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Abstract

Different heparin—silicas, synthesised in this laboratory via directional end-point attachment of heparin (H) onto various
amino-derivatised silicas, have been evaluated in packed-bed and expanded-bed column chromatographic experiments using
crude preparations of the therapeutic protein, thrombin (T). Adsorbent capacities, determined through batch adsorption
experiments, were verified by employing frontal analysis in packed-bed systems. The performance of these adsorbents was
also investigated in terms of thrombin purification factors and recoveries. The potential of the heparin—silicas was further
examined in the expanded-bed column chromatographic mode using a scaled-up procedure. With heparin-Fractosil 1000
adsorbents, capacities of around 100 000 U thrombin/ml adsorbent could be achieved. Heparin—Fractosil 1000 adsorbents of
intermediate heparin content (around 4 mg heparin/ml sorbent) displayed binding stoichiometries similar to that of the
commercial heparin—Sepharose (2.6-2.7 mol T/mol H). Furthermore, binding stoichiometries were largely unaffected by
increasing the heparin content on the heparin—Fractosil 1000 adsorbents from 0.8 to 4.6 mg of heparin/ml of sorbent. This
result suggests that optimal binding site accessibilities for the thrombin-heparin interaction occurs at lower ligand density
values. The binding capacity values determined from frontal analysis were confirmed by the recovery data, thus indicating
minimal irreversible adsorption. Specific activities of ca. 2100 U/mg were obtained for thrombin when affinity-purified on
these heparin—-LiChroprep Si60 or heparin-Fractosil 1000 adsorbents. These values were higher than the maximum
achievable purity obtained through alternative, multi-step chromatographic purification procedures reported by other
investigators. These results indicated that the packed-bed performances with these silica-based adsorbents were superior to
currently available commercial soft gel adsorbents, with the more dense heparin—silicas exhibiting very good potential for
use in expanded-bed applications.
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1. Introduction thrombin III (ATII) present in blood plasma, has

been a well-known example of heparin-protein spe-

The biospecific affinity interaction of immobilised
heparin with the protein coagulation and anti-coagu-
lation factors, including thrombin (T) and anti-
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'"Part CLVII of the series ‘High-performance liquid chromatog-
raphy of amino acids, peptides and proteins‘. For Part CLVI see
ref. [24].

cificity for over two decades. In 1973, Gentry and
Alexander [1] used an affinity chromatographic
method with an immobilised-heparin soft gel ad-
sorbent to purify thrombin. Thrombin preparations of
various levels of purity have been obtained from
plasma by a single step method [2] or following an
ion-exchange step [3,4], by heparin-affinity chroma-
tography. Typically, specific activities of thrombin of
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ca. 2000 U/mg have routinely been achieved by
such procedures [2,5]. Thrombin preparations of
considerably higher specific activities have also been
reported, based on multi-step isolation procedures.
These earlier investigations included the isolation of
thrombin with specific activities of 4500 IU/mg [3]
and 3248 U/mg [6]. These higher specific activity
values, however, were based on the determination of
the total protein content by optical absorbance
measurements, using assumed extinction coefficients,
and have subsequently been recognised to represent
over-estimates of recovery and specific activity.

Traditionally, studies on protein-ligand interac-
tions, including thrombin-heparin interactions, often
involve pure protein samples [7]. In the present
investigations, a broader characterisation of heparin
affinity adsorbents, synthesised through directional
end-group attachment of heparin by a reductive
amination reaction to silica-based support materials
[8,9], was undertaken. This characterisation included
assessment of the performance of these new ad-
sorbents in terms of their purification factors as
compared to a commercial heparin adsorbent, there-
by providing an objective measurement of thrombin
selectivities and recoveries as well as of adsorbent
performance with more crude feedstocks, similar to
those employed during the plasma fractionation by a
multi-stage chromatographic process on an industrial
scale. A more representative purification situation
was also of particular interest since these adsorbents
were developed for use in expanded-bed chromato-
graphic systems, where the physical properties of the
feedstock, such as its viscosity, play important roles.
For these reasons, the use of a crude prothrombin
fraction, derived as a complex mixture of proteins
from the Cohn fractionation of the plasma cryosuper-
natant, was chosen for the evaluation of these
adsorbents, since thrombin can be readily assayed
using chromogenic synthetic peptide substrates [10—
12}.

2. Experimental

2.1. Chromatographic supports

Heparin Sepharose CL-6B was obtained from
Pharmacia, Uppsala, Sweden. The LiChroprep Si60

(25-40 and 40-63 um), and Fractosil 1000 (40-63
pm) porous silica support materials were obtained
from Merck, Darmstadt, Germany.

2.2. Chromatographic equipment

The K16/20, XK16 and HR 5/2 columns, Pl
peristaltic pump, Frac-100 fraction collector, FPLC-
equipment and the Phast system were obtained from
Pharmacia. For larger scale expanded-bed column
experiments, constant temperatures were maintained
using a 2219 Multitemp II Thermostatic Circulator
(LKB, Bromma, Sweden).

2.3. Chemicals

The chromogenic substrate S2238, for thrombin
assays, was obtained from Chromogenix, Stockholm,
Sweden. The protein assay reagent used in the total
protein determinations was a Dye Reagent Concen-
trate from BioRad Laboratories (Richmond, CA,
USA).

2.4. Total protein assay

The assay procedure was based on a modified
version of the Bio-Rad microassay. As protein
standards, BSA was diluted to 0.01, 0.025, 0.05,
0.125 and 0.25 mg/ml in 10 mM Tris-150 mM
NaCl, pH 7.5 (buffer A). Samples were diluted
between 1:1 and 1:100 in the same buffer. The
diluted standard or sample (100 wl) was then mixed
with distilled water (700 ul) and undiluted Bio-Rad
Coomassie reagent (200 ul) was added. As a blank,
buffer A (200 ul), distilled water (1.4 ml) and
reagent (400 wl) were mixed. All mixtures were then
vortex-mixed and 200 ul volumes were added to a
96-well flat bottom microtitre plate (Greiner Labor-
technik, Frickenhausen, Germany). The blank mix
was placed in column 1 of the plate. The absorbance
at 595 nm was measured on a Titertech Multiskan
MCC/340 microplate reader (Flow Laboratories,
Helsinki, Finland) and protein concentrations in the
samples were read from the standard curve using a
linear regression program.
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2.5. SDS—polyacrylamide gel electrophoresis
(SDS—PAGE)

SDS—-PAGE was performed on a Phast System
(Pharmacia-LKB, Uppsala, Sweden) using 8-25%
gradient gels. Samples applied onto Phast gels were
concentrated using a Speedvac Concentrator (Savant
Instruments, Hicksville, NY, USA) and were then
boiled in sample buffer (500 mM Tris—10% SDS,
pH 6.8, containing Bromopheno! Blue) for 3 min
before loading onto the gels using 1 wl loading
combs. For reduced samples, 5% (v/v) B-mercap-
toethanol was added to the sample buffer. Proteins
were visualised by a silver staining method [13]. As
molecular mass standards, bovine serum albumin
(BSA), ovalbumin (OV), carbonic anhydrase (CA),
myoglobin (MYO) and cytochrome C (CYT) were
used. A standard curve was generated from the plot
of the log M, of the standard proteins versus their
electrophoretic migration distance and the molecular
masses of the sample bands were determined using a
linear regression analysis program.

2.6. Preparation of thrombin material

Inactive, crude human prothrombin preparations,
designated prothrombin PTX-056, -062, -995 and
-998 were activated at 37°C with a solution of
thromboplastin (15 ml, extracted from placentae) per
100 ml of PTX. A solution of 800 mM CaCl, (3.5
ml per 100 ml PTX) was then added dropwise with
continuous mixing. The mixture was allowed to react
for 3 h at 25°C, with brief stirring once every hour,
was filtered through three layers of dry gauze and
was dialysed against 10 mM Tris—150 mM NaCl, pH
7.5, using 8000 M -cutoff, 32 mm dialysis tubing
(Union Carbide) at 4°C. The dialysed material,
designated batches B056, B062, B995 and B998,
was stored at —20°C in 2, 5 or 10 ml aliquots.

2.7. Characterisation of the thrombin materials

The specific amidolytic activities of thrombin (in
terms of C_, values as U T/ml) in the starting
material batches used in these studies are shown in
Table 1 (column 1). The protein composition of the
starting materials was also characterised through
SDS-PAGE analysis using 10~15% gradient SDS-

polyacrylamide gels with the Pharmacia Phast sys-
tem as described in Section 2.5. The $2238-specific
amidolytic activities due to other proteases were
found to be negligible in these batches, as deter-
mined by activity assays in the presence of hirudin, a
thrombin-specific polypeptide protease inhibitor pre-
pared from leeches (Hirudo medicinalis).

2.8. Thrombin assay

Thrombin was quantified in terms of its proteolytic
activity with the chromogenic substrate 52238 [10~
12] by measuring the colour formation rate at
405nm. Samples were diluted in assay buffer (20
mM Tris—100 mM NaCl-0.01% Brij 35, pH 8.0) to
obtain a colour formation rate ranging between 0.02
and 0.2 A.U/10 min. Typically, a thrombin standard
which contained 578 U/ml was diluted 1:1000. For
the determination of thrombin activity, the following
microtitre plate assay method was developed to
allow small volumes of eluted fractions to be ana-
lysed. The reconstituted substrate, S-2238 (H-b-
Phe—-Pip—-Arg—p-nitroanaline, 1 mM in 0.01% Brjj
35) was stored frozen in 500 ul aliquots, and diluted
1:5 in assay buffer immediately before use. In the
assay, diluted samples (20 ul) were placed in the
wells of a 96-well flat bottom microtitre plate
(Greiner), and the diluted substrate (50 wul) was
added (at time 0) to the wells in rapid sequence using
an Eppendorf multipipette. The absorbance at 405
nm was then measured automatically at 2 min
intervals with the aid of a model 3550 Microplate
reader (Bio-Rad, Japan).

Sample readings were plotted against time,
generating the individual colour formation rates
through first order linear regression. The slopes
could thus easily be visualised, and the linear range
of the colour formation selected. Colour formation
rates were converted to thrombin activities relative to
a thrombin standard material containing 578 U/ml
(*£2.1%) which was included in the assays. The
standard material (2500 U/bottle, donated by CSL)
was calibrated in this laboratory against an accurate
thrombin standard containing 83 U of thrombin/ml
(donated by CSL). Thrombin activities in the sam-
ples were related to the standard material (diluted
1:1000) using the following formula:
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Table 1

Frontal analysis data from small-scale packed-bed column chromatography of crude thrombin preraration with heparin—Sepharose and
heparin—LiChroprep Si60. In (A) data with commercial heparin—Sepharose (2.64 mg of heparin/ml of adsorbent) while in (B) data for the
adsorbent with end-point attached heparin on Sepharose CL-4B HS 5 (1.80 mg heparin/ml adsorbent) are presented. In (C) and (D), frontal
analysis data with the heparin-LiChroprep Si60 (HLC 19, 1.66 mg of heparin/ml of adsorbent) and HLC20 (1.73 mg of heparin/ml of

adsorbent) are shown

C, (U/ml) v, (] adsorbent) V (ml) V, (ml) U/ml of adsorbent Average U/ml of adsorbent

(A) Commercial heparin—Sepharose (2.64 mg of heparin/ml of adsorbent)

476 245 26.3 4.10 43 130 43 130

952 245 13.7 2.32 44 220 48 240 (£8.5%)"
245 14.5 2.12 48 110
193 12.2 1.58 52 390

(B) HS S (1.80 mg of heparin/ml of adsorbent)

952 196 593 1.45 21 760 21 760

(C) HLC 19 (1.66 mg of heparin/ml of adsorbent)

238 212 10.47 1.34 10 250 10 250

476 196 4.96 1.75 7 800 9720 (£22%)°
188 6.22 1.49 11 980
206 5.04 1.05 9220
206 5.42 1.14 9 890

952 236 4.29 2.10 8 830 8 740 (£14%)
206 3.58 1.44 9 890
206 3.75 2.13 7490

(D) HLC 20 (1.73 mg of heparin/ml of adsorbent)

238 231 12.14 1.23 11 240 11240

476 196 4.90 1.10 9230 9080 (*x1.6%)
196 4.85 1.17 8940

952 216 3.84 1.43 10 620 10 310 (£3.0%)"
216 3.78 1.51 10010

The capacities of the adsorbents for thrombin (U/ml of sorbent) at different inlet concentrations (C,) were determined based on the
adsorbent volume (v) and the breakthrough volumes for thrombin under adsorbing (V) and nonadsorbing (V,) conditions. Average capacities
at the different inlet concentrations are also shown as the average U/ml of adsorbent values.

* Where multiple experiments were carried out at the same inlet concentration with different bed volumes, the mean value of the U/ml
adsorbent for the combined experiments is shown.

RD, 578
R, 1000

U/ml =

(b

where R is the sample colour formation rate minus
the background rate, D, is the sample dilution and
R, is the standard colour formation rate minus the
background rate. Least squares regression analysis of
the assay data for the 578 U/ml thrombin standard
diluted between 1:500 and 1:20 000 indicated that
the standard curve was linear through this dilution
interval (r=0.9975). The lower sensitivity limit
using this assay system was determined to be 0.03 U
of thrombin/ml.

2.9. Preparation of affinity sorbents

The preparation of the heparin affinity adsorbents
involved a two-stage procedure as follows:

2.9.1. Amino-derivatisation of silica
y-Aminopropyltri-ethoxysilane (1.88 ml) was
added to freshly distilled toluene (300 ml). Fractosil
1000 (50 g) or LiChroprep Si60 (50 g), pre-dried
under high vacuum for 12 h at 180°C, was then
added. The suspension was sonicated for 1 min and
then refluxed for 12 h at 150°C. The aminopropyl-
derivatised silicas were washed with toluene (200
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ml) followed by isopropanol (150 ml) and finally
dried at 110°C.

2.9.2. Coupling of heparin onto amino-derivatised
silica.

Heparin (in the range of 10~200 and 50-1000
mg/g of silica for LiChroprep Si60 and Fractosil
1000, respectively) was dissolved in 0.2 M potas-
sium phosphate buffer, pH 7.0 (5§ mi/g of silica).
The dry aminopropyl-modified silica and NaCNBH,
were then added (0.1 mg NaCNBH,/mg of heparin).
The slurry was degassed for 5 min with careful
swirling, and then the mixture was allowed to react
at room temperature for 60-70 h with end-over-end
mixing using a rotary suspension mixer. The ad-
sorbents were washed on sintered glass funnels with
200 mM potassium phosphate buffer, pH 7.0, water
and 200 mM sodium acetate (40 ml of each per gram
of adsorbent), and then were suspended in 200 mM
sodium acetate (40 ml/g of adsorbent). Unreacted
amino groups on the modified silica surfaces were
acetylated by sequential addition of acetic anhydride
at 2 min intervals over 6 min (0.25 wl/mg sorbent,
four times) with vigorous stirring using a suspended
impeller. The pH during the acetylation reaction step
was kept at between pH 7 and pH 8 by titration with
5 M NaOH. The reaction was continued for an
additional 4 min after the last aliquot of acetic
anhydride had been added. The sorbent was finally
washed with 200 mM sodium acetate solution, pH 5
(40 ml/g of sorbent) and was stored at +4°C in the
same buffer.

2.10. Column chromatographic procedures

For these studies three different experimental
configurations were used, as follows:

2.10.1. Small-scale packed-bed column experiments

The heparin sorbents (0.2 ml) were packed into
Pharmacia HR 5/5 columns connected to an FPLC
system (Pharmacia). All solutions were filtered
through a 0.22-pum Millipore filter and degassed
prior to use. Duplicate runs were performed at 25°C.
The dialysed thrombin-containing feedstocks were
diluted to between 1:5 and 1:20 (v/v) in 10 mM
Tris—150 mM NaCl, pH 7.5, (equilibration buffer).
After washing the columns with equilibration buffer

(4 ml), the diluted crude thrombin solution (ex. batch
BO056 or the other batches) was applied to the column
at a flow-rate of 0.2 ml/min. In experiments where
recovery and the degree of purification were studied,
the columns were then washed with the equilibration
buffer (approx. 40 column volumes) until the A, in
the eluent fell to below 0.05 a.u.f.s. The adsorbed
material was eluted with 10 mM Tris—1.0 M NaCl,
pH 7.5, (elution buffer). Fractions (1 ml) were
collected throughout the runs and analysed for total
protein and thrombin content. Columns were regen-
erated using 10 mM Tris—500 mM NaCl, pH 8§, and
20 mM sodium acetate—-500 mM NaCl, pH 5.0.

2.10.2. Expanded-bed chromatography using
heparin—LiChroprep Si60.

The experiments were performed using 0.3 ml, 3.0
ml or 20 ml of settled adsorbent. In the 0.3 ml-scale
column experiments, a three-fold bed expansion of
the HL.C 20 adsorbent from 1.5 to 4.0 cm bed height
was obtained at a flow-rate of 0.22 ml/min (equiva-
lent to a linear flow velocity of 1.12 cm/min) in a
Pharmacia HR 5/5 column (I.LD. 5 mm). The 3
ml-scale column experiments were performed in a
Pharmacia XK 16/20 column (I.D. 16 mm). The
adsorbent (HLC 20) was expanded 2.7 times (from
1.5 to 4.0 cm bed height) at a flow-rate of 1.85
ml/min (equivalent to a linear flow velocity of 0.92
cm/min); 3.3 times at 2.75 ml/min (1.4 c¢cm/min
linear flow-rate) or was expanded five times at 4.2
ml/min (2.1 cm/min). For the 20 mi-scale column
experiments, the HLC 24 adsorbent was expanded
3.4 times (from 3.8 to 12.8 cm bed height) at a
flow-rate of 7.3 ml/min (equivalent to a linear
velocity of 1.4 cm/min) in a Pharmacia XK 26/60
column (I.D. 26 mm).

All solutions were filtered through a 0.22-um
Millipore filter and were degassed prior to their use.
Following equilibration in 10 mM Tris—150 mM
NaCl, pH 7.5 (equilibration buffer), the starting
material, e.g thrombin batch B995 (14 ml, 145 ml
and 1500 ml with column systems set up at the 0.3
ml, 3.0 ml and 20 ml scales, respectively), previous-
ly dialysed and diluted 1:5 in equilibration buffer,
was applied. After the adsorption, the columns were
washed with equilibration buffer until the A, of the
eluent reached a value <0.05 a.u.fs. and the ad-
sorbed material was then eluted with 10 mM Tris~
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1.0 M NaCl, pH 7.5 (elution buffer). Fractions (1 ml,
10 ml and 20 ml for the 0.3 ml-, 3.0 ml- and 20
ml-scale column systems, respectively) were col-
lected throughout these experiments. The columns
were regenerated with 10 mM Tris—500 mM NaCl,
pH 8 and pH 5. For longer periods of storage, the
column was washed with 200 mM sodium acetate
buffer, pH 5.0.

2.10.3. Expanded-bed chromatography using
heparin—Fractosil 1000.

Following equilibration, the settled HFS 13 ad-
sorbent (2 ml) was expanded three-fold (from 1.0 to
3.0 cm bed height) in a Pharmacia XK 16/20
column (I.D. 16 mm) at a flow-rate of 1.1 ml/min
(equivalent to a linear flow velocity of 0.55 cm/min).
The crude thrombin solution (175 ml of batch B998
that had been dialysed and diluted 1:5 in equilibra-
tion buffer) was then applied. Whilst still in the
expanded mode, the column was washed with
equilibration buffer until the A,;, of the eluent
reached a value <0.050 a.u.f.s. The flow was then
reversed and bound material was desorbed in pac-
ked-bed mode at a flow-rate of 0.5 ml/min with
elution buffer. Fractions (2 ml) were collected
throughout the experiments. Column regeneration
was performed as described in Section 2.10.1. A
schematic representation of the experimental set-up
is depicted in Fig. 1.

2.11. Evaulation of the adsorption data

Adsorption capacities were derived from frontal
analysis measurements as follows:

Eq. buffer

Fig. 1. Experimental arrangement for the expanded-bed experi-
ments for the adsorption of thrombin with the heparin-silicas.

2.11.1. Frontal analysis

Breakthrough curves were generated as described
previously [7,14]. Fractions collected during adsorp-
tion were analysed for thrombin content, generating
a breakthrough profile (Fig. 2 Fig. 3). The total
protein breakthrough curves, representing the void
and saturation volumes of the system, were de-
termined from the A,;, measurements. The total
protein breakthrough curves determined in this man-
ner for the optical density measurements under
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Fig. 2. Typical chromatographic profiles for the frontal analysis
and elution of thrombin on heparin—Fractosil 1000. The figures
show the breakthrough and elution profiles for the adsorption of
thrombin on the heparin-Fractosil 1000 (HFS 2 and HFS 3)
adsorbents using thrombin batch B995. Thrombin and total protein
profiles are indicated.
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Fig. 3. Frontal analysis—breakthrough curves for thrombin on
heparin—LiChroprep Si60, heparin—Fractosil 1000 and commer-
cial heparin—Sepharose. Breakthrough profiles for the adsorption
of thrombin on heparin-LiChroprep Si60 (HLC 19), heparin~
Fractosil 1000 adsorbents (HFS |-HFS 4, HFS 13) and commer-
cial heparin—Sepharose using thrombin batches B995 and B998
are shown.

adsorbing conditions were found to be identical to
the breakthrough volumes obtained under non-ad-
sorbing conditions. Breakthrough volumes were
calculated with the aid of a computer program that
had been specially designed for this purpose. In
order to allow direct comparisons between break-
through curves generated in the packed-bed and
expanded-bed modes, column volume differences
were normalised by specifying the accumulated
column output volumes in terms of U of thrombin/
ml of adsorbent in the following manner:

C,V
U/ml = (2)

sorbent v
S

where: C, is the initial thrombin concentration (U/
ml); V is the accumulated column output and volume
(ml); v, is the settled adsorbent bed volume (ml).

When comparing adsorbents of different heparin
contents, the accumulated column output volumes
were expressed in terms of U of thrombin/mg of
heparin:

cV

U/mgheparin = v.oh (3)

where C, is the thrombin activity in starting material
(U/ml), V is the accumulated column output volume
(ml), v, is the settled volume (ml) and A, is the
heparin content (mg/ml) of the adsorbent.

2.11.2. Determination of adsorption capacities
Adsorbent capacities were determined from the
following relationship:

cC V-V
ol G-V
v

S

4)

where C is the U of thrombin/ml of adsorbent, C is
the thrombin activity in the starting material (U/ml),
V is the breakthrough volume for thrombin (ml), V,
is the total protein breakthrough volume under either
adsorbing or non-adsorbing conditions (ml) and v, is
the settled adsorbent bed volume (ml). Binding
capacities in terms of mol thrombin/mol heparin
were then calculated as described elsewhere [7,9].
Heparin contents of the adsorbent used in these
experiments, specified in terms of settled adsorbent
volume, were determined using the dry weight-to-
settled volume ratios, as presented elsewhere [8].

2.12. Experimental configuration

The following three experimental configurations
were employed in these investigations:

2.12.1. Small-scale packed-bed column experiments
with heparin—LiChroprep Si60 and heparin—
Sepharose

Two heparin—LiChroprep Si60 sorbents (HLC 19
and HLC 20 of 25-40 and 40-63 um particle size,
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respectively) were compared with commercial
heparin—Sepharose and a previously prepared HS 5
heparin—Sepharose adsorbent [8], by frontal analysis
on a Pharmacia FPLC system using three different
dilutions (1:5, 1:10 and 1:20) of thrombin batch
B056 as the crude starting material. The generated
data are shown in Table 2.

2.12.2. Small-scale packed-bed column experiments
with heparin—Fractosil 1000 and heparin—
Sepharose

The chromatographic performance of the different
heparin—Fractosil 1000 sorbents was studied using
thrombin batches B995 and B998 diluted 1:5 in 10
mM Tris—150 mM NaCl, pH 7.5, as the starting
materials. Thrombin batch B995 was used with the
HFS 1-HFS 4 adsorbents, and thrombin batch B998
was used with the HFS 2 and HFS 13 adsorbents and
with commercial heparin—Sepharose. The experi-
ment with the HFS 2 adsorbent using thrombin batch
B998 was performed for comparison. In order to
operate in overload mode for the frontal analysis,
much larger volumes of thrombin material were
required with the heparin—Fractosil 1000 adsorbents

than with the heparin—-LiChroprep Si60 adsorbents,
due to the greater capacities of the heparin—Fractosil
1000 adsorbents. The capacities determined were
also compared with the amount of thrombin re-
covered on elution.

2.12.3. Expanded-bed chromatographic
experiments

Both the low-capacity heparin—LiChroprep Si60
and the high-capacity heparin—Fractosil 1000 sor-
bents were tested in expanded bed chromatographic
experiments. The heparin—LiChroprep Si60 adsor-
bents of 40-63 um particle size (HLC 20 and HLC
24) were employed using 0.3 ml and 3 ml settled
adsorbent (HLC 20) or 20 ml settled adsorbent (HLC
24). The heparin—Fractosil 1000 (HFS 13) adsorbent
was studied at a 2.0-ml scale. Flow-rates were
chosen in order to obtain approximately a three-fold
bed expansion in each case. In the 3 ml-scale
experiments with the HLC 20 adsorbent, the effect of
bed expansion was also studied by using three
different flow-rates. Due to the relatively low capaci-
ty of the HLC 20 sorbent, it was possible to employ
frontal analysis procedures at the larger scales.

Table 2
Binding capacity data for packed-bed chromatographic measurements
Adsorbent Heparin content Thrombin batch ~ Frontal analysis Elution

(mg/ml of adsorbent) U T/ml of adsorbent mol T/mol H Recovery (%) Purification factor
Comm HS 2.64 B056 45 680 (*£13.6%) 2.72 659 10+0.5
HS 5 1.80 21760 1.90 92+8 8+1.3
HLC 19 1.66 9570 (£10.8%) 0.92 89+13 6+1.8
HLC 20 1.73 10 210 (=10.2%) 0.93 91+9 12225
HFS 1 0.83 B995 18 000 (*2.6%) 341 79%3 12+1.0
HES 4 248 51610 (£12.8%) 3.26 96+15 13+2.4
HFS 2 4.56 92 040 (=10.7%) 3.17 102+6 14x1.4
HFS 3 7.08 129 900 (*£7.5%) 2.88 100£1 1322
HES 2 4.56 Subsaturating conditions 102 13
HFS 2 4.56 B998 76 390 2.63 86 19
HFS 13 3.89 65990 (£1.2%) 2.67 90+10 20x3.7
Comm. HS  2.64 45290 (£11.7%) 2.70 67+3 1903

Capacities of the heparin sorbents for thrombin as determined through frontal analysis are shown expressed in U/ml of sorbent and in molar
terms (mol T/mol H). The recovery of thrombin in desorbed material, relative to total applied thrombin is designated ““% recovery”. The
degree of purification (specific activity of desorbed thrombin relative to the specific activity in applied material) is shown in column 7.
Variations (S.E.M.) between replicate runs are given in % for frontal analysis capacity data and in absolute numbers for recoveries and
purification factors. Comm HS = commercial heparin—Sepharose. HLC=heparin—-LiChroprep Si60. HFS = heparin—Fractosil 1000.

T=thrombin. H = heparin.
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The above procedures therefore offered an oppor-
tunity to determine the column capacity of this
adsorbent in a scaled-up expanded-bed situation.
These measurements were followed by determination
of recovery (relative to the capacity determined
through frontal analysis) and the degree of purifica-
tion of the eluted material, through total protein and
thrombin assays. Heparin—Fractosil 1000, on the
other hand, had a capacity far greater than that of
heparin—~LiChroprep Si60, and was therefore tested
under subsaturating conditions at the 2 ml-scale.
With this heparin adsorbent, the performance was
studied in terms of recovery (relative to the amount
of applied material) and degree of purification of the
recovered thrombin.

3. Results and discussion

3.1. Packed-bed chromatographic fractionation of
crude thrombin preparations using the heparin—
LiChroprep Si60 adsorbents

A lower ligand binding site accessibility for
thrombin with heparin—LiChroprepSi60 adsorbents
compared to the commercial heparin—Sepharose has
been demonstrated previously with batch adsorption
experiments [9]. This trend was also apparent in the
packed-bed chromatographic experiments carried out
as part of the present study (cf. Table 1 and Fig. 3a
Fig. 4a). As seen from Table 2, the binding stoichi-
ometries (mol T/mol H), using the thrombin batch
B056 with the HLC 19 and HLC 20 adsorbents, were
only one third of the stoichiometry values obtained
with the commercial heparin~Sepharose. Since the
heparin content of the commercial heparin-Sepha-
rose was 36% lower than that of the heparin-Li-
Chroprep Si60 adsorbents, this result demonstrates a
ca. nine-fold greater binding site accessibility with
the commercial soft gel heparin adsorbent. For a
more direct comparison, a laboratory-prepared
heparin—Sepharose (HS 5), having similar heparin
content as the HLC 19 and HLC 20 adsorbents, was
also included in the study. With this heparin—Sepha-
rose adsorbent, the heparin had been immobilised
through reductive amination onto epoxy-activated
Sepharose CL-4B [15]. The binding stoichiometry
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Fig. 4. Frontal analysis—breakthrough curves for thrombin with
heparin—Fractosil 1000 under subsaturating conditions. Thrombin
batch B995S was applied to a column containing the heparin—
Fractosil HFS 2 adsorbent as described in the text. The amount of
starting material was chosen in order to operate well within the
column adsorption capacity. Breakthrough and elution profiles for
thrombin and total protein are indicated.

value with this soft gel heparin adsorbent was found
to be considerably higher than that obtained with the
heparin~LiChroprep Si60 adsorbents, indicating that
the differences in capacity were not associated with
the reductive amination procedure for heparin im-
mobilisation per se, or with the nature of the heparin
batch. Binding site accessibilities for LiChroprep
Si60-based adsorbents, similar to those obtained for
the commercial heparin—Sepharose, could however
be achieved when lower heparin contents were
introduced onto this silica-based adsorbent. This
approach, however, lead to very low capacities in
terms of U of thrombin/ml of adsorbent.

3.2. Packed-bed chromatographic fractionation of
crude thrombin preparations using heparin—
Fractosil 1000 adsorbents

3.2.1. Application of saturating conditions with the
heparin—Fractosil 1000 adsorbents

With a larger accessible surface area at the same
ligand densities, higher binding stoichiometries (mol
T/mol H) were anticipated with the heparin—Frac-



154 M. Bjérklund, M.T.W. Hearn | J. Chromatogr. A 743 (1996) 145-162

tosil 1000 adsorbents than with the heparin—Li-
Chroprep Si60 adsorbents. As evident from Fig. 3b
Fig. 4b and the results listed in Table 2, the binding
stoichiometries for the HFS 2 and HFS 13 adsorbents
were 2.63 (£10%) and 2.67 (%£1.2%) mol T/mol H,
respectively, using thrombin batch B998. These
values were similar to the binding stoichiometry of
2.70 (x11.7%) obtained with commercial heparin—
Sepharose. As well as having similar ligand acces-
sibilities, these three silica-based heparin adsorbents
also displayed similar efficiencies for the purification
of thrombin; namely 18.4-, 19.9- and 18.4-fold
purification factors, respectively. Since the syntheses
of these HFS 2 and HFS 13 adsorbents were based
on an aqueous and an anhydrous silylation procedure
for amination, respectively [8], the similar results
with these two adsorbents furthermore demonstrated
that, for these purposes, the choice of activation and
immobilisation chemistry was not critical to ad-
sorbent performance.

Binding stoichiometries obtained with the com-
mercial heparin—Sepharose were practically identical
regardless of whether thrombin batch B056 or B998
was used (2.72 mol T/mol H (£13.6%) and 2.70
mol T/mol H (£11.7%), respectively). The HFS 2
and HFS 13 data could therefore be directly com-
pared with the data obtained with the heparin-Li-
Chroprep Si60 adsorbents. Thus, the binding stoi-
chiometries (and therefore the binding site acces-
sibilities) obtained with the HFS 2 and HFS 13
adsorbents were approximately three times higher
than found with the HLC 19 and HLC 20 adsorbents.
This increased accessibility was obtained despite the
considerably higher heparin content, in terms of the
amount of heparin (mg)/ml of adsorbent on the
heparin—Fractosil 1000 adsorbents, which could
potentially lead to a reduced binding site accessibili-
ty through steric crowding effects.

As evident from the data shown in Table 2, the
binding stoichiometries (similar in value to that
found for the commercial heparin—Sepharose) only
decreased marginally with a gradually increased
ligand density from 0.83 mg of heparin/ml to 7.08
mg of heparin/ml of adsorbent. In particular, the
access of thrombin to the ligand binding-sites was
effectively unrestricted with these adsorbents, in the
range of heparin contents of between 4-5 mg of

heparin/ml of adsorbent. Although the lower stoi-
chiometry observed with the HFS 3 adsorbent (2.88
mol T/mol H) indicated that the accessibility to
some thrombin-binding sites on the immobilised
heparin molecules had become restricted at a heparin
content of 7.1 mg of heparin/ml of adsorbent, the
overall decrease in binding stoichiometry (mol T/
mol H) was only 15% compared to a ca. seven-fold
increase in heparin content (from 0.83 to 7.1 mg of
heparin/ml of adsorbent).

These results suggest that a heparin content of
around 4 mg of heparin/ml of adsorbent on heparin—
Fractosil 1000 (representing on average 0.05 pmol
of heparin/m®) would be an optimal value with
regards to the capacity and utilisation of the binding
sites present on the immobilised sulphated polysac-
charide ligands. However, with lower ligand den-
sities, a shift in the position of the breakthrough
curve can be anticipated, as evident from the results
shown in Fig. 3, with thrombin batches B056, B995
and B998, respectively.

A significant difference in the binding stoichiome-
try with the heparin—Fractosil 1000 adsorbents was
observed when different batches of thrombin were
used. For example, the binding stoichiometry of the
HFS 2 adsorbent was 3.17 (£10%) mol T/mol H
with batch B995, but only 2.63 (*+10%) mol T/mol
H with batch B998 (Table 2). These two thrombin
batches had specific activities of 153 (*16%) and
95.2 (*20%) U/mg respectively. The binding
stoichiometries were thus proportional to the specific
activities of the starting materials. The capacity
variations could therefore be explained either by a
larger amount of other protein species competing
with thrombin for the binding sites on the immobil-
ised heparin, or be due to the presence of non-
functional thrombin lacking amidolytic activity (and
therefore not being detected in the enzyme assay). In
practical terms, the overall capacities (in terms of
U/ml of adsorbent) with some heparin—Fractosil
1000 adsorbents significantly surpassed that of the
commercial heparin—Sepharose. As an example, the
heparin—Fractosil 1000 with the highest heparin
content (HFS3) had a thrombin capacity of ca.
130 000 U/ml of adsorbent. This value was approxi-
mately three times higher than that obtained with the
commercial heparin—Sepharose.
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3.2.2. Subsaturating conditions with a heparin—
Fractosil 1000 adsorbent

In order to verify the capacity determinations
made with frontal analysis, column experiments were
performed with the HFS 2 adsorbent under sub-
saturating conditions, using thrombin batch B995.
The capacity of the HFS 2 adsorbent was determined
in preliminary studies to be ca. 92000 U/ml of
adsorbent from frontal analysis measurements using
a 1:5 dilution of batch B995 (Table 2). The break-
through profile indicated that the column was begin-
ning to saturate after approximately 20 ml of the
feedstock had been loaded onto the bed (see Fig. 3a).
A 1:5 dilution of thrombin batch B995 (19.5 ml) was
therefore applied onto the packed-bed column with
the heparin—Fractosil HFS 2 adsorbent (0.225 ml).
This applied amount was chosen in order to operate
within the range of the column capacity, and thus
minimise breakthrough losses. A chromatographic
profile is shown in Fig. 4 and the recovery data are
given in Table 2.

As can be seen from Fig. 4, the thrombin con-
centration at the column outlet had only reached
approximately 9% of the C, value at the end of the
loading step. The column was thus operating well
within its total binding capacity. In total,
14 8101350 units of thrombin were recovered.
Since 14 6001400 units had been applied to the

packed bed, this value is indicative of (nearly)
complete recovery of the applied material. Losses in
the dropthrough can thus be considered insignificant,
even though the amount of thrombin applied was
theoretically very close to the maximum capacity
value of this adsorbent. In total, 65820 U of
thrombin/ml of adsorbent were adsorbed in this
experiment, representing a 71.5% saturation of the
column. Furthermore, the specific activity of the
eluted thrombin material was similar to that obtained
when operating in the overload mode, namely 1629-
1876 U/mg.

3.3. Expanded-bed column chromatographic
fractionation of crude thrombin preparations using
heparin—Lichroprep Si60 adsorbents

Capacity determinations, based on frontal analysis
data for the adsorption of thrombin onto the ex-
panded heparin—-LiChroprep Si60 adsorbents, are
shown in Table 3, together with thrombin recoveries
based on the elution data. Average values for repli-
cate runs expressed in U/ml of adsorbent and
binding stoichiometries (mol T/mol H) are summa-
rised in Table 4. As evident from these tables, the
thrombin capacities of the adsorbents found by
frontal analysis were similar to the thrombin re-
covery values found in the desorbed fractions. Thus,

Table 3

Frontal analysis data for heparin—LiChroprep Si60 in expanded-bed mode

Scale (ml) Bed C, 14 v, Capacity Recovery
expansion (U/ml) (ml) (ml) (U/ml of adsorbent) (U/ml of adsorbent)

0.3 2.60 1056 5.41 2.21 11 260 11320
2.61 685 5.70 2.15 8110 9190
(two runs) 756 6.55 2.15 11090 9 300

30 2.67 621 71.6 18.1 11070 11820
(two runs) 723 77.6 18.8 14 170 10 030
3.33 753 58.8 17.2 10 440 11 600
(two runs) 842 51.3 16.8 9 680 11 560
5.00 777 72.0 28.8 11190 9 800
(two runs) 723 44.0 24.2 4770 9 680

20 341 1034 783 85.2 36 080 35260

Capacities of the HLC 20 and HLC 24 adsorbents for thrombin on three scales were determined by frontal analysis. The capacities of the
adsorbents for thrombin (U/ml of sorbent) at different inlet concentrations (C,) were determined based on the adsorbent volume and the
breakthrough volumes for thrombin under adsorbing (V) and non-adsorbing (V) conditions. The recovery of thrombin in the desorbed
fractions, relative to the adsorbent volume is shown in the last column. HLC 20 (1.70 mg of heparin/ml of adsorbent) was used in the 0.3
and 3.0 ml scales; in the 20 ml scale HLC 24 (2.50 mg of heparin/ml of adsorbent) was used.
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Average capacities derived from frontal analysis experiments with expanded-bed adsorption of thrombin on heparin—LiChroprep Si60 at

different scales

Scale Bed Frontal Elution
(mD) expansion U/ml of sorbent mol T/mol H U/ml of sorbent mol T/mol H
0.3 2.61 9 600+ 15.5% 0.87 9 250+0.6% 0.84
3.0 2.67 12 620£12.2% 1.1 10 930+8.2% 0.99
3.33 10 060+3.8% 0.92 11 580+0.2% 1.0
5.00 7 980+4.0% 0.72 9740+0.6% 0.89
20 341 36 080 2.2 35260 22

Average binding capacity values (U/ml of sorbent) are compared with recoveries in eluted material.
The values have also been converted to molar values (mol T/mol H) to demonstrate stoichiometries in the interactions.

the average capacity of HLC 20 (a heparin—LiChro-
prep Si60 adsorbent containing 1.70 mg of heparin/
ml of adsorbent) for thrombin in the 0.3 and 3.0 ml
column volume scale was 10 060 U/ml of adsorbent,
as compared to an average recovery of 10 370 U/ml
of adsorbent. These values represent binding stoich-
iometries of 0.91 (*+23%) and 0.94 (£11%) mol
T/mol H, respectively. Furthermore, the binding
capacities were similar to values obtained with the
HLC 20 adsorbent in packed-bed experiments:
102 102 (+=10%) U/ml (see Table 2, column 4).

3.3.1. Packed- and expanded-bed mode operation
with the heparin—LiChroprep Si60 adsorbents

The experimental evaluation of the HLC 20
adsorbent was carried out in both the packed- and
expanded-bed modes in Pharmacia HR 5/5 columns
using thrombin batch B056. As evident from the
breakthrough curves in Fig. 5, representing the
packed-bed and expanded-bed separations, the ad-
sorbent performed similarly in these two modes. The
binding capacity determinations from the frontal
analyses were thus 10210 and 11260 U/ml of
adsorbent in the packed-bed and expanded-bed
mode, respectively (Tables 2,3). These values can be
considered as equivalent when the experimental
errors in the system are taken into account.

3.3.2. Scale effects with the heparin—LiChroprep
Si60 adsorbents

Breakthrough curves generated using the HLC 20
adsorbent at the 0.3 ml-, 3.0 ml- and 20 ml-scale are
shown in Fig. 6. As evident from Fig. 6, a difference
in the binding capacity existed between the 20 ml-
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Fig. 5. Comparison between the packed-bed and expanded-bed
breakthrough curves for the adsorption of thrombin on the HLC
20 adsorbent. Frontal analysis using thrombin batch B056 diluted
1:5 was performed in packed-bed and expanded-bed mode, as
described in the text. The accumulated volumes in the break-
through curves have been expressed in terms of U of thrombin/ml
of adsorbent.
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Fig. 6. Influence of column scale-up on the shape of the
breakthrough curve with heparin-LiChroprep Si60 in expanded
beds. Frontal analysis using thrombin batch B056 diluted 1:5 was
performed in expanded-bed mode on 0.3, 3.0 and 20 ml scales, as
described in the text. Accumulated volumes in the breakthrough
curves have been expressed in terms of U of thrombin/mg of
heparin.
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scale and the two smaller scales. This difference is
further evident from the results tabulated in Tables
3,4, with an approximately three-fold increase in
adsorption capacity when at the 20 ml-scale. This
frontal analysis capacity determination was con-
firmed by the recovery data (Table 4). These results
thus confirm a significant scaling effect from the 3-
to the 20-ml column system. No such change in
capacity was observed when the same adsorbents
were used in an analogous manner at the 0.3- and the
3.0-ml column scale. The adsorption capacity with
the 20 ml column scale indicated a ligand binding-
site accessibility that was similar to that observed
with heparin—Sepharose and heparin—Fractosil 1000
in packed-bed experiments (Table 2). One possible
explanation for this capacity increase is that the flow
patterns with these larger column dimensions are
more advantageous than in the smaller columns.

3.3.3. Effect of bed expansion with the heparin—
LiChroprep Si60 adsorbents

The performance of the HLC 20 adsorbent in the
3.0 ml scale was studied at three different levels of
bed expansions, by applying different flow-rates.
Breakthrough curves at these bed expansions are
shown in Fig. 7. Accumulated column output vol-
umes are expressed in terms of U of thrombin/ml of
adsorbent, as described in Section 2. Although the
breakthrough profiles were similar at the different
levels of bed expansion, a tendency towards less
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Fig. 7. Effect of bed expansion on the shape of the breakthrough
curves with expanded-bed heparin—LiChroprep Si60 using 3.0 ml
of adsorbent. Frontal analysis using thrombin batch B056 diluted
1:5 was performed in expanded-bed mode on the 3.0 ml scale, as
described in the text. Three different flow-rates, resulting in 2.67,
3.33 and 5.0-fold bed-expansions, were used.

sharp breakthroughs with increased bed expansion
was evident. The adsorption capacities, however,
shifted towards lower values with greater bed expan-
sion as seen in Table 4.

3.4. Expanded-bed column chromatographic
fractionation of crude thrombin preparations using
heparin—Fractosil 1000 adsorbent

In a production situation, columns are rarely
operated in the complete overload mode, since the
starting material is usually valuable. In order to
minimise breakthrough losses, the adsorption is
therefore terminated before the maximum column
capacity is reached. The high-capacity heparin—Frac-
tosil 1000 adsorbent (HFS 13) was tested under such
subsaturating conditions in a 2 ml-scale expanded-
bed system. Experiments were performed at the level
of a yield of 50 000 units of thrombin per run. The
capacity of the HFS 13 adsorbent for thrombin from
batch B998 had been earlier determined to be 66 000
U/ml of adsorbent from packed-bed adsorption
studies. In order to operate well below the maximum
capacity of this adsorbent, thrombin batch B998,
containing 1638 U of thrombin/ml (35 ml, diluted
1:5), was therefore applied per run on 2 ml of
adsorbent (total capacity 130 000 units). Under these
conditions, approximately 18% saturation was
reached during the adsorption step. The recovery
data indicated that, at this saturation level, the
recovery of the bound thrombin from the crude
sample was 91*+7%, with an average specific activi-
ty of the product of 1840+16% and an average
purification factor of twenty-fold. The results thus
indicated that conditions for maximum yield (mini-
mal breakthrough losses) could be accurately chosen,
based on the capacity determinations for the
heparin—Fractosil 1000 adsorbent.

Good reproducibility between runs was also ob-
served, with the purification factors for the thrombin
activity being slightly higher in these repeated runs
than the values earlier achieved with the packed-bed
experiments. Due to the high capacity of this type of
affinity adsorbent, relatively small expanded beds
should thus be sufficient for the recovery of thrombin
and for a wide range of other purification applica-
tions.
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3.5. Recoveries and purification factors

Since the expanded-bed heparin—LiChroprep Si60
experiments were performed in the overload mode,
recoveries were calculated as the ratio of desorbed
material to the amount bound (determined through
frontal analysis measurements). These values, shown
in Table §, indicate almost complete recoveries when
the experimental errors in the system are taken into
account. The recoveries with heparin—Fractosil 1000
adsorbents were slightly smaller. This difference
was, however, linked to the nature of the calcula-
tions, since the heparin—Fractosil 1000 experiments
were performed under subsaturating conditions, and
recoveries in those cases were calculated relative to
the amount of thrombin applied.

As seen from a comparison of Tables 2 and 5, the
purification factors in the expanded-bed system
closely reflect values achieved in packed-bed experi-
ments using the different thrombin batches. Thus,
thrombin was purified 9.25-fold (£1.7) from batch
B056 using the HL.C 20 adsorbent in expanded-bed
mode, compared to 10-fold (*+0.5) using the com-
mercial heparin—Sepharose in packed-bed mode.
Under conditions of bed saturation or deliberate
overload, thrombin was purified between 13.7- and
15.4-fold from batch B995 using the HLC 20 and
HLC 24 adsorbents in expanded-bed mode, com-
pared to between 11.4- and 14.1-fold using the HFS
1-HFS 4 adsorbents in the packed-bed mode, where-
as thrombin was purified 17-fold (*£6.3) from batch

B998 using the HFS 13 adsorbent in expanded-bed
mode and was purified 19.9-fold (£3.7) in packed-
bed experiments using the same adsorbent. The
degree of purification was thus dependent on the
specific activity of thrombin in the starting material,
rather than on the nature of the adsorbent used in
both the packed-bed and the expanded-bed systems.

Comparison of the specific activities of thrombin
purified with packed-bed or expanded-bed chromato-
graphic systems using these new immobilised
heparin silica-based adsorbents revealed that the
purities achieved with the specific heparin affinity
chromatographic systems prepared in this laboratory
corresponded extremely favourably, and in many
cases considerably exceeded, the purities achieved in
multi-step isolations reported by other investigators
with heparin—agarose adsorbents [2,5,16,17].

3.6. SDS-PAGE analyses

Samples of the purified fractions from the various
experiments were concentrated five-fold and ana-
lysed, together with starting material, on 10-15%
gradient SDS—polyacrylamide gels as described in
Section 2.5. Shown in Fig. 8 is a representative
SDS-PAGE result for the non-reduced samples of
the eluted peak fractions from the expanded-bed
purification of thrombin with the heparin—Fractosil
1000 (HFS 13, run 3, lane 2) with the corresponding
starting material in lane 3. The extent of purification
of thrombin achieved with an expanded heparin—

Table 5
Recovery and purification factors in the expanded-bed mode of thrombin with heparin—LiChroprep Si60 and heparin—Fractosil 1000
adsorbents
Sorbent Thrombin batch Scale (ml) Bed expansion Recovery Purification
(%) (peak fraction)

HLC 20 B056 03 2.60 100 93%1.7
HLC 20 B995 2.61 99+15 154+34

3.0 2.67 8918 13.4%36

3.0 3.33 115+4 154%82

3.0 5.00 14558 147+3.1
HLC 24 20 3.41 98 13.7x18
HFS 13 B998 2.0 17.0%6.3

3.0 90.2+7.1

Recoveries are expressed as a percentage of the capacity determinations for heparin—LiChroprep Si60 (HLC) sorbents and as a percentage
of the applied thrombin amounts for heparin—Fractosil 1000 (HFS). The degree of purification (specific activities of desorbed thrombin in
peak fractions relative to the specific activity in applied material) is shown in the last column. Error ranges represent the variations between

runs.
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Fig. 8. SDS-PAGE results for the thrombin material purified with
the heparin—Fractosil 1000 and heparin-LiChroprep Si60 ad-
sorbents following expanded-bed runs. Samples (0.2 mg) of the
crude thrombin feedstock (batches B995 and B998) and the
thrombin purified using the expanded-bed mode with the HFS 13
and HLC 20 adsorbents were analysed by SDS-PAGE with
protein bands visualised using a silver-staining procedure. A
mixture of bovine serum albumin (M, 68 000), ovalbumin (M,
43 000), carbonic anhydrase (M, 29 000), myoglobin (M, 17 300)
and cytochrome ¢ (M, 11 700) was used as the molecular mass
standards. Key: (1) M, standards; (2) HFS 13—B998: run 3, eluted
pool fraction; (3) HFS 13-B998: run 3, S/M; (4) M, standards;
(5) HLC 20-B995: S/M; (6) HLC 20-B995: eluted pool fraction;
(7) HLC 20-B995: run 2, eluted fraction 4; (8): M, standards.

LiChroprep Si60 (HLC 20, bed expansion 5.0, run 2)
is shown with purified material in lanes 6 and 7 and
starting material in lane 5. In particular, the intensely
staining contaminating band at ca. M, 16 000 present
in the starting material is almost completely absent in
the purified samples, regardless of which thrombin
batch or heparin affinity adsorbent was used. A wide
range of other high molecular mass material was also
completely removed. An intensely staining band at
M_ 37000 in the purified material corresponds to
thrombin. There are however other minor bands of
lower molecular mass present, most notably bands at
M_ 25800 and 12 800. The abundance of these
bands parallels the specific activities in the purified
material. As evident from Fig. 8, the M, 25 800 band
is more prominent relative to the thrombin band in
lane 2 than in lane 7. Lane 2 contains thrombin
which was affinity purified from batch B998 on the
HFS 13 heparin—Fractosil adsorbent, whilst lane 7
contains thrombin purified from batch B995 on the
HLC 20 heparin—LiChroprep adsorbent. These

purified materials had the specific activities 1590 and
2560 U/mg, respectively.

Similar SDS—PAGE results were also obtained for
non-reduced samples of purified thrombin obtained
with the packed-bed column experiments using
heparin-Fractosil 1000, with no major variations in
band composition in replicated experiments. Also
evident in these SDS—-PAGE patterns, which were
independent of the adsorbent or thrombin batch used,
was a band with a M, of 34 500 that was close to the
thrombin band and may be tentatively identified as
non-functional y-thrombin [18,19]. Similar results
were also obtained when a sample of thrombin was
affinity-purified on expanded heparin—LiChroprep
Si60 (HLC 20, bed-expansion 5.0, run ). For
example, under reducing and non-reducing condi-
tions, the SDS-PAGE results of the eluted peak
confirmed that the M, 37 000 band was replaced by a
M_ 31000 band on reduction of the recovered
fraction with B-mercaptoethanol. This change in
apparent molecular mass corresponds well with the
molecular mass of the B-chain of thrombin, M,
32 500, showing that the two chains migrate in-
dependently under these conditions.

These lower-molecular-mass bands in the more
highly purified samples may represent breakdown
products of thrombin. Thrombin is known to be
autolytic [18,20]. As evident from the SDS—PAGE
experimental results, the extent of self-digestion
becomes more prominent as the purity of the sample
increases. Boissel et al. [18] identified 8-thrombin as
an autolytic derivative of a-thrombin, resulting from
two cleavages at Arg®” and Arg” in the B-chain, and
the B- to +y-thrombin conversion caused by the
additional loss of a fragment of the B-chain extend-
ing from residues Ile'** to Lys'’*. Thrombin con-
tains 21 arginine residues, some of which are highly
surface accessible. These sites include Arg'®® and
Arg®'®, with cleavage at these amino acid residues
generating a mixture of fragments, with molecular
masses of 13 300, 23 700, 13 800, 9900 and 27 000,
respectively. These fragments could possibly be
represented as the lower molecular mass bands seen
in the SDS-PAGE analyses. Since heparin is a
multifunctional ligand, it is however also possible
that these bands could represent other proteins that
co-elute with thrombin under the experimental con-
ditions used. Further investigations to identify the
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molecular nature of these components will be desci-
bed elsewhere [21].

4, Conclusions

The performance of a range of heparin—silica
adsorbents, prepared by end-group attachment of
heparin to aminopropyl-derivatised silicas, has been
evaluated using human plasma fractions containing
thrombin. These affinity adsorbent were compared
with a commercial soft gel heparin adsorbent,
heparin—Sepharose, in packed-bed column chroma-
tography experiments. The rigid silica-based heparin
adsorbents were further evaluated in expanded-bed
column applications. The data from the packed-bed
and expanded-bed column experiments can be direct-
ly compared to batch equilibrium adsorption data
described elsewhere [9]. Adsorption capacities at
high thrombin concentrations, determined through
batch equilibrium adsorption studies, were verified
by the present experiments based on frontal analysis
methods. These current experiments further yielded
information regarding the recovery and purification
efficiencies. Recoveries with these heparin—silicas
were close to 100%, indicating that very little
irreversible adsorption of thrombin occurred with
these adsorbents.

The results using subsaturating amounts of throm-
bin-containing feedstock with the large pore HFS 2
adsorbent showed that accurate predictions of col-
umn performance could be made based on the
binding capacities derived from batch adsorption and

Table 6

frontal analysis experiments. These results from the
packed-bed chromatographic applications with the
rigid silica-based heparin affinity adsorbents confirm
that the characteristics of high capacity, ligand
accessibility and specificity can be introduced into
amino-derivatised silicas through reductive amina-
tion and directed end-point attachment methods via
the aldehyde group of heparin.

Based on the data from packed-bed experiments,
the rigid adsorbents were then examined in expan-
ded-bed column chromatography systems. Chro-
matographic experiments in expanded-bed mode
were performed on three different scales with the
heparin-LiChroprep Si60 adsorbent, and on a single
scale with the heparin—Fractosil 1000 adsorbent. In
experiments with heparin-LiChroprep Si60 adsor-
bents, expanded-bed frontal analysis and elution data
were found to be similar to results obtained in
packed-bed experiments. Expanded-bed experiments
with the high-capacity heparin-Fractosil 1000 ad-
sorbent were performed under subsaturating con-
ditions, thus simulating larger scale production situa-
tions. On this scale, the results on the yield and
purification could be anticipated on the basis of the
earlier packed-bed column experiments performed on
a ten-fold smaller scale. Enzyme activity measure-
ments and SDS—-PAGE analysis confirmed the high
degree of purification of thrombin that could be
obtained with this single heparin-affinity step.

The stoichiometries (mol of thrombin/mol of
heparin), determined through batch and column
experiments and summarised in Table 6, indicate that
the values determined by batch adsorption measure-

Interaction stoichiometries (mole thrombin/mole heparin) based on the comparison between the batch/column data

Sorbent Batch data Column data

(high concentration range) Packed bed Expanded bed
Commercial 1.81+12% (B998) 2.72+14% (B056) Not applicable
heparin-Sepharose 2.70=12% (B998)
HLC 19 1.55%£11% (B995) 0.92x11% (B056) Not determined
HLC 20 1.51+4% (B995) 0.94+10% (B056) 0.94=8% (B995)*
HFS 13 2.37*5% (B998) 2.67x1% (B998) Not determined

Variations (S.E.M.) in the ratio of mole T/mole heparin between chromatographic replicate runs and between replicates in batch-adsorption

experiments are shown.
X =average of 0.3 and 3.0 ml scale.
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ments were generally slightly lower than those
obtained with the packed-bed systems using the HFS
13 (heparin—Fractosil 1000) adsorbent, a trend that
was even more pronounced with the commercial
heparin—Sepharose. The opposite trend was found
for the heparin-LiChroprep Si60 adsorbents, with a
lower capacity being obtained with the packed-bed
determinations. These trends coincide with the dif-
ferences in the relative porosity of the adsorbents;
Sepharose and Fractosil 1000 are both macroporous
materials (i.e. pore size =1000A), whilst LiChro-
prep Si60 is a meso-porous material (pore-size 60A).
Pore-diffusion effects will thus contribute to these
capacity/stoichiometry differences and apparent K,
effects.

The influence of mass-transfer resistance effects,
such as pore diffusion, on the adsorption kinetics
with dye affinity and ion-exchange adsorbent has
been investigated previously in this laboratory [22~
24] and similar effects were noted. For example,
these earlier studies have shown that higher binding
capacities could be achieved in batch equilibrium
adsorption (“‘bath”) experiments for the binding of
lysozyme and human serum albumin (HSA) to dye
affinity ligands immobilised to silica than those
found with frontal analysis experiments. The oppo-
site trend (a higher capacity value determined by
frontal analysis) was however found with the ad-
sorption of HSA to Trisacryl GF 2000 dye affinity
adsorbent at low ionic strength. It can thus be
concluded from the present study, as well as from
these earlier studies, that equilibrium is expected on
the basis of stochastic arguments to be reached more
rapidly with the non-porous and mesoporous ad-
sorbents than with the macroporous adsorbents,
where restricted diffusion of the solute molecules
within pores can occur. Secondary surface rearrange-
ments, or reorientation of the adsorbed proteins, may
also be a factor resulting in prolonged equilibrium
times with porous as well as non-porous adsorbents
[23], or with adsorbents in which the pores are lost
through ligand immobilisation. Data obtained in the
present investigations with the mesoporous HLC 19
and HLC 20 adsorbents and thrombin-containing
feedstocks thus are largely consistent with our
findings [22] on the interaction between proteins and
other types of small pore and non-porous affinity
adsorbents.
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