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Abstract

Adsorption of proteins on polymer material plays an important role in a number of fields, particularly in separation of biomolecules by
chromatographic methods. The work reports here the synthesis of modified cross-linked polystyrene gel beads as a stationary phase in liquid
chromatography for the purification of factor IX. Suitable chemical groups, such as sulfonate which confer this polymer heparin-like adsorbing
property, were grafted on the aromatic ring of the hydrophobic matrix. This functional group was chosen on the basis of the biospecific molecular
interactions between factor IX and its ligand particularly heparin in such manner to enhance its binding ability and efficacy. Adsorption of factor
IX on to this functional polymer was performed under physiological conditions according two modes: non-competitive adsorption (adsorption of
factor IX alone) and competitive adsorption (adsorption of factor IX in the presence of another vitamin-K dependent coagulation factors). The
adsorbed factor IX content at the interface allows to establish the chemisorption isotherm curves. The adsorption rate in both cases was found to be
significantly high and the affinity constants, estimated by the Langmuir model, were: 4.7×108 and 4.1×108 l/M respectively. Affinity
chromatography on column using this functional polymer as a stationary phase confirms its high ability to adsorb factor IX at low ionic strength.
Thus, the synthesized packing material gel functionalised by sulfonate group can be used advantageously as a heparin-like adsorbent in
purification of factor IX.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Blood coagulation enzymatic cascade involves nearly 20 dif-
ferent pro-coagulant substances that act in numerous reactions to
end bleeding by two pathways [1,2]. Factor IX, synthesized in the
liver, is a single chain glycoprotein of 415 amino acids residues
with a molecular weight of 55000 containing approximately 17%
of carbohydrates. The synthesis of this factor IX is dependent on
vitamin K, which in turn plays a key role in intrinsic clotting
pathway [3,4]. The vitamin K-carboxylase catalyses the post-
translational modification of specific glutamic acid residues of
factor IX to γ-carboxy-glutamic acid (Gla). The Gla domain of
FIX plays an essential role during blood coagulation. It is
suggested to be responsible for the calcium-mediated binding of
phospholipids allowing the formation of prothombinase complex
[5,6].
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However, it is well known that functional or quantitative
deficiency of factor IX is strongly linked with inherited bleeding
disorders in hemophilia B [7–9]. The current replacement
therapy of hemorrhage episodes in hemophiliacs is based on
regular transfusion of factor IX or prothrombin complex
concentrates (PCC) [10] which can be purified from human
plasma [11] or obtained by recombining DNA technology [12].
The most frequently described methods used in preparing this
therapeutic bio-products involve preliminary a non-selective
salt precipitation [13] followed by chromatographic procedures
based on different principles, (1) anion exchange combined
with bio-affinity on heparin Sepharose [14], (2) immobilized
metal affinity on copper-Sepharose [15] and (3) monoclonal
antibodies immuno-affinity purification [16–18].

In bio-separation sciences the development of a new selective
support packing for protein purification constitutes an important
field of research in order to improve the yield and the purity of the
end products. On the other hand, the choice of a suitable
corresponding ligand is very important for obtaining a highly
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effective adsorbent. In addition, the matrix should be completely
insoluble, chemically and physically stable and possesses good
mechanic properties.

Styrene–divinyl benzene copolymer, one of the many syn-
thetic polymers, has long been used in liquid chromatography as
adsorbent, owing to its ease of preparation and considerately
high reactivity with nucleophiles. In addition, this polymer is
readily available in different particle sizes and possesses
mechanical rigidity and good chemical stability over a wide
range of pH. This support received an increasing interest as a
result of the modification of its hydrophobic property in protein
purification in aqueous media. Cross-linked polystyrene substi-
tuted by L-arginine methyl ester, mimicking the interaction
binding site of anti-thrombin III to thrombin, have been suc-
cessfully employed for separation of this enzyme by both low
pressure and high affinity chromatography [19,20]. In previous
works we have demonstrated that the cross-linked polystyrene
grafted with some α-amino acids present specific interactions
with anti-FVIII antibodies that appear in poly-transfused hemo-
philia A patients [21,22]. Using these supports especially those
substituted by L-tyrosine methyl ester sulfamide groups, Dahri
et al. [23] have succeeded in removing, in vitro, anti-FVIII
antibodies from hemophiliac A patients. In the same order,
polystyrene modified by serine used as stationary phase in high
performance affinity chromatography has been shown to develop
a specific and strong affinity towards basic fibroblast growth
factor in solution. The solute was adsorbed on the resin at low
ionic strength and eluted by raising the salt concentration [24].

Furthermore, phosphorylated polystyrene was found to be an
interesting chromatographic support in the fractionating of
RNA polymerase II transcription factor [25]. Migonney et al.
[26,27] have demonstrated that the same functional polymer as
support exhibits a phospholipid-like surface able to interact with
factors II and IX in the presence of calcium with a high affinity
and it can be used as a stationary phase of both factors by highly
specific liquid chromatography.

In the present study, the synthesis of cross-linked polystyrene
adsorbent beads substituted by sodium sulfonate group, the
major substituent, which confers this polymer a heparin-like
adsorbing property, was reported.

The adsorption ability of this functional polymer towards
factor IX at interface was investigated according to non-
competitive (adsorption of factor IX alone) and competitive
(adsorption of factor IX in prothrombin complex) fashions.

This functional gel is used as a stationary phase in affinity
column chromatography assay for purification of factor IX from
prothrombin complex concentrate.

2. Materials and methods

2.1. Reagents

AIMA FIX 500 IU and BEBULIN FIX 600 concentrate and
prothrombin complex concentrate (PCC) were obtained from
AIMA Derivati, (S. Rufina, Italy) and Immunoag Product
(Vienna, Austria) respectively. Thrombosil Ortho reagent for
activated prothrombin time (APTT) was purchased from Ortho
diagnostic Systems Inc. (France) and factor IX deficient plasma
was from Behringwerke (Germany) and Organon Teknika
(USA). The pool of human plasma was reconstituted from
collected blood donors (CHU, Sétif) and stored at −10 °C until
use.

2.2. Synthesis of the adsorbent gel

The poly (chlorosulfonyl styrene) gel adsorbent in the form
of spherical beads was prepared by free radical suspension
polymerisation in water using chlorosulfonic acid as sulfonating
agent and chlorinating agent [28–30] as described briefly below.

Styrene (99% Fluka) and divinyl benzene (BDH, Germany)
monomers were firstly treated separately by 2 M NaOH in
solution, washed with distilled water to neutral pH in order to
remove inhibitors (ter-butyl-4 pyrocatechol) and then purified
by vacuum distillation. Styrene monomer (98%) and divinyl
benzene (2%) were introduced in the reactor containing benzoyl
peroxide (1% of the monomer's organic phase) as initiator and a
0.1% aqueous solution of methyl cellulose (Tylose MH 1000,
Fluka) as a stabilizer. The polymerisation reaction was accom-
plished during 6 h at 80 °C. The obtained particles were hot
filtered, boiled in 0.1 M HCl for 1 h until to remove the residual
stabilizer, washed with distilled water and finally dry sieved.
The retained 200–300 μm cross-linked polystyrene gel beads
were used.

2.2.1. Chlorosulfonation
Cross linked polystyrene beads (10 g) were swollen

overnight at 25 °C in 1,2 dichloroethane (90%, BDH), then
the chlorosulfonation reaction was done in the presence of an
excess of chlorosulfonic acid (BDH) 110 ml and 65 ml of
dichloroethane as a solvent (Fig. 1a). The reaction is left to
proceed for 4 h at 40 °C under stirring.

The particles were then filtered and washed extensively, first
with dichloroethane, then in dioxane. Finally, the particles were
dried under vacuum at 60 °C for 24 h.

2.2.2. Chlorination
The chlorosulfonyl styrene–divinyl benzene copolymer de-

rivative synthesized here is not homogeneously-SO2Cl substi-
tuted, it contains, in addition, sulfonyl groups [28–30] (Fig. 1a).
In order to obtain a uniform chlorosulfonyl groups substitution
on the polymer chain a chlorinating agent was used (Fig. 1b).

An amount of 5 g was swollen in 5 ml of dichloroethane
during 2 h at room temperature, and then a 50 ml mixture of
PCl5/POCl3 (7.5 g of PCl5 dissolved in 20 ml of POCl3), a
chlorinating agent, was added. The reaction of chlorination was
performed at 105 °C during 2 h. The chlorinated particles were
filtered, washed and dried in the same way of chlorosulfonyl
copolymer.

2.2.3. Sulfonation
The homogeneous chlorosulfonyl copolymer styrene/divinyl

benzene gel was hydrolysed with 1 M NaOH, and then
equilibrated with 10−2 M NaOH until sodium ion exchange
equilibriumwas reached. Finally the obtained polystyrene sodium
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sulfonate (PS SO3Na) (Fig. 1c) was dried under vacuum at 50 °C
and stored until its use in the adsorption assays of factor IX.

2.2.4. Chemical characterisation
The content of chlorosulfonyl groups (SO2Cl) before and

after chlorination step was estimated by argentimetric method.
Firstly, 0.2 g of the chlorosulfonated copolymer gel was treated
with an excess of 2 M NaOH aqueous solution, and then the free
chlorine in the supernatant was titrated with a standard 5 mM
silver nitrate as titrant using chromium potassium as indicator.
On the other hand, the sulfonyl groups (SO3H) were determined
by acidimetry. A fraction of about 0.2 g of the gel was treated
with dilute 0.1 M NaCl solution and the free acid in the
supernatant was titrated with 0.1 M NaOH standard solution in
the presence of methyl orange as an indicator.

2.3. Adsorption isotherms of factor IX

In a preliminary study, the kinetic of adsorption of factor IX
on the functional polymer adsorbent was ascertained in order to
Fig. 1. Chemical structure of polystyrene modified by sulfonate groups. (a) Cross-li
chlorosulfonyl) and (c) poly (styrene sodium sulfonate).
obtain a total saturation of the sites involved in the interactions
at interface. This was done by incubating 100 μl of polymer gel
suspension conditioned in 0.05 M Tris–HCl, 0.1 M NaCl,
pH 7.2 with an equal volume of steady factor IX content at
37 °C at different times. After each incubation time, the
supernatant was analysed to determine the residual content of
factor IX activity by differential one-stage activated partial
thromboplastin time (APTT) using kaolin for contact activation,
cephalin as a phospholipid substitute and factor IX-deficient
plasma as substrate [31]. Then, the adsorption rate of factor IX
was estimated by subtracting the residual amount found in test
from the initial content in the control (buffer was used instead
polymer suspension).

The adsorption isotherms of factor IX onto the poly (styrene
sodium sulfonate) gel beads in non-competitive and competitive
modes were achieved in batch equilibrium by the procedure
described hereafter.

One hundred microliters of polymer suspension at a given
content (1 mg/ml) conditioned in the same buffer mentioned
above were incubated with an equal volume of factor IX solution
nked poly (styrene sulfonyl and chlorosulfonyl), (b) Cross-linked poly (styrene



Table 1
Adsorption ability of poly (styrene sodium sulfonate) adsorbent towards factor
IX (each value represents a mean of two tests)

Non-competitive
adsorption

Competitive adsorption

[FIX]0
(IU/ml)

[FIX]res
(IU/ml)

[FIX]ads
(IU/ml)

[FIX]res
(IU/ml)

[FIX]ads
(IU/ml)

1 0.1 0.9 0.2 0.8
2 0.5 1.5 0.4 1.6
4 0.5 3.5 0.4 3.6
8 1.3 6.7 0.2 7.8
10 1.4 8.6 1.4 8.6
16 6.7 9.3 7.4 8.6
20 10.7 9.3 – –

The amount of adsorbed factor IX at the interface was obtained from the APTT
standard curve of factor IX activity according to the following relation:
⁎[FIX]ads=⁎[FIX]0−⁎[FIX]res.
⁎[FIX]0: Initial content of FIX, in control, incubated with polymer suspension.
⁎[FIX]res: Residual content of FIX in supernatant of the test after the equilibrium
binding.
⁎[FIX]ads: Adsorbed content of factor IX on to functional polymer.

Fig. 2. Standard curve of factor IX levels (%) and their corresponding clotting
time (s) determined by the APTT test (each point represents a mean of two assays).

852 N. Belattar / Materials Science and Engineering C 27 (2007) 849–854
at different amounts (1–20 IU/ml) for 10 min at 37 °C. After the
equilibrium binding, the rate of the residual activity of factor IX
in supernatant was determined by the APTT assay [31] using a
standard curve previously obtained (plotting activity of factor IX
in IU/ml versus the clotting time in seconds on bilogarithmic
paper) (Fig. 2). Then, the amount of adsorbed factor IX on the
polymer surface was deduced by subtracting the residual factor
IX found in test from the initial content in control (buffer
was used instead of polymer suspension) performed in parallel
(Table 1). The adsorption isotherm curve was established by
plotting the adsorbed content of factor IX against the initial
concentration in order to evaluate affinity constants according to
the Langmuir equation. In competitive adsorption mode, the
adsorption isotherm was achieved in the presence of other
vitamin K-dependent coagulation factors particularly factors II,
VII and X in the same way reported above.

2.4. Affinity chromatography

The poly (styrene sodium sulfonate) gel beads suspended in
degassed starting buffer (0.05 M Tris–HCl, 0.1 M NaCl,
pH 7.3) were packed into a polyacrylic plastic column
(8×1.14 cm I.D) to reach equilibrium. All the chromatographic
steps were carried out at 4 °C in a cold room (Maxicoldlab,
LKB) under a flow rate of 15 ml/h using a LKB chromato-
graphic system (peristaltic pump, UV detector, gradient mixer
and collector). A solution of prothrombin complex concentrate
containing 10 IU/ml of factor IX preliminarily equilibrated by
dialysis was injected into column and elution was achieved
using a linear salt gradient (0.1–2.0 M sodium chloride). The
eluted and collected fractions were followed by recording the
absorbance at 280 nm and then were analysed to determine the
enzymatic activity of factor IX by the APTT assay previously
cited. Protein content in factor IX eluted fraction was
determined using Coomassie Blue dye according to the
colorimetric method described by Macart and Gerbaut [32] by
a standard curve previously obtained. This allows to establish
the purity of the enzyme by the specific activity, which relates
its total activity to the total amount of protein in the factor IX
fraction.
3. Results and discussion

3.1. Synthesis and characterisation of the adsorbent gel

The obtained poly (styrene sodium sulfonate) gel beads
adsorbent was homogeneously substituted by one sulfonate
group per styrene unit. In the first step cross-linked co-polymer
styrene divinyl benzene was chlorosulfonated by the chlor-
osulfonic acid (Fig. 1a). The results of chemical analysis show
that the 78% of the total substituted groups are chlorosulfonyl
(4.25 meq/g of SO2Cl) and the remaining of 22% were sulfonyl
groups (1.2 meq/g of SO3H). The chlorinating reaction, the
second step, consists in the conversion of all SO3H groups
into SO2Cl (Fig. 1b). Argentimetric analysis shows that more
than 99.5% of chlorosulfonyl substituted groups were obtained
(5.42 meq/g) and the rest of 0.05% was sulfonyl groups
(0.03 meq/g). This substitution value is in agreement with
previous results [30,33] where 99.6% of chlorosulfonyl group
in the chlorination step were obtained. The last step deals
with a quantitative conversion of –SO2Cl groups into sodium
sulfonate groups (–SO3Na), which was performed by basic
hydrolysis (Fig. 1c).

3.2. Adsorption isotherms

The results of the adsorption kinetic of FIX onto the poly
(styrene sodium sulfonate) gel beads showed that about 70% of
the binding sites were saturated during the first 10 min of
incubation at 37 °C. This result is in agreement with the
previous works [34,35] where it was shown that over 80% of
various proteins were adsorbed on different surfaces within 5 to
15 min. Based on this an incubation time of 10 min was chosen
for the two adsorption models used.

At equilibrium, the obtained adsorption isotherm curves of
FIX onto the polymer gel in both cases are of the Langmuir
model. The saturation plateau of the adsorbed factor IX was



Fig. 3. Adsorption isotherm curves of factor IX on to the poly (styrene sodium
sulfonate) gel beads. (a) in non-competitive and (b) in competitive system (each
point represents a mean of two experiments).

Fig. 4. Chromatographic profile of purification of human factor IX from
prothrombin complex at 4 °C on the poly (styrene sodium sulfonate) gel beads
using a linear gradient salt (0.1–2 M). Eluent: 0.05 M Tris–HCl, 0.1 M NaCl,
pH 7.3; flow rate: 20 ml/h. Peak 1 non-adsorbed fractions in washing and peak 2
eluted fraction at the beginning of gradient (without any factor IX activity) and
peak 3 eluted fraction at high salt gradient containing factor IX activity.

853N. Belattar / Materials Science and Engineering C 27 (2007) 849–854
reached at 9.3 IU/ml (Fig. 3a) and 8.6 IU/ml (Fig. 3b) in non-
competitive and competitive adsorption respectively. The
obtained association constants (4.7×108 l/M and 4.1×108 l/
M) of factor IX for the functional polymer estimated from these
curves according to the Langmuir equation could be considered
high in non-competitive and competitive factor IX adsorption
system respectively.

These results demonstrate clearly the high effectiveness of
the sulfonate groups substituted on the polystyrene chain matrix
in the adsorption phenomenon of factor IX at the interface.

The interactions at interface between factor IX and the poly
(styrene sodium sulfonate) are probably governed by various
mechanisms. At physiological pH, where the adsorption was
carried out, both factor IX Gla domain and sulfonic acid groups
of the functional polymer have a negative charge leading to
repulsive effect. Therefore, in this case, adsorption is due to
electrostatic interactions between the negatively charged
sulfonic groups and the positively charged amino (lysine),
guanido (arginine) and imidazole (histidine) side chains of factor
IX. On the other hand, sodium ions in the medium can form an
ion-pair either with sulfonic groups or with the N-terminal Gla
and epidermal growth factor-like domains of factor IX which are
known to be the common divalent ions binding sites [36–38].
Thus, adsorption of factor IX at interface is modulated by
Sodium Bridge via electrostatic interactions according to an ion-
pairing process as it was demonstrated by others in the case of
phosphate groups linked on the polystyrene matrix in the
presence of calcium ions [26,27].

In addition of the hydrophilic interactions, hydrophobic
ones can also contribute in the chemisorption phenomenon of
factor IX at the interface, which are developed by the aromatic
ring and alkyl chain of the hydrophilic poly (styrene sodium
sulfonate) gel beads on the one hand and the hydrophobic
domain of factor IX on the other hand as it was reported in
the adsorption study of four proteins on different hydrophobic
adsorbing surfaces such as polystyrene matrix [39].

3.3. Affinity chromatography of factor IX

Polystyrene gel beads grafted with sulfonate groups
mimicking the reactive binding site of factor IX onto heparin
was used as a stationary phase for its purification. This func-
tional polymer adsorbent possesses a specific affinity towards
vitamin-K dependent factors particularly anti-hemophilic factor
IX. The chromatographic profile of the purification of factor IX
using gradient salt conditions is shown in Fig. 4. Firstly, the
presence of enzymatic activity of factor IX in the eluted and
collected three peaks was assessed by the APTT assay with
factor IX deficient plasma. The clotting time measured from a
calibration curve is used to assess the active factor IX which is
totally eluted in the third peak near the end of the salt gradient.
This result demonstrates that factor IX is strongly adsorbed at
the low ionic strength (0.1 M NaCl) and neutral pH (7.3) in the
same manner of its adsorption on heparin agarose [14]. The
high ionic strength elution value is related to the strong binding
interactions between factor IX and the poly (styrene sodium
sulfonate) adsorbent at interface and confirms its heparin-like
adsorbing character as underlined by others [40,41]. The recovery
of the enzymatic activity of factor IX in the eluted third fraction
proves the reversibility of the interactions between the two
entities in the adsorption process. The obtained specific activity
(10 IU/mg) reflects the effectiveness of the purification procedure.

Adsorption of the other vitamin K-dependent coagulation
factors present in the injected sample on the loaded functional
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polymer, under the same conditions, was also observed but less
strongly in comparison with factor IX. This difference reflects
probably the difference in Gla domain of these factors.

4. Conclusion

The synthesized polystyrene adsorbent gel beads functiona-
lised by sulfonate groups present specific and strong affinity for
factor IX in solution either in non-competitive or competitive
adsorption. The obtained data support that this functional
polymer is a good candidate to be used in pseudo-affinity
chromatography as an effective stationary phase in the puri-
fication process of the vital factor IX from different sources such
as culture media supernatant of recombined cell (recombined
factor IX) and from human (or bovine) plasma (essential source
of vitamin K-dependent coagulations factors) either after a
preliminary fractionation of these factors by selective salt
precipitation using barium sulphate or anion exchange chroma-
tography. In fact, factor IX is tightly adsorbed onto the functional
polymer column and is eluted at high ionic strength of the mobile
phase without any significant loss of its enzymatic activity.

These results support the reversibility of interactions on
one hand and reflect the importance of the ionic interactions
between the two entities in the adsorption process at interface on
the other one. The sulfonate groups grafted on the polymeric
carrier as a ligand like amino acids, dyes and metal chelates
offer a numbers of advantages for investigating the adsorption
and desorption process. They are usually smaller than biological
ligands; possess a high chemical and physical stability with a
low cost. Current investigations are focused on the effect of
calcium and magnesium ions in solution in adsorption process
of factor IX at interface. Another approach will consist in
grafting other anionic chemical ligands on the polymer back-
bone in order to improve the efficacy of the functional polymer.
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