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The present crosslinking method uses bead bed volumes
(bead bed volume being the (measured) volume of a column
that has been packed with the particles beads, including the
interior void spaces, i.e., the total volume). A preferable
reagent for preparing the bead bed volume is epichlorohy-
drin in ethanol (e.g., 50% epichlorohydrin in 100% ethanol).
Epichlorohydrin is virtually insoluble in water but soluble in
ethanol.

Preparing more than one bead bed volume is preferable,
e.g., two or more bead bed volumes.

After preparing the bead bed volumes, the beads are
equilibrated using the bead bed preparation reagent. In a
preferred example, 50% epichlorohydrin/ethanol is supplied
using ascending flow at 1 column volume per 10 minutes, by
pumping. Examples of pumps for use in the present inven-
tion include peristaltic pumps (e.g., Masterflex L/S drive
peristaltic pump, 10-600 rpm, Cole Parmer, Page 978 in
’95/96 catalog); easy load pump heads (used for washing
and exchanging beads with solvents and reagents).
Examples of tubing for use in the present invention include
Viton, Fluran or other chemical resistant tubing #14 (for
pumping base) and 16-18 (for washing and exchanging
buffers).

After supplying the bead bed preparation reagent (e.g.
epichlorohydrin solution), the system is closed off and the
beads are allowed to incubate in the bead bed preparation
solution, preferably at room temperature for about 30 min-
utes.

After incubation, interstitial fluid is removed, preferably
by reversing the direction of the flow and pumping or
drawing air through the column.

After incubation and interstitial fluid removal, the beads
are removed to a reaction vessel (e.g., a 3L round bottom
flask with top ports).

In the bead removal, preferably a NaOH+0.5% NaBH,
solution is used. In a preferred example, one bead volume of
1 N NaOH+0.5% NaBH,, (5g/1) is used, with a squirt bottle.
Optionally, it is preferable to use a heat exchanging device
with a thermostat to maintain 25° C.

After bead removal, a bead/NaOH suspension is made. In
making the bead/NaOH solution, it is preferable to use 3N
NaOH/0.5% NaBH,. In a preferred example, 0.5 column
volumes of 3N NaOH/0.5% NaBH, is prepared in a gradu-
ated cylinder and added to the beads.

The bead/NaOH suspension is then stirred. For example,
in the reaction vessel containing the removed beads, a
paddle-stirring apparatus and pH monitor/controller may be
assembled.

An example of the stirrer used for mixing during the
various reaction stages in the present invention is a Caframo
dual-range stirrer, along with stands and bases (Fisher Sci.).

The pH controller is any pH meter capable of controlling
the pumping of NaOH at 10-20 ml/minute at pH 12-13.5,
such as a Horizon unit made by New Brunswick and
Cole-Palmer.

The bead/NaOH suspension is stirred, keeping the pH
above 12.5 until the pH stabilizes at about pH 12.7 to 12.8.
In stirring the bead/NaOH suspension, about 100-200 RPM
for about 18-24 hours is preferable.

During stirring, the reagent for making the bead/NaOH
solution (e.g., 3N NaOH/0.5% NaBH,) is added at a con-
trolled rate, preferably at 10 ml/minute.

To keep the pH above 12.5, it is preferable to continue to
add 3N NaOH until the pH “stabilizes™ around 12.7 to 12.8
(ie., no longer decreases), which usually is overnight.
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The pH stabilized beads are transferred to the exchanging
column and washed. Preferably, washing is with de-ionized
water using descending flow, with 3—5 bead bed volumes of
de-ionized water at 1 column volume per 10 minutes to
remove salts, followed by ethanol washing by descending
flow, with 3—5 bead bed volumes of 100% ethanol at 1
column volume per 10 minutes to remove residual
epichlorohydrin, followed by de-ionized water washing by
ascending flow, with 3-5 bead bed volumes of de-ionized
water at 1 column volume per 10 minutes.

After washing and fluid removal, the beads are removed
to the reactor vessel. In the removal, it is preferable to use
1 bead volume of 1 N NaOH/0.5% NaBH, with a squirt
bottle.

At this point, the product can be used as an activated
matrix. The beads are considered activated at this point
where many bifunctional molecules are attached at only one
end within the matrix. High temperature attaches the remain-
ing end thus achieving crosslinking.

The beads are stirred (preferably at about 100-200 RPM),
and the temperature is slowly raised to 60° C. The initial pH
preferably is the range of about 13.0 to 13.4.

Preferably, a Thermowatch temperature controller is used.
Advantageously, a paddle-stirring apparatus is used for
stirring. A pH monitor preferably is used for monitoring pH.

When the beads have been equilibrated to about 60° C.,
the pH is adjusted to about pH 13.0, preferably by adding a
NaOH/NaBH solution.

Preferably, the NaOH/NaBH solution is added with gentle
stirring of the bead suspension at 60° C. for about 18-24
hours. Preferably, 3N NaOH/NaBH, (~25% bead bed
volume) is added once or twice to maintain pH ~13.0 (at
setting for 25° C.). The reaction is preferably maintained at
pH 13.

After the step at about pH 13.0, the pH is allowed to
stabilize to a range of about 12.6 to 12.8. This stabilization
preferably occurs overnight, between a second and a third
day.

When the pH is stable in the range of about 12.6 to 12.8,
the beads are transferred as set forth below.

After pH has stabilized in a range of about 12.7 to 12.8,
the beads are washed with water or adjusted to pH<12.

The crosslinked beads may be removed to a storage
container.

During the above-described crosslinking reaction, the
partitioning of the solvent/crosslinker phase with the exter-
nal aqueous phase may be observed. The gradual disappear-
ance of the inner solvent/crosslinker phase can be monitored
visually during the reaction stage. Fully crosslinked beads
have a “halo” appearance, with the highly crosslinked inte-
rior of the hydrogel bead differentiated from the sparse outer
strata, where the halo extends to about 10-30% from the
outer bead diameter inward. That is, for a bead (particle) of
about 500 microns in diameter, about the outer 50 microns
of the radial dimension constitutes the halo and is lightly
crosslinked.

The sparse outer strata of the inside-out crosslinked (I0C)
hydrogel has a greater visco-elastic fluid-like property than
does the dense more highly crosslinked interior. By envi-
ronmental electron microscopy, the lack of purely elastic
solid structure in the outer strata of the low-solids hydrogels
according to the above inventive method is confirmed.

For storing the crosslinked beads, a sodium azide stock
solution preferably may be added, to a final concentration of
0.02% sodium azide.
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Crosslinked or activated particles prepared according to
the above method may be used in a hydrogel in an ion-
exchange matrix or an affinity application.

Schematic Representation of Crosslinking/Activated
Polymer Matrix or Beads

As shown in FIG. 1(A), in the starting state, the matrix
includes polymer backbone 1 and adjacent polymer back-
bone 2. In a first step, bifunctional reagent (molecule) 3
having functionalities 4 and 5 is spatially distributed
throughout the intraparticle volume, preferably by column
loading methods.

As shown in FIG. 1(B), the matrix in a second step, is
reacted with a bifunctional molecule 3 (so that the reacted
polymer backbone la includes the reacted bifunctional
reagent 3a4) under conditions and timeframe which tend to
react one of the functionalities of the bifunctional reagent
with the polymer of the matrix while leaving the other
functionality 5 unreacted. Preferably, the matrix is activated
(reacted) so that the highest concentration of reaction occurs
at the center relative to the exterior edge of the particle.

As shown in FIG. 1(C), next, in a third step, the matrix
which is primarily activated/reacted with only one function-
ality of the bifunctional reagent is further reacted to
crosslink the matrix so that more (i.e., a higher concentration
of) crosslinking occurs between two polymeric backbones
(1a and 24) on the intra-particle volume than on the outer
surface.

In an alternative third step, the matrix which is activated/
reacted with only one of the functionalities of the bifunc-
tional reagent is further reacted with a ligand or ionic group
so that a higher concentration of ligand or ionic moiety
occurs on the intraparticle volume than at the outer particle
surface.

Additionally, inside-out crosslinked beads according to
the present invention may be used in a chromatography
station. Preferably, the station consists of long columns
(85-95 cm, L/D>50) for cellulose beads, and short columns
for Sepharose Fast Flow and Whatman DE-52 beads. Also
included in the station are a peristaltic pump with linear
velocities of 0.5 to 60 cm/min, a UV detector with a ‘fast
flow’ cell and a computer-interfaced data acquisition hard-
ware and software system.

In another aspect of the invention, a polymer support
(preferably a cellulose support) is activated by inside-out
crosslinking before ligand attachment.

An example of a support to be activated is a 3.5 wt. %
cellulose support.

Apreferable example of inside-out activation of a support
which is to be used in an affinity application is epoxy-
activating the support using the above-outlined inside-out
crosslinking method, using epichlorohydrin.

As an example of the beads for use in such a support to
be inside-out activated are beads with an average bead
diameter of 500 to 600 ym.

Inside-out crosslinked beads prepared according to the
invention may be used with ligands such as a monoclonal
antibody (e.g., a monoclonal antibody which binds protein
C) or a synthetic ligand (e.g., a synthetic ligand which
consists of a synthetic peptide which is less than 3500
molecular weight and that binds IgG).

The ligand coupling techniques for use with the inside-out
crosslinked beads are not particularly limited. Various affin-
ity ligand coupling techniques in the preparation and the
subsequent performance of an inside out ligand attachment
(IOLA) based immunosorbent were evaluated.

As an example, a monoclonal antibody (12A8 Mab)
directed against recombinant human protein C (rhPC) was
used. The cellulose support was epoxy-activated using the
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above Inside-Out Ligand Attachment technique prior to
MADb immobilization as set forth in Example 1.

EXAMPLE 1

A 3.5 wt. % cellulose support was epoxy-activated using
the IOLA method using epichlorohydrin. The average bead
diameter was 500 to 600 um. The affinity ligand immobili-
zation methods used were as follows: (1) ligand coupling at
constant pH 9.5 using 0.1 M sodium carbonate/0.1 M
sodium chloride at 4° C. overnight (classical one-step
method); (2) ligand coupling at pH 5.0 for 1 hour in the
presence of 0.5 M tris, then adjusted to pH 9.5 and the
coupling allowed to proceed overnight at 4° C. (two-step
method with nucleophilic competitor); (3) ligand coupling at
pH 6.0 for 1 hour, then adjusted to pH 9.5 and the coupling
reaction allowed to proceed overnight (conventional two-
step method); (4) the cyano-transfer technique (classical
one-step method of Kohn et al. (1984); see Kaster et al, J.
Chrom, supra.) The column bed volume was 1.0 ml for each
case. Under batch-loading conditions, thPC (1.0 mg/ml) in
TBS buffer was batch-equilibrated at 4° C. for 24 hours.
Under dynamic-loading conditions, each column was loaded
to 200-300% of its maximum theoretical rthPC binding
capacity. The bound rhPC was eluted with 2.0 M NaSCN,
and rhPC was determined by ELISA.

COMPARATIVE EXAMPLES 1(a), (b), (c)

As comparisons to Example 1, the affinity ligand immo-
bilization chemistries evaluated included novel two-step
immobilization methods, classical one-step immobilization
methods, and the classical cyano-transfer technique of Kohn
et al. (1984). As to the two-step method, see the flow chart
shown in FIG. 2. This two-step method is concerned with the
delivery of ligand to a relatively uniform distribution of an
excess of activated sites (FIGS. 2, 3(a) and 3(b), 4(a) and
4(b)) by altering reaction rates during ligand diffusion into
the matrix. This contrasts the alternative strategy of install-
ing activated sites in a gradient from low concentration at the
(surface) edge to high concentration within the deep interior
of the support. (FIGS. 5(A) and (B)). The two-step instal-
lation can be more optimally achieved when done in com-
bination with an inside-outside activated matrix. The inside-
outside method enables one-step classical ligand installation
to more effectively install ligand in an active, immobilized
state, due to moderated local ligand density.

The reference methods are set forth in G. A. Baumbach
and D. J. Hammond, Protein Purification using Ligands
Deduced from Peptide Libraries, BioPharm (1992) 24-35;
E. Boschetti, Review: Advanced Sorbents for Preparative
Protein Separation Purposes, J. Chromatgr. 658 (1994)
207-236; P. L. Coleman, M. M. Walker, D. S. Milbrath, D.
M. Stauffer, J. K. Rasmussen, L. R. Krepski, and S. M.
Heilman, Immobilization of Protein A at High Density on
Azlactone-Functional Polymeric Beads and Their Use in
Affinity Chromatography, J. Chromatogr. 512 (1990)
345-363; A. Denizili, A. Y. Rad, E. Piskin, Protein A
Immobilized Polyhydroxyethyl-methacrylate Beads.

The % rhPC binding activity of these immunosorbents
produced on IOA cellulose beads using either classical
one-step or two-step methods of delivering ligand to the
bead interior was evaluated under dynamic and batch load-
ing conditions. Ordinary one-step delivery of ligands to
classical outside-in activated cellulose beads is also given.

The results for Example 1 and Comparative Examples
1(a), (b) and (c¢) were as follows.

The combined use of both the inside-outside ligand
attachment (IOLA) epoxy-activation with either two-step or
one-step affinity ligand delivery methods provides lower

local (spatial) ligand density while concomitantly affording
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a satisfactory ligand coupling (immobilization) yield. The
results of this study are presented in Table 1, below. A 100%
coupling yield was obtained with the classical one-step
immobilization using the cyano-transfer technique. This
immunosorbent had a density of 10.0 mg mAb/mL support,
and an activity of only 0.6% under dynamic-loading condi-
tions. A 31% coupling yield was obtained using the classical
one-step method giving a support having a density of 4.8 mg
mAb/mL support. The activity for this column under batch-
loading conditions was 61%. Similarly, the activity for this
immunosorbent under dynamic-loading condition was 50%
and 45% for two consecutive chromatographic runs under
identical operating conditions. A 50% coupling yield was
obtained using the two-step method with the presence of tris
as a nucleophilic competitor. This immunosorbent had a
density of 7.7 mg Mab/ml support, an activity of 35% under
batch-loading conditions, and activities of 38% and 42%
under identical dynamic-loading conditions. An 80% cou-
pling yield was obtained using the two-step method without
tris present as a nucleophilic competitor. This immunosor-
bent had a density of 12.4 mg Mab/ml support, and an
activity of 26% under batch-loading conditions, and activi-
ties of 25% and 30% under identical dynamic-loading
conditions.

Inside-out activation according to the invention pre-
spaces the epoxy sites onto the cellulose support to which
affinity ligands then can be attached covalently at lower local
density. Therefore, the IOLA method should produce a more
highly active affinity matrix with either classical one-step or
two-step immobilization strategies. The classical one-step
immobilization method yielded a lower local Mab density
(4.8 mg mAb/mL support) compared to the conventional
two-step method (12.4 mg mAb/mL support). However, the
classical one-step method provided a higher binding activity
under both batch and dynamic-loading conditions compared
to the conventional two-step coupling method due to lower
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local spatial density of immobilized mAb. The lower local
spatial density of immobilized mAb decreased stearic hin-
drance effects, thereby increasing the accessibility of immo-
bilized mAb for the target antigen, thPC. The presence of
tris serving as a nucleophilic competitor in the two-step
method gave a lower density (7.7 mg mAb/mL support)
compared to the conventional two-step method (12.4 mg
mAb/mL support) while providing higher activity under
both batch and dynamic-loading conditions. The similarity
in binding activity of each of these immunosorbents under
both batch and dynamic-loading conditions indicate that
there are no mass-transfer limitations involved in the
adsorption/desorption kinetics. The immunosorbent pre-
pared using the cyano-transfer technique gave a support with
a density of 10.0 mg mAb/mL support, however the binding
activity was minimal compared to the classical one-step and
both of the two-step methods. The difference in coupling
yield between the one-step and two-step methods on IOA-
activated matrices likely is due to the cellulose cross-linking
which competes with the affinity ligand coupling reaction.
The differences in activity likely are due to the accessibility
of the high mAb density within the central interior region of
the bead.

These results demonstrate the superiority of an IOLA-
based support in which the activated epoxy ligand is immo-
bilized from the inside-out of the support where the majority
of the epoxy sites are distributed uniformly throughout the
matrix interior, compared to an outside-in or predominantly
surface installation. The installation of epoxy sites via the
IOLA strategy allows an increased uniform affinity ligand
density, therefore an opportunity for increased immunosor-
bent activity. A single one-step ligand delivery can be used
because the activation chemistry is already spatially distrib-
uted.

Inside-out activation according to the present invention
(achieving spatially distributed activation) compared to clas-
sical outside-in activation (giving high activation throughout
the support) is shown in FIGS. 5(a) (prior art) and 5(b)
(present invention).

TABLE 1

Analysis of 12A8 mAb immunosorbent binding

efficiency under thPC dynamic and batch loading conditions.

12A8 MAb
12A8 MAb % coupling density % activity % activity
immobilization method yield (mg/ml support) (batch loading) (dynamic loading)
classical 1-step*: 31% 4.8 61% 50%
pH 9.5 using 0.1 M 45%
Na,CO4/0.1 M NaCl
at 4° C. overnight
2-step™: 50% 7.7 35% 38%—42%
pH 5.0 with 0.5 M
Tris for 1 hour at
4°, then adjusted
to pH 9.5, overnight
incubation at 4° C.
2-step* 81% 12.4 26% 25%
pH 6.0 for 1 hour at 30%
4°, then adjusted to
pH 9.5, overnight
incubation at 4° C.
classical 1-step™: 100% 10.0 — 0.6%
cyano-transfer 0.6%

technique of
Kohn et al. (1984)

(Notes: *3.5 wt % cellulose support activated by IOA method using 50% (v/v) epichlorohydrin/
ethanol, *cellulose support activated using classical batch method.)
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In a further embodiment of the present invention, inside-
out crosslinked beads according to the invention may be
derivatized.

In one derivatization method, crosslinked cellulose beads
are derivatized using 3 M DEAE as follows.

A DEAE solution is added to the water washed beads, to
form a bead/DEAE suspension. DEAE is added (preferably
one bead volume of 3M DEAE with mixing). The DEAE
solution for derivatizing the beads preferably is 3M DEAE
filtered through a 5.0u membrane cartridge filter. Preferably,
the 3 M DEAE is added to the beads, pouring slowly with
mixing, washing the bead off of the side of the flask with the
DEAE solution.

The bead/DEAE suspension is stirred at for about 1 to 30
minutes at room temperature (~20-23° C.). Preferably, the
stirring is slow (about 50-100 RPM) for 30 minutes at room
temperature (~23° C.).

NaOH is added to the bead/DEAE suspension. Preferably,
NaOH addition occurs while stirring is increased to 250-300
RPM. In a preferred example, using a peristaltic pump
(Masterflex, tubing #14), 3 bead volumes of 3N NaOH @ ~1
ml/min/100 ml beads (e.g. 10 ml/minute for 1000 ml beads)
is slowly added. Preferably, the reactor port is covered with
aluminum foil. Preferably, stirring is continued for about
16-18 hours at room temperature.

On a second day of derivatization, after measuring pH, the
beads are transferred to the exchanging column and washed
thoroughly, preferably with 5 bead volumes of deionized
water using descending flow at 1BV/10 min. When the pH
of the wash is <pH 10.0, the beads are equilibrated, prefer-
ably with 2 volumes of 1.5M ethanolamine (91.5 ml/liter
deionized water, pH=11.5) using ascending flow. At the end
of equilibration, the flow is stopped and the beads are
incubated in the ethanolamine (in the column) for 4 hours at
room temperature.

After incubation, the beads are washed thoroughly, pref-
erably with 5-8 bead bed volumes of deionized water at 1
column volume per 10 minutes using descending flow.
When the pH of the wash is <pH 9.0, the column is drained
to the top of the bead bed, the exchanging column is
disassembled and the beads are removed.

The removed beads may be stored, with sodium azide
stock solution added to a final concentration of 0.02%
sodium azide.

These beads are chemically stable, anion exchange adsor-
bants. These beads will be usable as ordinary anion
exchange applications where pathogen removal is not criti-
cal.

The resulting beads produced by the methods of the
present invention may be characterized for various proper-
ties.

For example, determining % solids of polymer beads is
known. The present inventors determined % solids by the
following. For each sample of beads to be measured, three
microcentrifuge tubes were labelled and tared to four (4)
decimal places (e.g., 1.0000 g). A Kimwipe lab tissue
(doubled over) was placed onto a stack of ten paper towels.
5-10 ml of beads were pipetted onto the Kimwipe, spread
out with a spatula and the interstitial liquid was allowed to
absorb into the paper towels for 15-30 seconds. 1-1.5 ml of
“blotted” beads were transferred into the microcentrifuge
tubes using a spatula. The tubes were weighed (gross wet
weight). The tubes were carefully placed into the “speed
vac” lyophilizer. The cover was closed and the centrifuge
started. Upon reaching the maximum rotor speed, a vacuum
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was applied and the samples were freeze-dried overnight.
Tubes were removed from the “speed vac” and carefully
weighed (to four decimal places) (gross dry weight). The %
solids =net dry/net wet, where “net dry”=gross dry-tare and
“net wet”=gross wet-tare.

In an example of determining % solids, beads were
packed into ‘tared’ microcentrifuge tubes, in triplicate, and
freeze-dried using a “Speed Vac” centrifugal lyophilizer.
The tubes were then weighed and the percent cellulose
(w/w) that comprises the bead was calculated based on the
differences in net-wet and net-dry weights.

Column titrations were performed on the derivatized
beads according to the present invention as follows. The
recording system and pH flow cell were set. The pH meter
was calibrated by pumping pH 10 buffer through the flow
cell (adjust pH) followed by pH 4 buffer. A ~10 ml column
bed (14-15 e¢m in the 0.6x20 cm column) was poured. Beads
were equilibrated with 40-50 ml 1M NaCl/100 mM NaOH
(pH~12.2) @ 2 ml/minute. Eluent was collected in a 100 ml
graduated cylinder. The amount of 1M NaCl/100 mM NaOH
was recorded and the column height was measured. The
recording device/timer was started, along with pumping 10
mM HCI through the column @ 2 ml/min. The eluent was
collected in a 100 ml graduated cylinder during the run. At
the end of the run (pH~1.8-2.0) the amount of 10 mM HCl
used was recorded. Column height was measured. The pH
was plotted versus ml 10 mM HCI to give a titration curve.
The volume of HCl titrated at pH 6.0 represents the “equiva-
lence” capacity for the beads per ml, or ueq/ml. In an
example of a titration set-up for cross-linked-DEAE cellu-
lose beads, beads (10-12 ml) were packed into a 20x0.9 cm
column and equilibrated with 1 M NaCl/100 mM NaOH,
pH~12.5. HCI (10 mM) was pumped through the bead bed
at 2 ml/min passing though a pH electrode flow cell. The pH
change was monitored.

Beads according to the present invention also were char-
acterized for their chemical stability.

The effect of 1IN NaOH on bed height and titration
capacity was studied. After titration of the beads, the column
bed height was measured. While the beads were still in the
column, the beads were equilibrated with 3-5 column vol-
umes of IN NaOH @ 2 ml/min. Column bed height was
measured. The beads were incubated in the column for
1624 hr. After re-titrating, column bed height again was
measured.

Also, the effect of 100 mM HCI (hydrochloric acid) on
bed height and titration capacity was studied. After titration
of the beads, the column bed height was measured. While
the beads were still in the column, they were equilibrated
with 3-5 column volumes of 100 mM HCl @ 2 ml/min.
Column bed height was measured. The beads were incu-
bated in the column for 16-24 hours. After re-titrating,
column bed height was measured.

Next, the % column shrinkage in 4 M NaCl was studied.
During the conditioning of the 170-190 ml (85-95 cm)
column, prior to the dynamic binding assay, column height
was measured before washing with 2 column volumes of 4
M NaCl. After washing the column with 2 column volumes
of 4 M NaCl, column bed height was measured. The column
was washed with 3-5 column volumes of running buffer and
the column bed height was measured.

The present inventors further have studied the pressure
stability of the inside-out crosslinked hydrogels according to
the present invention.

Pressure studies were done in 1.6x100 cm borosilicate
columns (Pharmacia) configured with 100 um screens at the
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bottom. A 90-95 cm cellulose bead column was equilibrated
with 50 mM Tris-base, pH 8.3, at 10 cm/min of 3-5 column
volumes. The pressure gauge was set to the top of the
column using a 3-way valve. Pressure was recorded at zero
flow.

For a first run, the flow was started at 5 cm/min, the
pressure was equilibrated 1 minutes and the value recorded.
Runs were repeated at increasing flows of 10, 15, and 20
cm/min. Column heights were recorded at 20 cm/min. Flow
was decreased to zero in 5 cm/min increments, recording the
pressures. Column height was measured.

For a second run, the flow was started at 5 c¢cm/min,
pressure was equilibrated for 1 minute and recorded. Flow
was increased to 10, 15, 20, 25, 30, 35, 40 cm/min, or until
20 PSI was reached. Column heights were recorded at each
5 cm/min increment between 20 and 40 cm/min. Flow was
decreased to zero in 5 cm/min increments, recording the
pressures. The final column height was measured and the %
compression (volume) was determined.

FIG. 6(A) is a comparison of pressure drops across
cross-linked-DEAE cellulose beads. All three beads types
were packed in 90 cmx1.6 columns and equilibrated with 5
column volumes of 50 mM Tris-base, pH 8.3 at 10
cm/minute. Compression of the bead bed at 20 cm/min was
<1% for all beads. At 40 cm/minute, bed compression was
<1% for 10% beads, ~1.2% for 6% beads and ~3% for 2%
beads.

FIG. 6(B) is a comparison of pressure drops across DEAE
media. cross-linked-DEAE cellulose beads were packed in a
90 cm column. To achieve comparable linear velocities,
Sepharose Fast-Flow and DE-52 were packed in 15 cmx1.6
cm columns. Crushing velocities (i.e., dramatic increases in
backpressures) for Sepharose Fast-Flow and DE-52 were at
~20 and 10 cm/minute, respectively. Uncrosslinked native
cellulose beads began to crush at linear velocities >20
cm/minute.

The present inventors also have studied transport proper-
ties of hydrogels according to the present invention. Trans-
port studies were done in 1.6x100 cm borosilicate columns
(Pharmacia) configured with 100 um screens at the bottom.
No screen was used on the top plunger; a ~1 cm headspace
was maintained. All tubing connections (i.e. the bottom
screen holder and the plunger assembly) were drilled to s
inch and fitted with rigid Ysx%1s (ID) PTFE tubing.

A slurry of 180-190 ml of beads in ~400 ml de-ionized
water was degassed under vacuum for 5-10 minutes with
periodic gentle swirling. The slurry was then poured into the
column (held at ~15 degree slant) with the bottom valve
open. As the beads packed by gravity and the water flowed
out, more degassed bead slurry was added until the packed
bed was 90-95 cm. The packed column was conditioned
with 5-6 column volumes of 50 mM Tris-base, pH 7.0 at a
linear velocity of 10 cm/minute.

Three types of cellulose beads (uncrosslinked, crosslinked
and crosslinked/derivatized (cross-linked-DEAE)) with
three different cellulose concentrations (% solids) were run
with four chromatography standards (dextran blue—
Mwt>2,000,000; fibrinogen—Mwt 340,000; bovine serum
albumin, BSA—Mwt 60,000; tryptophan—Mwt 204) at
three different linear velocities (1.25, 5 and 10 cm/minute)
in duplicate (>216 runs).

The buffer delivery system consisted of a peristaltic pump
(Masternex 7018-52) with #14 tubing connected to a three
way valve at the top of the column through which standards
were injected using a 1 ml syringe. To inject the standards,
the column flow was stopped and 1 ml of standard was
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injected directly into the line connected to the column bed.
The chromatography was monitored by UV spectrophotom-
etry. Standards were monitored on a Knauer UV Detector at
280 nm. Retention volumes and the peak width (at half peak
height) were averaged for each duplicate run and expressed
as the fraction of the total column volume.

The linear velocity results are set forth in Table 2 below.

TABLE 2
Linear
Beads: % Solids: Standards: Velocities:
1. uncrosslinked 2% cellulose Dextran Blue (2 mg/  1.25 cm/min
ml) mg/ml)
2. crosslinked 6% cellulose  Fibrinogen (5 mg/ml) 5 cm/min
3. cross- 10% cellulose  BSA (5 mg/ml) 10 cm/min
linked-DEAE Tryptophan (2 mg/ml)

FIG. 7 shows, for a 90x1.6 cm column of crosslinked and
derivatized (DEAE) beads (450-600) according to the
present invention, results for transport in 2%, 3.5% and 6%
cross-linked-DEAE cellulose beads, by plotting column
volume versus UV-absorption at 280 nm. Curves are shown
for Dextran Blue, fibrinogen, BSA and tryptophan. The
buffer used was 50 mM Tris, pH 7.0 and 0.5 M NaCl. The
samples were 1 ml Latex beads (0.3 mm; 1:10); Fibrinogen,
5 mg/ml (FIB); Albumin (BSA), 5 mg/ml; Tryptophan
(TRP), 2 mg/ml.

FIG. 8 shows results relating to transport in 2% cellulose
beads (600 um), for uncrossslinked (affinity beads),
crosslinked beads, and crosslinked-DEAE beads.

FIG. 9 shows data for transport in 2%, 3.5% and 6%
“pative” (uncrosslinked) cellulose beads, for a 90x1.6 cm
column of native (uncrosslinked) beads of 450-600u diam-
eter. The buffer was 50 mM Tris, pH 7.0 and 0.5 M NaCl.
Absorbance at 280 nm was measured. Samples were 1 ml
Dextran Blue, 2 mg/ml; Fibrinogen, 5 mg/ml; Albumin
(BSA), 5 mg/ml; Tryptophan, 2 mg/ml.

From the data, calculated characteristic diffusion times
provide conservative estimates for transport by diffusion.
The data show that the actual contacting times are an order
of magnitude shorter than predicted by the diffusion time.
Thus, the transport in the uncrosslinked beads is likely due
to convective mechanisms.

Additionally, the present inventors have conducted pulse-
flow transport studies for various-height columns according
to the present invention. Tables 3—11 below show pulse-flow
transport data for cellulose beads, with column height and
crosslinking being varied. The column used was 1.6 cm,
with a tris base salt of 7.00. Flow rates of 1.25 ¢cm/min, 5
cm/min and 10 cm/min, respectively, were studied. In each
case, beads with diameter 600150 um were used.

Table 3 below shows data for a 92 cm column, for naked
(uncrosslinked) 2% beads. Table 4 contains data for a 93 cm
column, for crosslinked 2% beads. Table 5 below shows data
for a 91.5 cm, for crosslinked and derivatized 2% beads.
Table 6 below shows data for an 89 ¢cm column, for naked
6% beads. Table 7 below shows data for an 85 ¢cm column,
for crosslinked 6% beads. Table 8 below shows data for an
90.5 cm column, for crosslinked then derivatized 6% beads.
Table 9 below shows data for a 92 ¢m column, for naked
10% beads. Table 10 below shows data for an 89 cm column,
for crosslinked 10% beads. Table 11 below shows data for a
93 cm column, for crosslinked and then derivatized 10%
beads. In these Tables, PC is the number of column volume
for the peak of the emergent pulse; PW is the pulse width.
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The standard deviation is neglected when 0<+0.01.
TABLE 3

1.25 cm/mn S cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 1.1 0.28 0.76 0.4 1.02 0.55
5 mg/0.5 ml (x0.01) (£0.11) (£0.07) (£0.02) (0.1)
Bovine Serum 1.00 0.56 0.65 0.67 0.52 0.21
Albumin (x0.04) (£0.02) (x0.02) (£0.03)
5 mg/0.5 ml
Fibrinogen 0.63 0.75 0.38 0.14 0.38 0.12
2 mg/0.5 ml (x0.05) (£0.07) (£0.01) (0.01)

Dextran Blue 0.45 0.11 0.37 0.08 0.48 0.08
5 mg/0.5 ml (x0.05) (+0.01) (£0.06) (£0.03)
TABLE 4

1.25 cm/mn S cm/mn 10 cm/mn

Velocities PC PW PC PW PC PW
Tryptophan 117 0.37 1.02 0.43 1.00 0.52
5 mg/0.5 ml (x0.01) (+0.01) (£0.01) (+0.02)
Bovine Serum 0.96 0.54 0.6 0.54 0.54 0.35
Albumin (x0.01) (£0.01) (£0.01) (=0.05) (x0.03)
5 mg/0.5 ml

Fibrinogen 0.48 0.2 0.43 0.1 0.45 0.11
2 mg/0.5 ml (x0.01) (x0.03)
Dextran Blue 0.45 0.09 0.4 0.08 0.4 0.4
5 mg/0.5 ml (x0.01) (x0.06)

Surprisingly, the fast intraparticle transport is highly
retained after inside-outside crosslinking when the penetra-
tion of BSA and tryptophan are compared from the results of

Table 3 and Table 4.

TABLE 5
1.25 cm/mn 5 cm/mn 10 cm/mn

Velocities PC PW PC PW PC PW
Tryptophan 1.21 0.35 0.98 0.37 1.02 0.55
5 mg/0.5 ml (x0.09) (£0.05) (x0.02) (£0.02) (=0.1)
Bovine Serum 0.96 0.53 0.45 0.35 0.52 0.21
Albumin (x0.16) (+0.04) (x0.02) (£0.03)
5 mg/0.5 ml
Fibrinogen 0.43 0.1 0.38 0.07 0.44 0.1
2 mg/0.5 ml (x0.01) (£0.01) (£0.01) (£0.02) (+0.01)
Latex 0.45 0.1 0.4 0.1 0.44 0.1
0.5%

TABLE 6

1.25 cm/mn 5 cm/mn 10 cm/mn

Velocities PC PW PC PW PC PW
Tryptophan 11 0.3 1.01 0.35 1.16 0.48
5 mg/0.5 ml (£0.01) (+0.02)
Bovine Serum 0.86 1.05 0.5 0.24 0.52 0.18
Albumin (£0.01) (£0.02) (£0.01)
5 mg/0.5 ml
Fibrinogen 0.47 0.1 0.43 0.084 0.48 0.1
2 mg/0.5 ml (x0.01) (£0.01) (£0.02) (£0.02) (+0.01)
Dextran Blue 0.53 0.06 0.45 0.08 0.48 0.07
5 mg/0.5 ml (x0.01) (£0.01) (£0.01) (£0.02)

TABLE 7
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1.25 cm/mn 5 cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 112 043 100 053 111 0.9
5 mg/0.5 ml (£0.02) (+0.03) (x0.02) (£0.01)
Bovine Serum 0.57 0.48 0.41 0.19 0.46 0.18
Albumin (x0.01) (+0.01)
5 mg/0.5 ml
Fibrinogen 0.44 0.18 0.4 0.12 0.41 0.15
2 mg/0.5 ml (£0.02) (£0.01)
Latex 0.43 0.17 0.41 0.12 0.45 0.16
0.5% (0.01)
TABLE 8
1.25 cm/mn S cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 1.27 0.55 0.93 0.55 0.88 0.71
5 mg/0.5 ml (x0.01) (£0.01) (£0.07)
Bovine Serum 0.43 0.2 0.41 0.12 0.36 0.11
Albumin (£0.02) (£0.01) (£0.02)
5 mg/0.5 ml
Fibrinogen 0.39 0.1 0.36 0.11 0.38 0.13
2 mg/0.5 ml (£0.01) (x0.01)
Latex 0.42 0.1 0.39 0.04 0.39 0.1
0.5%
TABLE 9
1.25 cm/mn S cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 1.11 0.47 0.95 0.6 0.96 0.74
5 mg/0.5 ml (£0.13) (£0.05) (£0.15) (£0.05) (x0.07) (£0.07)
Bovine Serum 0.17 0.4 0.22 0.46 .
Albumin (x0.02) (£0.02) (£0.06)
5 mg/0.5 ml
Fibrinogen 0.4 0.15 0.35 0.19 0.39 0.2
2 mg/0.5 ml (£0.01) (£0.01) (£0.01) (0.02)
Dextran Blue 0.45 0.18 0.41 0.14 0.41 .
5 mg/0.5 ml (£0.07) (£0.06) (£0.03) (£0.04) (0.03) (=0.12)
TABLE 10
1.25 cm/mn S cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 1.16 0.32 0.98 0.37 1.02 0.55
5 mg/0.5 ml (£0.05) (+0.05) (x0.02) (£0.02) (£0.1)
Bovine Serum 0.43 0.12 0.45 . 0.52 0.21
Albumin (x0.02) (+0.03)
5 mg/0.5 ml
Fibrinogen 0.41 0.08 0.38 0.07 0.44 0.1
2 mg/0.5 ml (+0.01) (0.01) (£0.01) (£0.02) (+0.01)
Dextran Blue 0.4 0.07 0.36 0.06 0.38 0.07
5 mg/0.5 ml (x0.03) (+0.01)
TABLE 11
1.25 cm/mn S cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
Tryptophan 1.25 0.43 1.03 0.61 1.03 0.7
5 mg/0.5 ml (£0.02) (+0.03) (x0.01) (+0.01)
Bovine Serum 0.46 0.06 0.42 0.04 0.44 0.04
Albumin (x0.01) (£0.02) (£0.01) (£0.02)
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TABLE 11-continued

1.25 cm/mn 5 cm/mn 10 cm/mn
Velocities PC PW PC PW PC PW
5 mg/0.5 ml
Fibrinogen 0.45 0.05 0.4 0.054 0.37 0.032
2 mg/0.5 ml (£0.07)
Latex 0.42 0.06 0.38 0.06 0.42 0.05
0.5% (£0.01) (0.02) (0.06)

property of the hydrogels according to the present invention,
namely, static binding capacity (SBC), by studying adsorp-
tion isotherms.

On a first day, stock solutions (~75 ml) were prepared of
BSA (or other protein) at concentrations ranging from 0.5 to
50 mg/ml in 50 mM Tris-saline, pH 8.3. OD,g, of each
starting protein solution was measured.

Triplicate 5 ml “snap-cap” tubes for each protein concen-
tration were prepared by carefully pipeting 1 ml of buffer (50
mM Tris-saline, pH 8.3) into each tube.

Beads were washed and equilibrated with 39 mM Tris-
phosphate, pH 8.6. (using a 25 mm membrane filter assem-
bly attached to a vacuum flask).

Triplicate samples (1 ml) of cellulose beads were ali-
quoted into the 5 ml tubes containing 1 ml buffer. After the
beads settled, bead “bed” was adjusted to the 1 ml mark and
interstitial buffer removed with a pasteur pipet. (With small
beads such as Fast-flow Sepharose or Whatman DE-52, brief
centrifuging of the tubes (2000-3000xg, 5 min) was done to
settle the beads.)

2 ml of each BSA solution/dilution was pipetted to each
triplicate set of bead samples, capped tightly and mixed
(tumbled) for 18-24 hours at room temperature.

On a second day, the tubes were centrifuged at
2000-3000xg for 5 minutes to settle the beads. 1.5 ml of
each supernatant was removed and the residual BSA mea-
sured using O.D.,q, [1 mg/ml=0.667].

Isotherm plots were generated. (For such plot generation,
a QuatroPro calculation template (or some other
spreadsheet) may be used.)

FIG. 10(A) shows equilibrium isotherms for BSA binding
to DEAE matrices. Beads were equilibrated with 39 mM
Tris-phosphate, pH 8.6, and triplicate 1 ml aliquots were
incubated with 0.5 to 50 mg/ml BSA at room temperature
(~21° C.) for 24 h. Concentrations of BSA in the superna-
tants (C*, mg/ml) were determined by absorption at 280 nm
(extinction coefficient; 0.667). Q* (mg/ml) represents the
amount of BSA bound to the beads. This figure shows that
the Whatman and Sepharose DEAE-derivatized media have
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essentially equivalent binding capacity for BSA. This is
surprising since the 2% DEAE-cellulose beads have much
smaller surface area/volume than the Sepharose and What-
man media, yet equivalent or less DEAE moieties.

FIG. 10(B) shows equilibrium isotherms for fibrinogen
binding to DEAE matrices. Beads were equilibrated with 39
mM Tris-phosphate, pH 8.6, and triplicate 1 ml aliquots
were incubated with 0.5 to 10 mg/ml fibrinogen at room
temperature (~21° C.) for 24 h. Concentrations of fibrinogen
in the supernatants (C*, mg/ml) were determined by absorp-
tion at 280 nm (extinction coefficient; 1.67). Q* (mg/ml)
represents the amount of fibrinogen bound to the beads. The
similar amounts of fibrinogen bound is surprising since the
DEAE-cellulose beads have so much less surface area/
volume than the Whatman and Sepharose DEAE-media.

FIG. 11 is an equilibrium isotherm showing static binding
of albumin on DEAE matrices. The beads were equilibrated
in the respective buffer and triplicate 1 ml aliquots were
incubated with 2 ml of bovine serum albumin (BSA, 0.5 to
50 mg/ml) at room temperature (21° C.) for 24 hours.
Concentrations of BSA in the supernatants (C¥*, mg/ml)
were determined by absorption at 280 nm (extinction
coefficient, 0.667). Q* (mg/ml) represents the amount of
BSA bound to the beads.

Dynamic binding capacity (DBC) was determined by the
following procedure.

2—4 liters of running buffer (e.g. 50 mM Tris-HCl, pH 8.3)
and 1 liter of 1M NaCl and 4M NaCl, and 1-2 liters of
protein solution (e.g., BSA @ 1 mg/ml in running buffer)
were respectively prepared.

The beads were diluted in running buffer, degassing the
beads under vacuum and packing a one (1) meter column
with 85-95 cm of beads (~170-190ml). The column was
tapped while the beads settled to remove air bubbles. The
column was equilibrated with 3-5 column volumes of
running buffer at 5 cm/min.

Protein solution was loaded onto the column until the
desired breakthrough (10-50%), recording flows and absor-
bances. Upon achieving the desired breakthrough, the col-
umn was washed with 1-2 column volumes of running
buffer (until an even baseline returned). The bound protein
was eluted using 1M NaCl until an even baseline returned
(up to 2 column volumes). Absorbances and volumes were
recorded.

Tables 12 and 13 below show dynamic binding data for
cross-linked-DEAE Cellulose and DEAE Ff-Sepharose, for
2% and 3.5% respectively. Table 14 compares dynamic
binding of 3.5% cross-linked-DEAE and cross-linked-Q
cellulose with DEAE and Q Fast Flow Sepharose at 10
cm/min.

TABLE 12a

2% cross-linked-DEAE 50 mM TB 50 mM TB 50 mM TB 50 mM TB
cellulose (199) 100 mM Salt 50 mM Salt 35 mM Salt 20 mM Salt 50 Mm TB
Flow Rate 10 cm/min. 10 cm/min 10 cm/min 10 cm/min 10 cm/min
% Break Through 23% 33% 24% 23% 25%

43% 25% 23% 30%
Conductivity (m ) 10.9 5.7 4.6 2.8 0.9
Capacity 3.0 mg/ml 15 mg/ml 15.5 mg/ml 9 mg/ml 1.5 mg/ml
(mg/ml) 4.5 mg/ml 14.5 mg/ml 8.5 mg/ml 2.0 mg/ml
% loss Feed 12%, 0.1% 3.1% 3.3% 3% 8.5%, 9.1% 2.2%, 8%
% loss Wash 44%, 34.5% 7.62%, 6.7% 1.5% 1.1%, 1.25% 5.5%, 5%
*(Column (12 Column Volumes) (3 Column Volumes) (2 Column Volumes) (2 Column Volumes) (2 Column Volumes)
Volume/wash)

% yield Elute 23%, 65.5% 80%, 84%

95% 94%, 87.5% 83%, 81%

Dynamic binding capacities of 2% cross-linked-DEAE cellulose beads using tris buffer (pH 8.6) with varying concentrations of NaCl. Backpressure range,

2-3 PSI



5,977,345

29 30
TABLE 12b

2% cross-linked-DEAE 15 mM Naz;PO, 15 mM NazPO, 15 mM Na;PO,
cellulose (199) 100 mM Salt 50 Mm Salt 20 mM Salt 15 Mm Na PO,
Flow Rate 10 cm/min. 10 cm/min 10 cm/min 10 cm/min
% Break Through 20.5% 23% 23% 17%

28% 23%
Conductivity (map) 10.4 6.0 4.5 3
Capacity (mg/ml) 1.7 mg/ml 9.6 mg/ml 18 mg/ml 23 mg/ml

1.7 mg/ml 17.1 mg/ml
% loss Feed 6.4%, 1% 4.33% 4%, 3.5% 2%
% loss Wash 45%, 60% 20% 5%, 7% 1.3%
*(Column Volume/wash) (12 Column Volumes) (5 Column Volumes) (2 Column Volumes) (2 Column Volumes)
% yield Elute 42%, 41% 78% 88%, 1% 95%

Dynamic binding capacities of 2% cross-linked-DEAE cellulose beads using sodium phosphate buffer (pH 7.8) with varying
concentrations of NaCl. Backpressure range = 2.3 PSL

TABLE 12¢
DEAE-FF 15 mM Na,PO, 15 mM Na,PO, 15 mM Na,PO,
Sepharose 100 mM Salt 50 mM Salt 20 mM Salt 15 mM Na;PO,
Flow Rate 10 cm/min. 10 cm/min 10 cm/min 10 cm/min
% Break Through 23.6% 20% 47% 20%
Conductivity (m ) 9.4 6.1 4.2 2.0
Capacity (mg/ml) 5 14.5 27 355
% loss Feed 8% 9.4% 11% 6%
% loss Wash 45% 24% 17% 19%
*(Column Volume/wash) (15 Column Volumes) (20 Column Volumes) (15 Column Volumes) (8 Column Volumes)
% yield Elute 56% 58% 65% 75%

Dynamic binding capacities of DEAE-FF-Sepharose using 15 mM phosphate buffer (pH 7.8) with varying concentrations of
NaCl. Backpressure range = 15-20 PSL

TABLE 12d
2% cross-linked-DEAE 40 mM Na, PO,
cellulose (199) 20 mM Salt 40 mM Na,;PO, 25 mM Na,;PO, 15 mM Na;PO,
Flow Rate 10 cm/min. 10 cm/min 10 cm/min 10 cm/min
% Break Through 27% 23.7% 24% 17%
Conductivity (m ) 6.9 5.7 33 3
Capacity (mg/ml) 5 mg/ml 7.5 mg/ml 16 mg/ml 23 mg/ml
% loss Feed 4% 6% 3% 2%
% loss Wash 18% 26% 8% 1.3%
% yield Elute 89% 71% 80% 95%

Comparison of the dynamic binding capacities as a function of sodium phosphate concentrations. Backpressure range, 2-3 PSI

TABLE 13
3.5% cross-linked- 50mMTB 50 mMTB 50 mM TB 50 mM TB,
DEAE cellulose (199) 100 mM Salt 50 Mm Salt 35 mM Salt 20 mM Salt 50 Mm TB
Flow Rate 10 cm/min 10 cm/min 10 cm/min
% Break Through 20% 20% 44% (fast break!)
Conductivity (map) 6.2 4.4 1.1
Capacity (mg/ml) Not 24 mg/ml 16.8 mg/ml Not 2.2 mg/ml
determined determined
% loss Feed 2.2% 8% 20%
% loss Wash 6% <1% 5%
*(Column Volume/wash) 2-3 Column Volumes (1-2 Column Volumes) (1-2 Column Volumes)
% yield Elute 91% 92% 75%

Table 13a: Dynamic binding capacity of 3.5% cross-linked-DEAE cellulose beads using tris buffer (pH 8.6) with varying concentration
of NaCl. Backpressure range = 2-3, PSIL.

3.5% cross-linked- 15 mM Na,PO, 15 mM NazPO, 15 mM Na;PO,

DEAE cellulose (199) 100 mM Salt 50 Mm Salt 20 mM Salt 15 Mm Na PO

Flow Rate 10 cm/min 10 cm/min
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TABLE 13-continued
% Break Through 22% 23%
Conductivity (map) 6.2 2.1
Capacity (mg/ml) 11.5 mg/ml 21.3 mg/ml
% loss Feed 6% 5%
% loss Wash 8.5% <1%
*(Column Volume/wash) 3—4 Column Volumes (1-2 Column Volumes)
% yield Elute 85% 95%

Table 13b: Dynamic binding capacity of 3.5% cross-linked-DEAE cellulose beads using sodium phosphate buffer (pH 7.8) with varying

concentration of NaCl. Backpressure range = 2-3 PSL

DEAE-FF 15 mM Na,PO, 15 mM Na,PO, 15 mM Na,PO,

Sepharose 100 mM Salt 50 Mm Salt 20 mM Salt 15 Mm Na,PO

Flow Rate 10 cm/min 10 cm/min 10 cm/min 10 cm/min

% Break Through 23.6% 20% 47% 20%

Conductivity (map) 9.4 6.1 4.2 2.0

Capacity (mg/ml) 5 14.5 27 355

% loss Feed 8% 9.4% 11% 6%

% loss Wash 45% 24% 17% 19%

*(Column Volume/wash) (15 Column Volumes) (20 Column Volumes) (15 Column Volumes) (10 Column Volumes)
% yield Elute 56% 58% 65% 74%

Table 13c: Dynamic binding capacity of DEAE FF-Sepharose using 15 mM sodium phosphate buffer (pH 7.8) with varying concentration

of NaCl. Backpressure range = 20-25 PSL

TABLE 14

15 mM Sodium 3.5% cross-linked-DEAE DEAE Fast-Flow 3.5% cross-linked-Q Q Fast-Flow
phosphate, pH 7.8 Cellulose Sepharose Cellulose Sepharose
[conductivity 2.1] (90 x 1.6 cm) (15 x 0.5 cm) (90 x 1.6 cm) (15 x 2.5 cm)
Flow Rate 10 cm/min 10 cm/min 10 cm/min 10 cm/min
% Break Through 23% 20% 20% 21%
Backpressure 2-3 PSI 20-25 PSI 2-3 PSI 20-25 PSI
Capacity (mg/ml) 21/3 mg/ml 35.5 mg/ml 30.5 mg/ml 45.5 mg/ml
% loss Feed 5% 6% 1% 2%
% loss Wash <1% 19% 2% 10%
*(Column Volume/wash) 1-2 Column Volumes 8-10 Column Volumes  1-2 Column Volumes 20-25 Column Volumes

Wash Wash Wash Wash
% yield Elute 56% 58% 65% 74%

In Table 14 above, dynamic binding capacities of 3.5%
cross-linked-DEAE and 3.5% cross-linked-Q cellulose
beads are compared to DEAE Fast-Flow and Q Fast-Flow
Sepharose using 15 mM sodium phosphate, pH 7.8
(conductivity, 2.1) and serum albumin (1 mg/ml) at 10
cm/min.

As to dynamic binding capacity, reference is further made
to FIG. 12, showing relative titrations and dynamic binding
capacities of DEAE matrices. to Cellulose beads (10 ml)
were equilibrated with 1 M NaCl in 100 mM NaOH and
titrated ‘in-column’ with 10 mM HCI at 2 ml/min as previ-
ously described. The dynamic binding capacities (DBC) for
bovine serum albumin were determined using optimal buffer
conditions at, 1) 10 cm/min in 90x1.6 column beds for
cellulose beads and ii) 2 cm/min column beds for DE-52 and
Sepharose Fast Flow.

FIG. 13 shows titrations of 2% cross-linked-DEAE cel-
lulose beads.

FIG. 14 shows titrations of 2% cross-linked-DEAE cel-
lulose beads with single derivatization, then triple derived. A
batch of 2% cellulose beads was derived three times on
consecutive days (1 column volume of beads+1 column
volume of 3N DEAE+3 column volumes of 1 N NaOH
(slow addition) at room temperature) and titrated according
to ‘SOP’.

FIGS. 15 and 16 show titrations of cross-linked-DEAE
cellulose beads, 6% and 10% respectively.
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FIGS. 17 and 18 show breakthrough loading of serum
albumin on 3.5% cross-linked cellulose and Fast-Flow
Sepharose at 10 cm/min for, respectively, 3.5% cross-linked-
DEAE Cellulose and DEAE Fast Flow Sepharose, and 3.5%
cross-linked-Q Cellulose and Q Fast Flow Sepharose.

FIG. 19 shows the effect of column length on dynamic
binding capacity, namely, increasing adsorption number to
increase DBC. The dynamic binding capacity of 2% cross-
linked-DEAE cellulose beads were determined for BSA at
10 cm/min in 1.6 cm diameter columns (2 ml/cm) of varying
lengths, L. The running buffer was 15 mM sodium
phosphate, pH 7.8 (conductivity=2.1), and the feed was BSA
at 1 mg/ml. Breakthrough was about 20% and protein
concentrations were determined by absorbance,g.

FIG. 20 shows the dynamic binding capacities of 2% and
3.5% cross-linked-DEAE cellulose for BSA at varying con-
ductivities (i.e., ionic strengths). The binding capacities of
2% and 3.5% cross-linked-DEAE cellulose beads (90x1.6
cm bed) for BSA (1 mg/ml) were determined at a linear
velocity of 10 cm/min. Operating backpressures ranges from
2-3 PSI for all of the bead beds and all beds washed to
baseline within 2-3 column volumes following loading
(except for the 3.5% beads in Tris/50 mM NaCl). FIG. 20(A)
is for 15 mM sodium phosphate, pH 7.8 (monobasic+
dibasic); 2% cross-linked-DEAE (0, 20, 50 and 100 mM
NaCl), 3.5% cross-linked-DEAE (0, 50 and 100 mM NaCl).
FIG. 20(B) is for 50 mM Tris base+HCl , pH 8.6; 2%
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cross-linked-DEAE (0, 20, 35, 50, 100 mM NaCl), 3.5%
cross-linked-DEAE (0, 20, 35 and 50 mM). When loaded
and washed using 50 mM NaCl, the 3.5% beads would not
wash below the 20% breakthrough level (the BSA just
slowly desorbed in a trial for 10-20 column volumes).
However, when loaded in 50 mM NaCl and washed in Tris
buffer with no NaCl, the 3.5% beads washed to baseline in
2-3 column volumes and an accurate DBC could be
obtained. DBCs with 100 mM NaCl could not be determined
accurately on 3.5% beads due to minimal binding and
extensive trailing.

FIG. 21 shows the effect of column length on the DBC of
3.5% cross-linked-DEAE cellulose beads. Albumin (bovine
serum, 1 mg/ml) was loaded onto 9x5 cm (o) and 90x1.6 ([])
column beds (180 ml) in 15 mM sodium phosphate buffer,
pH 7.8, at room temperature to 20-25% breakthrough. After
washing to baseline (absorbance 280 nm) with 1-2 column
volumes of running buffer, the bound protein was eluted
with 1 M NaCl. Beds were reconditioned with 2 column
volumes of 4 M NaCl, 1 column volume of 0.5 NaOH and
6 column volumes of running buffer at 10 cm/min.

FIG. 22 shows an adsorption number analysis, off the
effect of column length on DBC. 3.5 cross-linked-DEAE
cellulose beads, 450-600 u were used. Albumin (bovine
serum, 1 mg/ml) was loaded onto 9x5 cm (o) and 90x1.6 ([])
beads (180 ml) in 15 mM sodium phosphate buffer, pH 7.8,
at room temperature to 20-25% breakthrough at 1, 2, 5 and
10 cm/ml.
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The effect of sanitization on the Dynamic Binding Capac-
ity of 3.5% cross-linked-DEAE and cross-linked-Q Cellu-
lose Beads for Serum Albumin was studied. The columns
used were 90x1.6 cm (180 ml) 3.5% cross-linked-DEAE
and cross-linked-Q cellulose beads. The sanitization con-
sisted of equilibrating the beads with 2 column volumes of
0.5 N NaOH at 45° C. (using a circulating waterjacket),
stopping the flow was stopped and maintaining the column
for, (i) 4 hours at 45° C., (ii) 24 hours at 20° C. and (iii) 72
hours at 20° C. After each NaOH sanitization, the column
was washed with 6—8 column volumes of 15 mM sodium
phosphate buffer, pH 7.8 and the dynamic binding of serum
albumin was determined.

Dynamic binding was studied as follows. Bovine serum
albumin (1 mg/ml in 15 mM sodium phosphate buffer, pH
7.8) was loaded onto the column at 10 cm/min to ~20%
breakthrough. The column was then washed to baseline
(absorbance,g) with 2 column volumes of running buffer,
and eluted with 3 column volumes of 1 M NaCl at 10
cm/min. Protein concentrations of the feed, wash and elu-
sion pools were determined by absorbance,g, The pressure
range represents the backpressures from loading to elusion
in 1M NaCL

The results are reported in Table 15 below.

TABLE 15

3.5% cross-linked-DEAE

Cellulose Beads 3.5% cross-linked-Q

% Cellulose Beads
Column Treatment DBC Yield AP DBC % Yield AP
Before Sanitization 22 92%  2.4-29 30.5 96% 2529
(0.5 N NaOH, 45C, 4 hours) mg/ml PSI mg/ml PSI
After Sanitization #1 21.5 94%  2.2-2.9 31 96% 24-3.1
(0.5 N NaOH, 45C, 4 hr) mg/ml PSI mg/ml PSI
After Sanitization #2 21 95%  2.3-2.8 30 95% 2429
(0.5 N NaOH, 24 hours, 20C) mg/ml PSI mg/ml PSI
After Sanitization #3 19 97%  2.4-3.0 29.5 97% 2.6-3.1
(0.5 N NaOH, 72 hours, 20C) mg/ml PSI mg/ml PSI

It may be seen that a low desorption number, N,
provides a fast washout, in the formula

Nes=k e L/0,,

where k. is a desorption constant, L is the length of the
column, and u, is the velocity. This N, is the ratio of
desorption to convection. Intraparticle mass transfer is not
limiting. High k. is countered by high velocity (u).

The present inventors also conducted a swelling analysis
of hydrogels according to the present invention, as to
chemical treatment and effect on pressure-flow. The results
are shown in FIG. 23. For FIG. 23, a 90x1.6 cm column bed
of 3.5% cross-linked-DEAE beads was (i) flow-packed with
3 column volumes of 15 mM sodium phosphate buffer
(NAP), pH 7.8, at 10 cm/min and (ii) conditioned with 1
column volume of 0.5 NaOH at 5 cm/min. Backpressures
were measured at the end of steps (a), (¢) and (d) in the
cleaning cycle. The cleaning cycles included: (a) 4 M NaCl
(2 column volumes) at 10 cm/min; (b) 15 mM NAP (2
column volumes) at 10 cm/min; (¢) 0.5 N NaOH (1 column
volume) at 5 cm/min; and (d) 15 mM NAP (2 column
volumes) at 10 cm/min.
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FIG. 24 is an equilibrium isotherm for BSA on cross-
linked-Q Cellulose and Q Fast-Flow Sepharose. 3.5% cross-
linked-Q Cellulose Beads were equilibrated in 15 mM
sodium phosphate buffer, pH 7.8, and triplicate 1 ml aliquots
were incubated with 2 ml bovine serum albumin (BSA, 0.5
to 50 mg/ml) at room temperature (21° C.) for 24 hours.
Concentrations of BSA in the supernatants (C¥*, mg/ml)
were determined by absorption at 280 nm (extinction coef-
ficient; 0.667) Q* (mg/ml) represents the amount of BSA
bound to the beads.

Dynamic binding studies were done for cross-linked-Q
cellulose and Q FF-Sepharose. The results are set forth in
Table 16 below.

Also, dynamic binding of 3.5% cross-linked-DEAE and
cross-linked-Q cellulose with DEAE and Q Fast Flow
Sepharose at 10 cm/minute was compared. The results are
shown in Table 17 below.
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with loading the fibrinogen or BSA at 0.5 cm/minute, with
L/U_=9 minutes for loading for Feed #1 and 180 minutes for
loading for Feed #2, were as follows. Fibrinogen had feed
#1, 100%; FT and wash 85%; elution #1, 15%; feed #2 (from
FT and wash #1), 15 85%; FT and wash #2, 8% and elution
#2, 71%, for overall yields (purity) of 77% (79%). BSA had
feed #1, 100%; FT and wash 21%; elution #1, 79%, for
overall yields (purity) of 79% (84%).

In a preferred embodiment of the present invention, an
inside-out crosslinked hydrogel is used in a method for
purifying a virus-containing biological product, to thereby
remove a pathogen, e.g., HIV, Hepatitis B and/or Hepatitis
C.

While the invention is described in detail and with refer-
ence to specific embodiments thereof, it will be apparent to
one skilled in the art that changes and modifications can be
made therein without departing from the spirit and scope
thereof.

We claim:

1. An inside-outside spatial installation method for a
bifunctional reagent that crosslinks and/or activates a poly-
mer matrix, comprising at least the step of:

(a) pre-loading a polymer matrix comprising a column of
polymer beads with an organic solvent to give a non-
aqueous bead/organic solvent pre-load,
wherein the polymer matrix comprises (i) at least one

cellulose particle, (ii) at least one agarose particle.
(iii) at least one chitosan particle (iv) at least one
dextran particle, (v) at least one polymer particle of
a polymer having polysaccharide linkages, or (vi) a
composite of cellulose, agarose, chitosan and/or
other polymer particles;

(b) to the bead/organic solvent pre-load of step (a), adding
a bifunctional reagent dissolved in an organic solvent
mixture to give a bead/organic solvent/bifunctional
reagent mixture,

(¢) for the bead/organic solvent/bifunctional reagent mix-
ture provided in step (b), reacting one functionality of
the bifunctional reagent with the polymer matrix.

2. The method of claim 1, wherein the polymer matrix

comprises at least one cellulose particle.

3. The method of claim 1, wherein the polymer matrix
comprises at least one agarose particle.

4. The method of claim 1, wherein the polymer matrix
comprises at least one chitosan particle.

5. The method of claim 1, wherein the polymer matrix
comprises a composite of cellulose, agarose, chitosan, and/
or other polymer particles.

6. The method of claim 1, further comprising removing
the reagent from the void volume of the polymer matrix
prior to the reacting step (c).

7. The method of claim 1, wherein step (c) is followed by
the inside-outside crosslinking step of:

(d) further reacting the matrix so to crosslink the matrix,
wherein a higher local concentration of crosslinking
occurs on the intra-particle volume relative to the local
concentration near the outer surface of the matrix.

8. The method of claim 1, wherein step (c) is followed by

the inside-outside ligand attachment step of:

(d*) further reacting the matrix with a ligand or an ionic
group so that a higher concentration of ligand or ionic
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moiety occurs on the intra-particle volume relative to
the outer surface of the matrix.
9. The method of claim 7, further comprising, prior to
crosslinking step (d), a step of classifying by fluidizing.
10. The method of claim 8, further comprising, prior to
crosslinking step (d*), a step of classifying by fluidizing.
11. A inside-outside spatial installation method for a
bifunctional reagent that crosslinks and/or activates a poly-
mer matrix, comprising at least the step of:

(a) pre-loading a polymer matrix comprising a column of
polymer beads with an organic solvent to give a non-
aqueous bead/organic solvent pre-load;

(b) to the bead/organic solvent pre-load of step (a), adding
a bifunctional reagent dissolved in an organic solvent
mixture to give a bead/organic solvent/bifunctional
reagent mixture,

(¢) for the bead/organic solvent/bifunctional reagent mix-
ture provided in step (b), reacting one functionality of
the bifunctional reagent with the polymer matrix.

12. The method of claim 1, wherein the polymer particles

are 350 microns to 1,000 microns.

13. The method of claim 12, wherein the polymer par-

ticles are 500 microns to 1,000 microns.

14. The method of claim 12, wherein the polymer par-

ticles are 400 to 600 um.

15. The method of claim 1, further comprising, before

step (a), a step of polymer particle sizing.

16. The method of claim 1, wherein an approximately

spherical bead of about 500 microns is used in step (a),

such that a crosslinked bead is provided with an observ-
able halo of about 50 microns from the particle edge,
with the heavily crosslinked part of the bead in the
interior volume of the particle sphere from the particle
center to about the point where the radius is about 200
microns.

17. The method of claim 1, wherein, before step (a), a
pre-crosslinking wash is performed using de-ionized water.

18. The method of claim 1, wherein the addition of the
bifunctional reagent in step (b) is in a column mode.

19. The method of claim 1, wherein the step (c) reaction
of the bifunctional molecule within the beads is done by
changing pH, increasing temperature, catalyst addition or a
combination thereof.

20. The method of claim 1, wherein the organic solvent is
epichlorohydrin in ethanol.

21. The method of claim 20, wherein after the epichoro-
hydrin in ethanol solution is supplied to the beads, the
column is closed and the beads are allowed to incubate in the
solution.

22. The method of claim 21, wherein the incubation is at
room temperature for about 30 minutes.

23. The method of claim 1, wherein before step (c), the
beads are removed from the column and in step (c), the
beads are suspended in a NaOH solution.

24. The method of claim 23, wherein the bead/NaOH
solution is stabilized to about pH 12.7 to 12.8 and stirred at
about 100200 rpm for about 1824 hours.
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