalises the product of step
(i)with ligands selected from the group consisting of negatively charged moieties, positively
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charged moieties, proteins, peptides, antibodies or fragments thereof, dyes, histidine, groups
containing a metal cation and hydrophobic groups,

wherein R1, Rz, R3, Rs and Rs may be the same or different, and are chosen from H, halo, Ci-
Cs alkyl, or C1-C4 alkoxy provided that at least one of R1, R2, R3, R4 or Rs is not hydrogen.

22. The process according to claim 21, wherein step (ii) comprises grafting one or more

polyglycerol polymer chains directly from the substrate by reacting a plurality of compounds

OH
of formula © , and/or its enantiomers with one or more hydroxyl groups present on

the substrate.

23. A functionalised chromatography medium comprising:

a substrate formed of one or more polymer nanofibers having one or more functional
groups, the one or more polymer nanofibers have mean diameters from 10nm to 1000nm; and

one or more neutral polymer chains that have been directly grown from the one or more
functional groups present on the nanofibre substrate and have then been functionalised with
ligands selected from the group consisting of negatively charged moieties, positively charged
moieties, proteins, peptides, antibodies or fragments thereof, dyes, histidine, groups
containing a metal cation and hydrophobic groups, according to the process as claimed in any

one of the preceding claims.

24. A process for preparing a chromatography cartridge, which process comprises carrying
out the process of any one of claims 1 to 23 and incorporating the thus-obtained product into

a cartridge.

25. A chromatography cartridge which comprises one or more functionalised

chromatography media according to claim 23.

26. Use of a functionalised chromatography medium according to claim 23 or a

chromatography cartridge according to claim 25 in chromatography.

27. A process for isolating one or more biological molecules from a mobile phase, which
process comprises contacting one or more biological molecules in a mobile phase with a

functionalised chromatography medium according to claim 23 or a chromatography cartridge
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according to claim 25.

28. The process according to claim 27 wherein the one or more biological molecules in a
mobile phase is contacted with the functionalised chromatography medium for a period of

time of one minute or less.

29. The process according to claim 27 or claim 28, wherein the one or more biological
molecules are one or more monoclonal antibodies, or proteins engineered to exhibit a site
with an affinity for Protein A binding, and the functionalised chromatography medium carries

at least one Protein A ligand group.
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CLAIMS

1. Aprocess for preparing a functionalised polymeric chromatography medium, which
process comprises

(i) providing a substrate formed of one or more polymer nanofibers, the one or more polymer
nanofibers have mean diameters from 10nm to 1000nm,

(i1) grafting one or more neutral polymer chains from the substrate, and

(iii) contacting the grafted product with a functionalising reagent which functionalises the
product of step (ii) with ligands selected from the group consisting of negatively charged
moieties, positively charged moieties, proteins, peptides, antibodies or fragments thereof,

dyes, histidine, groups containing a metal cation and hydrophobic groups,

OH
wherein step (ii) comprises reacting a plurality of compounds of formula © , and/or

its enantiomers, and/or its derivatives of formula (I) and/or enantiomers and/or diastereomers

thereof:

Q OH
Ro )

R; Rs Rs
with one or more functional groups present on the nanofibre substrate, and growing one or
more neutral polymer chains directly from the one or more functional group present on the

nanofibre substrate,

wherein R1, Rz, Rs, R4 and Rs may be the same or different, and are chosen from H, halo, C1-

Cs alkyl, or C1-C4 alkoxy provided that at least one of R1, R2, Rs, R4 or Rs is not hydrogen.

2. The process according to claim 1 , wherein the polymer nanofibres comprise a polymer
selected from the group consisting of cellulose, cellulose acetate, polysulfones, polyamides,
polyacrylic acid, polymethacrylic acid, polyacrylonitrile, polystyrene, polyethylene oxide,
and mixtures thereof, preferably wherein the polymer is selected from the group consisting of

cellulose, cellulose acetate, and a mixture therof.

3. The process according to any one of claims 1 to 2, wherein the amount of polymer

introduced in step (ii) is between 500-60,000 umol/g of grafted product.
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4.  The process according to any one of claims 1 to 3, wherein the step of contacting the
grafted product with a functionalising reagent introduces one or more ligand groups into the
grafted product which renders the functionalised product comprising the one or more ligand

groups suitable for use as a chromatography medium.

5. The process according to claim 4, wherein the density of said ligand groups in the

product of step (iii) is between 100-2,500umol/g of chromatography medium.

6.  The process according to any one of the preceding claims, wherein the pressure drop
over the functionalised polymeric chromatography medium is less than 2MPa when a liquid
phase is passed through a thickness of 0.05 to 10mm of the medium at a flow rate of between

1 to 640 membrane volumes per minute.

7. The process according to any one of the preceding claims, wherein the productivity of
the functionalised polymeric chromatography medium is 50mg/mL/min to
75,000mg/mL/min.

8.  The process according to any one of the preceding claims, wherein the productivity of

the functionalised polymeric chromatography medium is greater than 200mg/mi/min.

9.  The process according to any one of the preceding claims, wherein the grafting step (ii)
has the effect of increasing the dynamic binding capacity (DBC) of the functionalised

polymeric chromatography medium.

10. The process according to any one of claims 1 to 9, wherein the substrate is treated
between steps (i) and (ii) to introduce the one or more functional groups, or the substrate is
treated between steps (i) and (ii) to deprotect or activate any functional groups on the
substrate, or the substrate is treated between steps (i) and (ii) to increase the number/density

of functional groups on the substrate.

11. The process according to any one of claims 1 to 9, wherein the grafting step (ii) is

carried out under conditions which additionally, in the same step, introduce the one or more
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functional groups, or deprotect or activate any functional groups on the substrate, or increase

the number/density of functional groups on the substrate.

12. The process according to claim 11, wherein the grafting step (ii) is effected in the
presence of aqueous alkali, preferably NaOH or KOH, in water or water:ethanol, preferably

in water.

13. The process according to any one of the preceding claims, wherein the one or more

functional groups present on the nanofibre substrate comprise hydroxyl groups.

14. The process according to any one of the preceding claims, wherein in the
functionalisation step (iii), the functionalising reagent is selected from the group consisting of
glycidyltrimethylammonium chloride (GMAC), 1,4-butanesulfone, sodium chloroacetate,
NalO4 followed by Protein A, divinylsulfone followed by Protein A, allyl glycidyl ether
followed firstly by a halohydrin-forming reagent, preferably N-bromosuccinamide, and
subsequently by Protein A, allyl glycidyl ether followed firstly by an epoxide-forming
reagent and subsequently by Protein A, and combinations thereof.

15. The process according to any one of claims 9 to 14, wherein one or more of the

polymer chains is branched.

16. The process according to claim 15, wherein

- the chromatography method is a cationic exchange method, and the reagent
functionalises the chromatography medium with one or more charged groups
comprising one or more carboxylate, sulphonate or phosphonate moieties;

- the chromatography method is an anionic exchange method, and the reagent
functionalises the chromatography medium with one or more charged groups
comprising one or more quaternary amino or diethylamine moieties;

- the chromatography method is an affinity capture chromatography method, and the
reagent functionalises the chromatography medium with one or more proteins, peptides,
antibodies or fragments thereof, dyes, histidine groups, or groups containing a metal
cation;

- the chromatography method is a hydrophobic interaction chromatography method, and
the reagent functionalises the chromatography medium with one or more propyl, butyl,

phenyl, or octyl groups; or
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- the chromatography method is a mixed mode chromatography method, and the reagent
functionalises the chromatography medium with one or more MEP, octylamine, N-

benzyl methyl ethanolamine or N-benzoyl-homocysteine groups.

17. The process according to any one of the preceding claims, wherein in step (iii) the
functionalising reagent functionalises the grafted product with one or more Protein A

molecules.

18. The process according to any one of the preceding claims, wherein step (iii) involves
multiple steps that together functionalise the product of step (ii) as a chromatography

medium.

19. The process according to claim 18, wherein in step (iii):

(a) the grafted product is contacted with a functionalising reagent selected from the group
selected from divinyl sulfone, allyl glycidyl ether, and combinations thereof;

(b) the product of step (a) is optionally treated with a halohydrin-forming reagent; and

(c) the product of step (b) is contacted with Protein A.

20. The process according to any one of the preceding claims, wherein the substrate is in

the form of a membrane.

21. The process according to any one of the preceding claims, which process comprises
(i) providing a substrate formed of one or more cellulose nanofibres,

(ii) grafting one or more polyglycerol polymer chains directly from the substrate by reacting a

OH
plurality of compounds of formula © , and/or its enantiomers, and/or its derivatives

of formula (1) and/or enantiomers and/or diastereomers thereof:

A
OH

R> 0]
R; Ry Rs

with one or more hydroxyl groups present on the substrate, and
(iii) contacting the grafted product with a reagent which functionalises the product of step
(i)with ligands selected from the group consisting of negatively charged moieties, positively
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charged moieties, proteins, peptides, antibodies or fragments thereof, dyes, histidine, groups
containing a metal cation and hydrophobic groups,

wherein R1, Rz, R3, Rs and Rs may be the same or different, and are chosen from H, halo, Ci-
Cs alkyl, or C1-C4 alkoxy provided that at least one of R1, R2, R3, R4 or Rs is not hydrogen.

22. The process according to claim 21, wherein step (ii) comprises grafting one or more

polyglycerol polymer chains directly from the substrate by reacting a plurality of compounds

OH
of formula © , and/or its enantiomers with one or more hydroxyl groups present on

the substrate.

23. A functionalised chromatography medium comprising:

a substrate formed of one or more polymer nanofibers having one or more functional
groups, the one or more polymer nanofibers have mean diameters from 10nm to 1000nm; and

one or more neutral polymer chains that have been directly grown from the one or more
functional groups present on the nanofibre substrate and have then been functionalised with
ligands selected from the group consisting of negatively charged moieties, positively charged
moieties, proteins, peptides, antibodies or fragments thereof, dyes, histidine, groups
containing a metal cation and hydrophobic groups, according to the process as claimed in any

one of the preceding claims.

24. A process for preparing a chromatography cartridge, which process comprises carrying
out the process of any one of claims 1 to 23 and incorporating the thus-obtained product into

a cartridge.

25. A chromatography cartridge which comprises one or more functionalised

chromatography media according to claim 23.

26. Use of a functionalised chromatography medium according to claim 23 or a

chromatography cartridge according to claim 25 in chromatography.

27. A process for isolating one or more biological molecules from a mobile phase, which
process comprises contacting one or more biological molecules in a mobile phase with a

functionalised chromatography medium according to claim 23 or a chromatography cartridge
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according to claim 25.

28. The process according to claim 27 wherein the one or more biological molecules in a
mobile phase is contacted with the functionalised chromatography medium for a period of

time of one minute or less.

29. The process according to claim 27 or claim 28, wherein the one or more biological
molecules are one or more monoclonal antibodies, or proteins engineered to exhibit a site
with an affinity for Protein A binding, and the functionalised chromatography medium carries

at least one Protein A ligand group.



