Available online at www.sciencedirect.com

SCIENGE@DIHECT‘ JOURNAL OF
CHROMATOGRAPHY B

BN A5

e FLN L RS
ELSEVIER Journal of Chromatography B, 795 (2003) 6172

www.elsevier.com/locate/chromb

Crosslinked glass fiber affinity membrane chromatography and its
application to fibronectin separation

Wei Guo, Eli Ruckenstefh
Department of Chemical Engineering, Clifford C. Furnas Hall, State University of New York at Buffalo, Buffalo, NY 142664200,USA
Received 28 April 2003; received in revised form 12 June 2003; accepted 23 June 2003

Abstract

Macroporous glass membranes were prepared from glass fiber filters via chemical crosslinking and modification, and used
for the membrane affinity chromatography of fibronectin from human blood plasma. The filters were first treated with a
piranha solution (a concentrated solution of H S® .0, in water), and then crosslinked with bifunctional organosilanes
and modified to introduce amino or aniline moieties. Ligand immobilizations via diazotization and glutaraldehyde pathways
were carried out and compared. Characterization of the membranes was performed using bovine serum albumin and trypsin
as test ligands. By using a cartridge containing gelatin immobilized affinity membranes followed by another cartridge
containing heparin immobilized membranes, fibronectin from human blood plasma could be separated.

0 2003 Elsevier B.V. All rights reserved.

Keywords: Affinity membranes; Glass fiber membranes; Trypsin; Gelatin; Heparin; Fibronectin

1. Introduction [6]. Affinity membranes can be employed as flat
sheets, monolithic discl¥] and hollow fiberg8,9].
Membrane-based affinity chromatography has In membrane affinity chromatography, separation
been extensively used for biomolecule purification is based on the affinity characteristics of the solute
and immunoadsorptiofil—5]. The main advantages molecules and not their size. For this reason, large
of using synthetic membranes compared to conven- pore sizes and high porosities should be used, in
tional bead supports are their incompressibility and order to ensure that even the large impurities pass
the fact that they eliminate internal diffusion limita- through. Most of the common commercially avail-
tions. Most investigations have focused on the able membranes are not suitable for membrane
preparation and modification of the supporting mem- affinity chromatogrfify In our previous papers
branes, because, regarding affinity adsorption and[11-14], macroporous cellulose membranes were
elution, abundant information had already accumu- prepared from high quality filter paper by merceriza-
lated from classical column affinity chromatography tion followed by chemical crosslinking. The prepared

membranes possessed a high porosity000) and
large pores (0.4-1.um), had a low cost and were
*Corresponding author. Tek:1-716-645-2911x2214; faxt 1- suitable becaus_e (_)f their long durability, among other
716-645-3822. reasons, for affinity chromatography. The prepared
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introducing epoxyl, triazine, aldehyde or diazonium
groups, which were then coupled with enzymes or
other affinity ligands. Using the prepared affinity
membranes, the separation and purification of con-
canavalin A [11], trypsin inhibitors [12], serum
proteins, globuling[14], papain inhibitors[13] and
peroxidasg14] were carried out.

Besides the cellulose membranes mentioned

using bovine serum albumin and trypsin as test
ligands. By using successively two cartridges con-
taining gelatin and heparin immobilized affinity

membranes, respectively, fibronectin from human

blood plasma could be separated. The separations
were monitored and evaluated by electrophoresis.

above, we found that glass fibers are also suitable for 2. Experimental

the preparation of affinity membranes. In classical

column affinity chromatography, the glass beads are 2.1. Chemicals

the most important inorganic supporting material,
because glass and its derivatives have high stability
and are not attacked by microorganisft§]. How-
ever, in membrane affinity chromatography, glass,
like other inorganic materials, cannot be easily
processed as a membrane because it is very brittle. In
a previous paper16], affinity membranes were
prepared from commercial glass fiber filters. They
were first treated with a piranha solution (a mixture
of 70% vol. concentrated sulfuric acid (98%, m/m)
and 30% vol. of a hydrogen peroxide solution (30%,
m/m)) to enrich the number of silanol groups,
followed by silanization to introduce epoxyl or
amino moieties as functional groups. Affinity ligands
were then immobilized using a glutaraldehyde,
diazotization or carbodiimide pathway. The three
immobilization methods were investigated in detail
by determining and comparing the activities of the
immobilized enzymes. The results indicated that the
glutaraldehyde method provided the highest perform-
ance regarding enzyme immobilization and the high-
est durability, because of its crosslinking capability.

(type

Sigma glass fiber filtegsnilr&tention), trypsin

IX), Na-benzoylt-arginine p-nitroanilide
(BAPNA), bovine serum albumin (BSA; 99%),

human serum albumin (HSA; 99%), gelatin (type A),
heparin (140 USP units per mgq), fibronectin (FN),

phenylmethylsulfonyl fluoride (99%) and human

plasma were purchased from Sigma (St. Louis, MO,
USA). Bis[3-(trimethoxysilyl)-propyllamine (90%),
1,2-bis(triethoxysilyl)-ethane (96%), 1,3-diethoxy-
1,1,3,3-tetramethyldisiloxane (§78@)inopropyl-
triethoxysilane (98§4glycidoxypropyltrimethoxy-
silane (97%), succinic anhydride, 1,4-phenylene-
diamine, glutaraldehyde (25%), dimethyl sulfoxide
(99.9%), sodium dodecyl sulfate (SDS) (B9%),
mercaptoethanol, bromophenol blue, sulfuric acid
(98%), nitric acid (70%), ethylenediaminetetraacetic
acid disodium salt dihydrate (EDTA; 99%), sodium
nitrite (99.5%) and Coomassie Brilliant Blue G-250
(90%) were purchased from Aldrich (Milwaukee,
WI, USA).

The objective of this paper was to prepare macro- 2.2. Instruments

porous glass membranes from glass fiber filters using
several chemical crosslinking procedures. The filters
were first treated with a piranha solution, to clean the
membrane and to increase the surface density of the
OH groups. They were then crosslinked using one of
the following crosslinkers: bis[3-(trimethoxysilyl)-
propyllamine, 1,2-bis(triethoxysilyl)-ethane or 1,3-
diethoxy-1,1,3,3-tetramethyldisiloxane. After cross-
linking, the membranes were modified by intro-
ducing NH, or epoxyl functional groups. The epoxyl
groups were thereafter converted to aniline moieties.
Ligand immobilization was carried out via diazotiza-
tion or using glutaraldehyde as a coupling reagent.
Characterization of the membranes was carried out

X-ray photoelectron spectroscopy (XPS) was car-
ried out using a VG-ESCA lab 210 spectrometer
operating in the constant analyzer energy mode with
a passing energy of 50 eV andxMadiation as

the excitation source. The analysis chamber of the

XPS spectrometer had a vacuum 6f 10 Torr. The
C1s line was taken as an internal reference with a
binding energy of 284.8 eV. A Waring LB20G
blender (Christison Scientific Equipment, Gateshead,
NE8 3AT, UK) was used for sample homogeniza-
tion. The morphologies of the glass membranes were
examined using an Hitachi S-800 scanning electron
microscope (Hitachi, Tokyo, Japan). Two peristaltic
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pumps were employed for the processing of the
mobile phases, a Masterflex 7520-00 (Cole-Parmer
Instrument, Vernon Hills, IL, USA) and a TRIS
(ISCO, Lincoln, NE, USA). A Sorvall RT600B
refrigerated centrifuge (Sorvall Products, L.P., New-
town, CT, USA) was used for the pretreatment of the
sample. The concentration of the protein was de-
termined by measuring the absorbance at 595 nm by
the Coomassie Brilliant Blue method with a Beck-
man DU 650 UV-Vis spectrophotometer (Beckman
Instruments, Fullerton, CA, USA). The eluant was
collected with a Retriever 500 fraction collector
(ISCO, Lincoln, NE, USA), and the purity of the
protein was determined with an SDS—PAGE (poly-
acrylamide gel electrophoresis) Phast System electro-
phoresis system (Pharmacia LKB Biotechnology,
Uppsala, Sweden). The electrophoresis results were
scanned and analyzed using Metamorph software
(Version 4.01, Universal Imaging, Downingtown,
PA, USA).

2.3. Pretreatment and purification of the glass
fiber filters

A piranha solution (a mixture of 70% vol. concen-
trated sulfuric acid (98%, m/m) and 30% vol. of a
hydrogen peroxide solution (30%, m/n{}7] was

used to remove the organic residues (esters) or other

impurities from the glass surface and to generate
additional silanol groups. The pretreatment was
described previously16].

2.4. Preparation of membrane cartridges

Home-made membrane cartridges were used in
this work. The cartridges have a diameter of 47 mm
and an adjustable depth to fit various numbers of
membranegq11]. All cartridges used in this paper
contained 20 membranes and were 8 mm in total
thickness.

2.5. Crosslinking of glass membranes with
bifunctional organosilanes

The purified glass membranes were first soaked in
ethanol and then packed into cartridges, through
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which was recirculated, at 15 ml/min, a freshly
prepared reacting solution containing 90 ml ethanol
and 10-30 ml of one of the following crosslinkers:
bis[3-(trimethoxysilyl)-propylJamine, 1,2-bis(tri-
ethoxysilyl)-ethane or 1,3-diethoxy-1,1,3,3-tetra-
methyldisiloxane. The reaction was carried out at
room temperature for 2 h. After reaction, the car-
tridges were washed first with 200 ml ethanol
followed by 500 ml distilled water.

2.6. Slanization of the crosslinked glass
membranes to introduce epoxyl or amino groups

The introduction of epoxyl or amino groups into
the membranes was carried out through the silaniza-
tion of the crosslinked glass membrangs with
glycidoxypropyltrimethoxysilaneaminopropyl-
triethoxysilane, respectively, using methodologies
described previous|ji6].

2.7. Modification of the glass membrane with 1,4
phenylenediamine for the introduction of aniline
moieties

Cartridges containingy-glycidoxypropyltriethoxy-
silane-activated membranes were modified using a
method similar to that employed on cellulose mem-
branes[11]. The epoxyl containing cartridges were
subjected to reacting solutions containing 2 g 1,4-
phenylenediamine and 50 g Na GO in 100 ml
water, which were recirculated at 5 ml/min. The
reaction proceeded for 2 h at 80. After reaction,
the cartridge was rinsed with distilled water until the
latter became colorless.

2.8. Coupling of trypsin, bovine serum albumin, or
gelatin to the 1,4-phenylenediamine modified glass
membrane

The 1,4-phenylenediamine modified glass mem-
branes were packed into cartridges, activated via
diazotization and finally reacted with one of the
proteins. The methodologies for membrane activa-

tion and protein immobilization were described
previojudly:
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2.9. Activation of the glass fiber membrane with rate of a substrate (BAPNA), using a methodology
glutaraldehyde described previously12]. Under the experimental
conditions, 1 U of trypsin activity is defined as a

The y-aminopropyltriethoxysilane modified mem- 0.001 increase per minute in the absorbance at 410
branes were packed into cartridges, which were first nm. The activity of the immobilized enzyme was
equilibrated with a 0.2M NaAc-HAc, pH 7.50 assayed using a sector-shaped part of a membrane
solution for 10 min at room temperature. After the containing enzyme cut into small pieces, suspended
above solution was removed, the cartridges were through stirring in the substrate solution. Each
reacted with a 100-ml 25% (m/m) glutaraldehyde experiment was repeated at least three times and the
aqueous solution, which was recirculated at 15 ml/ experimental uncertainty was below 5%.

min for 3 h at 4C°C. After reaction, the cartridges
were washed with 100 ml distilled water, followed
by 100 ml of a 2M acetic acid solution and finally = 2.13. Other determination methods employed
200 ml distilled water, in order to remove the

unreacted glutaraldehyde. The determinations of (i) the pore size and
porosity of the glass fiber membrane, (ii) the protein

2.10. Coupling of heparin, trypsin or bovine serum content by the Coomassie Brilliant Blue method, and

albumin onto the glutaraldehyde activated glass (iii) the epoxyl group content of the modified

membrane membrane were carried out as described previously
[12].

Cartridges containing glutaraldehyde activated
glass membranes were subjected to a reacting solu-
tion containing 200 mg heparin and 0.8LCaCl, in 2.14. Gelatin immobilized membrane affinity
100 ml 0.05M Tris—HCI, pH 8.50 buffer (a 0.0%1 chromatography
Tris aqueous solution, with its pH adjusted to 8.50
with 1 M HCI). The immobilization was carried out The cartridge containing gelatin affinity mem-
by recirculating the heparin solution through the branes was first equilibrated with aMbOT ms—
cartridge for 1 h, at 50C, at a flow rate of 10 HCI, pH 7.40 buffer, containing 150nNacCl, and
ml/min. The methodologies for the trypsin and IMMEDTA. After the buffer was removed, the

bovine serum albumin immaobilizations were similar, cartridge was subjected to 40 ml reconstituted human
only the amounts of ligands were different (100 mg). plasma, which was recirculated for 1 h, at a flow rate
of 2 ml/min, at 4°C. The cartridge was then washed
2.11. Determination of the capacity for BSA with a 50 M Tris—HCI, pH 7.40 buffer, containing
immobilization onto the - 150 nM NaCl, and 1 M EDTA, at a flow rate of
aminopropyltriethoxysilane modified glass 2 ml/min, to remove the non-adsorbed molecules.
membranes via the glutaraldehyde method The bound proteins were eluted with a 50Mm
Tris—HCI, pH 7.40 buffer, containing 250h NaCl,

A cartridge containing 20 sheets of-amino- 3 M urea, and 1 ml EDTA, at a flow rate of 2
propyltriethoxysilane modified glass membranes was ml/min. The eluted fractions were collected and
allowed to react with a solution containing 100—250 dialyzed for 24 h against a 20-fold volume d#150 m
mg BSA in 100 ml of 0.05M Tris—HCI, pH 8.50 Tris—HCI, pH 7.40 buffer, containing IMNEDTA,
buffer, using glutaraldehyde as the coupling reagent. and/1pimenylmethylsulfonyl fluoride. The buffer
The methodology was described previouflg]. was changed every 8 h.

The cartridge was regenerated by washing with a
2.12. Determination of the activity of trypsin 6 M urea aqueous solution for 60 min at a flow rate

of 0.5 ml/min, followed by equilibration with a 50
The activities of the non-immobilized and im- MnTris—HCI, pH 7.40 buffer, containing 150 lvh
mobilized trypsin were determined via the hydrolysis NaCl, andM EDTA.
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2.15. Heparin immobilized membrane affinity
chromatography of fibronectin

After dialysis, the affinity fraction of the above
gelatin immobilized membrane chromatography, 30
ml in volume, was loaded onto a cartridge containing
heparin immobilized affinity membranes and recircu-
lated for 1 h at 4C at a flow rate of 1 ml/min. The
cartridge was then washed, at a flow rate of 2
ml/min, with a 50 nM Tris—HCI, pH 7.40 buffer,
containing 1 MM EDTA, and 150 nM NacCl to

remove the weakly adsorbed molecules. Some bound

proteins were eluted using the same buffer, at a NaCl
concentration of 250 M, at a flow rate of 2 ml/min,
and other bound proteins at a NaCl concentration of
500 mM.

The cartridge was regenerated by washing with a
6 M urea aqueous solution for 60 min at a flow rate
of 0.5 ml/min, followed by equilibration with a 50
mM Tris—HCI, 1 mM EDTA, pH 7.40 buffer.

2.16. Electrophoresis of fibronectin

The samples were first dialyzed against a 10l m
Tris—HCl and 1 nM EDTA, pH 8.0 buffer, and then
mixed with an equal volume of an aqueous solution
containing 5.0% (m/m) SDS, 10% (v/@-mercap-
toethanol and 0.02% (m/m) bromophenol blue solu-
tion. The mixtures were heated at 8D for 2 h[18]
and then filtered to remove any insoluble material
before being used for the SDS—PAGE electropho-
resis. A PhastGel Homogeneous 7.5 gel (7.5%

separating gel) was used, and the standard procedur

[19] for SDS—PAGE PhastSystem was followed.

3. Results and discussion

In our previous work[16], membrane affinity
chromatography was carried out on silanized glass
membranes, which were prepared from glass fiber
filters. Several ligand immobilization pathways have
been employed. Among them, the glutaraldehyde
method provided the best results, both regarding
membrane stability and ligand immobilization
capacity. The higher stability occurred because the
glutaraldehyde molecules condensed into larger

e
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Fig. 1. Crosslinking during the glutaraldehyde immobilization
pathway.

molecules, which crosslinked the glass fibeFsg(
1).
In the present paper, the crosslinking was carried
out in a more systematic manner. Any bifunctional
silane that allows chemical coupling between silanols
can be used as a crosslinker. However, the selection
of a suitable crosslinker is determined by its solu-
bility, toxicity, and reaction selectivity. In the present
paper, the following three crosslinkers were em-
ployed: bis[3-(trimethoxysilyl)-propyllamine, 1,2-
bis(triethoxysilyl)-ethane and 1,3-diethoxy-1,1,3,3-
tetramethyldisiloxaneKig. 2).
The effects of the three crosslinkers were com-
pared using scanning electron microscopyg( 3).
Fig. 3 shows that after crosslinking, the swelling
thicknesses in water were significantly reduced, and
the fractions of free fibers were greatly decreased.
The latter effect strongly affects the stability of the
affinity membranes. In order to examine the effect of
the crosslinking, the original membrane and the
crosslinked ones were allowed to swell freely in
water, the extent of swelling providing a measure of
the crosslinking. However, in practical applications,
the membranes are packed into cartridges under
pressure, and the thicknesses of the non-crosslinked
and crosslinked membranes become almost the same
The pore sizes and the porosities of the crosslinked
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Fig. 2. Crosslinkers employed: (a) 1,3-diethoxy-1,1,3,3-tetra-
methyldisiloxane; (b) 1,2-bis(triethoxysilyl)-ethane; and (c) bis[3-
(trimethoxysilyl)-propyllamine.

membranes were also determined and the results are

listed in Table 1.

As was shown in a previous papgt6], cross-
linking increases the stability of the glass membrane.
However, crosslinking consumes a fraction of the
silanol groups, which can be used for further modi-
fication and ligand immobilization. For this reason,
we investigated the effects of different crosslinkers
on the further modifications of the membranes. The
membranes were first crosslinked with various cross-
linkers, and then modified with an amino containing
silane. The content of N atoms thus introduced into
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the membranes was thereafter determined by XPS
(Table 7). This table shows that bis[3-(trimethoxy-
silyl)-propyl]amine and 1,2-bis(triethoxysilyl)-ethane
consumed fewer silanol groups than 1,3-diethoxy-
1,1,3,3-tetramethyldisiloxane. In additional experi-
ments, several membranes were crosslinked with
various amounts of 1,2-bis(triethoxysilyl)-ethane,
further  modified with +v-glycidoxypropyltri-
methoxysilane, and compared for their epoxyl con-
tent (Fig. 4). Fig. 4 shows that with increasing
amount of crosslinker content, the epoxyl content
was somewhat reduced. As previously mentioned
[16], silanization of glass membranes withglyci-
doxypropyltrimethoxysilane  or y-aminopropyltri-
ethoxysilane provided almost the same conversion.
Consequently, the results presented Figy. 4 are
relevant for both silanization reagents.

The non-specific adsorption of proteins is the main
disadvantage of glass. It is caused by the presence of
small amounts of metal ions that generate high
potential siteg20]. Usually this shortcoming could
be overcome by silanization with a hydrophilic group
containing silane, such ag-aminopropyltriethoxy-
silane[21].

The crosslinking used in the present paper was
also found to be effective in generating a uniform
layer over the glass surface that capped the high
potential sites Kig. 5). Fig. 5b shows that no
metallic ions were present on the surface of glass
after crosslinking. This means that the ions present
before crosslinking Kig. 53 were all capped, and
that the surface of the glass was covered by a silane
compound.

To introduce the necessary functional groups for
further modification and ligand immobilization, the
crosslinked membranes were treated with either
aminopropyltriethoxysilarglyaidoxypropyltri-
methoxysilane, which contain epoxyl and amino
functional groups, respectivelfl6]. The amino

groups were used for ligand immobilization via the
glutaraldehyde pathway, while the epoxyl groups
were transformed into aniline groups, and thereafter
used for ligand immobilization via the diazotization
pathway.

Compared with the membranes prepared in a
previous pfker the crosslinked membranes
possess a more stable structure because the fibers are
linked to each other as demonstr&igd 3nThe
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Fig. 3. Scanning electron micrographs of the glass membranes: (A) a non-crosslinked glass membrane; (B) a glass membrane crosslinked
with 1,3-diethoxy-1,1,3,3-tetramethyldisiloxane; (C) a glass membrane crosslinked with bis[3-(trimethoxysilyl)-propyllamine; (D) a glass
membrane crosslinked with 1,2-bis(triethoxysilyl)-ethane. A 10 ml amount of crosslinker was used for 20 membranes packed in a cartridge.
See Experimental section for details.

Table 1

Effect of three bifunctional silanes on the properties of the crosslinked glass membranes

Crosslinker Pore siZe Porosity N contént
(wm) (%) (atom%)

None (original membrane) 3.08 86.9 1.8

1,3-Diethoxy-1,1,3,3-tetramethyldisiloxane 2.76 80.5 0.9

bis[3-(Trimethoxysilyl)-propyljamine 2.80 78.0 1.6

1,2-bis(Triethoxysilyl)-ethane 2.44 75.4 1.6

A total of 20 membranes packed in a cartridge were crosslinked by reacting them with solutions containing 10 ml of crosslinker.
“The pore size was determined using water as the mobile phase, and the eQuag’gin%, whereAP is the pressure drop,the radius
of the pore,u the dynamic viscositye the porosity,r the tortuosity factor (taken as 2),the total thickness of the membranes ahthe
flux through the membrane.
® The porosities were obtained by comparing the masses of the soaked and dried membranes.
°The N content was determined by XPS, after the non-crosslinked or crosslinked membranes were modifigdamitio-
propyltriethoxysilane.
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Fig. 4. Effect of crosslinking on the further modification of the
glass membranes witk-glycidoxypropyltriethoxysilane. A total

of 20 membranes packed in a cartridge were crosslinked with a
solution containing: (a) 0 ml (hon-crosslinking), (b) 10 ml, (c) 20
ml and (d) 30 ml 1,2-bis(triethoxysilyl)-ethane, and thereafter
modified with a solution containing 10 mky-glycidoxy-
propyltriethoxysilane. See Experimental section for details.

fact that the stability was improved by the cross-
linking was also demonstrated by comparing the
activities of trypsin immobilized on both non-cross-
linked and crosslinked glass membranEgy( 6). To
examine the structural stability of the membranes,
the activity was determinefll6] by cutting a sector

of one membrane into small pieces, which were
suspended in the substrate solutions, and by carrying
out the reactions with adequate stirring. Two wash-
ing steps were used before the next determination.
Fig. 6 shows that the immobilized trypsin prepared
via the glutaraldehyde pathway was very stable, for
both the crosslinked and non-crosslinked glass mem-
branes. This behavior can be explained through the
self-condensing in solution of the glutaraldehyde and
the crosslinking of the amino groups of the glass
surface by the condensed glutaraldehydieg( 1)
[22]. Fig. 6 also shows that the immobilized trypsin
on the crosslinked glass membrane prepared via
diazotization was much more stable than that on the
non-crosslinked glass membrane. This occurred be-
cause, in contrast to glutaraldehyde, no crosslinking
that can stabilize the structure took place during the
diazotization pathway for the uncrosslinked glass
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membranes. Therefore, the difference in the
stabilities of the immobilized trypsin for crosslinked
and non-crosslinked glass membranes, is an effect of
the crosslinking.

As mentioned above, the crosslinking procedure
consumes a fraction of the silanol groups, which,
while stabilizing the membrane structure, reduces
somewhat the capacity for ligand immobilization.
The effect of crosslinking on the ligand immobiliza-
tion capacity was determined by employing trypsin
and BSA as test ligands, and the results are listed in
Table 2. The comparisons were made only for the
glutaraldehyde pathway, because only in this case is
the non-crosslinked membrane sufficiently stable
(Fig. 6). For this pathway, the ligand immobilization
capacity of the crosslinked glass membrane was only
a little lower than that of the non-crosslinked glass
membrane. However, the crosslinked membranes
should be preferred when an immobilization pathway
other than the glutaraldehyde pathway is employed.
Indeed, as shown ifig. 6,the immobilized enzyme
on the crosslinked membrane was both more active
and more stable than that on the non-crosslinked
membrane, when the diazotization pathway was

employed. This probably happened because some
fibers of the non-crosslinked membrane were easily

washed away.
As an application of the prepared crosslinked glass
membranes,
human blood was carried out using two kinds of

the separation of fibronectin from

affinity membranes, involving gelatin and heparin as

affinity ligands, respectively.

Fibronectin is a large glycoprotein, consisting of

two almost identical subunit256f000 each.

Fibronectin is believed to play an important role in
various physiological activities such as opsonization,
phagocytosis, angiogenesis, embryogenesis, tissue
organization, and remodeling, as well as in
pathological processes such as polyarthritis and
oncogeriz3j24]. Soluble forms of fibronectin are

present at high levels in blood plasma and other

biological fluids, such as seminal plasma, urine,
milk, amniotic fluid and J2fk/a6]. Recently,
fibronectin has received great attention in cytobiolo-
gy, therapy and pharmaf@&yaes
Many methods for the separation and purification
of fibronectin from various sources have been pro-
posed, because of its affinity to a wide variety of
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Fig. 5. X-ray photoelectron spectroscopy spectra of the glass membranes: (a) glass membranes after being treated with a “piranha” solution;
(b) glass membranes crosslinked with 1,2-bis(triethoxysilyl)-ethane. A 10-ml amount of crosslinker was used for a cartridge containing 20

membranes. See Experimental section for details.

ligands, such as collagen, gelatin, heparin, arginine, separation of fibronectin was carried out on two
metal complexes, et¢29—-31]. In the literature, the kinds of affinity membranes involving gelatin and
separation of fibronectin was carried out using either heparin as affinity ligands, respectively. Gelatin was
a single step chromatographic proced{82,33], or immobilized via the diazotization method, and

by combining two or more successive chromato- heparin via the glutaraldehyde pathway.

graphic procedures, each one involving a different The affinity between fibronectin and gelatin,
affinity ligand. The latter method was reported to be which involves a series of complex interg8&hns

more efficient, because it eliminated the 72 000 has long been investigated and used for the sepa-
plasma gelatinase and the fibronectin fragments ration and purification of fibronectin. This interaction
impurities from the final produdi23,34]. Following is so strong that usually the fibronectin containing

the suggestion of Poulouin et §23], who employed fractions can be eluted only with a concentrated urea
column chromatography, a two-step affinity mem- eluant, or a chaotropic reagent such as KSCN. In this

brane procedure was used in the present work. The paper, the fraction of interest was elutedvwith 3
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Fig. 6. Dynamic activity of trypsin immobilized on non-cross-
linked anq crosslinked glass membranes: (a) and ‘(d) refer to Fig. 7. Affinity chromatography of human plasma on a cartridge
non-crosslinked membranes; (b) and (c) to crosslinked mem- containing 20 gelatin immobilized affinity glass membranes.
branes. A suitable amount of chopped membrane containing arrgw (@) indicates the beginning of elution with a 50Mm
enzyme was assayed in a Buchner funnel. After determination, the Tris—HCI, pH 7.40 buffer containing 250 Mh NaCl, 1 n
membrane pieces were washed twice under suction before the NeXtEpTA, and 3M urea. Fraction C was collected and used further
determination. See Experimental section for details. for separation on a heparin immobilized affinity membrane
cartridge (20 membranes) and analyzed by electrophoresis. See
Experimental section for details.
urea in a 50 M Tris—HCI, pH 7.40 buffer, con-

taining 250 M NaCl, and 1 fvi EDTA (Fig. 7).

After the removal of urea by dialysis, the product of the proteins was carried out at the lower tempera-
was introduced into a cartridge containing the ture of®Pbecause of the temperature sensitivity
heparin immobilized affinity membranes. of fibronec{it8]. Fig. 9 clearly shows that the

Owing to its polyanionic character, heparin inter- major impurity in fibronectin separation is human
acts mainly with cationic molecules. Compared to serum alburkRig. 9C indicates that after sepa-
gelatin, the interactions between heparin and fibro- ration by gelatin affinity membranes, the fibronectin
nectin are both more simple and weaker. The chro- containing fraction was enhanced, compared to that
matographic profile is presented kxg. 8, in which present inFig. 9B. However, the amounts of im-
the fractions of interest were eluted successively with purities remained high, because only one step elution
a buffer containing increasing concentrations of was employed and all the adsorbed proteins were
NacCl. eluted at the same time.

To monitor the chromatographic procedures and to Regarding the second separation on a cartridge
evaluate the separation, SDS—PAGE electrophoresis containing 20 heparin immobilized affinity mem-
was employed Kig. 9), using commercial human brandsig. 9D shows that most of the impurities
serum albumin and commercial plasma fibronectin were washed out with I60lacCl in a Tris—HCI,
(Sigma) as standards. The procedure was carried out pH 7.40, buffer, and that a small amount of fibro-
under reducing conditions, and the SDS denaturation nectin was lost at the same time. Two fractions
Table 2
Effect of crosslinking on ligand immobilization onto glass membranes prepared via the glutaraldehyde pathway
Membrane Activity of immobilized Content of immobilized

trypsin (U/ml) BSA (mg/ml)
Non-crosslinked 7370 8.6
Crosslinked 6590 7.5

A total of 20 membranes packed in a cartridge were crosslinked by reacting them with a solution containing 10 ml 1,2-bis(triethoxysilyl)-
ethane. See Experimental section for details.
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Fig. 8. Separation of plasma fibronectin on a cartridge containing . it HSA
20 heparin immobilized affinity glass membranes. The arrows oo

indicate elution with (@) 150 M NaCl in a 50 nM Tris—HCI,

1 mM EDTA, pH 7.40 buffer, (b) 250 i NaCl in a 50 nM
Tris—HCI, 1 mM EDTA, pH 7.40 buffer and (c) 500 M NaCl in

a 50 mM Tris—HCI, 1 nM EDTA, pH 7.40 buffer, respectively.
Fractions D—F were collected and analyzed by electrophoresis.
See Experimental section for details.

L —

Fig. 9. SDS—PAGE electrophoresis of plasma fibronectin (FN)
SDS PhastGel Homogeneous 7.5 gel (7.5% gel content), 60 Vh:
(A) commercial human serum albumin; (B) commercial human

containing purified fibronectin, shown iRig. 9E,F, plasma; (C) fraction obtained using Bl urea in a 50 i

were eluted with 250 and 5S00MNaCl in the same Tris—HCI, pH 7.40 buffer, containing 250 vh NaCl as eluent
buffer, respectively. However, the purities of the from a gelatin immobilized affinity membrane cartriddeid. 7);
obtained fibronectin are not the same, because an(D) fraction obtained using a 50 vh Tris—HCI, pH 7.40 buffer,
undesired protein band for serum albumin is present containing 150 i NaCl and 1 vl EDTA as eluentKig. 8); (E)
in Fig. 9E. The electrophoresis results were scanned action obtained using a 50 Mh Tris—HCI, pH 7.40 buffer,

i taining 250 vl NaCl and 1 vl EDTA as eluentFig. 8); (F
and analyzed using Metamorph software to deter- comaning g-an as eluent kig. 8 (F)
mine the densities of the fibronectin bands in the
products. Using the commercial fibronectin as stan-

fraction obtained using a 50 Mh Tris—HCI, pH 7.40 buffer,
containing 500 iVl NaCl and 1 nM EDTA as eluentFig. 8); (G)
commercial plasma fibronectin (Sigma).

dard and reference, the yield of this method, on the
basis of the fractions E and F, could be calculated to
be 0.185 mg fibronectin per ml plasma.

Under the reduced conditions employed, only the
major forms €250 000) of fibronectin were detected
by the present electrophoresis proced{86]. Be-
cause of the complex behavior of the fibronectin
molecules, their degradability and aggregation, small
amounts of minor forms of fibronectin should be also
present in both the source sample and purified
product[37].

tional silanes used as crosslinkers, 1,2-bis(triethoxy-
silyl)-ethane was found to provide the most compact
structure. The crosslinked membranes were further
modified with eithety-aminopropyltriethoxysilane or
v-glycidoxypropyltrimethoxysilane  to  introduce
amino and epoxyl groups, respectively. Affinity
ligands, gelatin and heparin, were immobilized onto
the membranes using a diazotization or a glutaral-
dehyde pathway, respectively. By monitoring the
activity of the immobilized enzyme and the content
of immobilized bovine serum albumin, the effect of
crosslinking on membrane stability was investigated.
Separation of fibronectin from blood plasma was
carried out by first using a cartridge containing
immobilized gelatin affinity membranes, followed by
a cartridge containing heparin immobilized affinity

4, Conclusion

Affinity membranes were prepared from glass
fiber filters by first treating them with a piranha
solution, followed by crosslinking. Of three bifunc-
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membranes. About 0.18 mg fibronectin was obtained [17] E.U. Thoden van Velzen, J.F.J. Engbersen, D.N. Reinhoudt,

from 1 ml plasma.
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