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Abstract

Cibacron Blue F3GA was covalently immobilized onto poly(2-hydroxyethyl methacrylate) (pPHEMA) membranes via the
nucleophilic reaction between the chloride of its triazine ring and the hydroxyl group of pHEMA. Then, Fe** ions were
complexed by chelation with the immobilized Cibacron Blue F3GA molecules. Different amounts of Fe** ions were |oaded
on the membranes by changing the concentration of Fe*>* ions and pH of the reaction medium. Membranes with or without
Fe®" were used in the adsorption of glucose oxidase, catalase and bovine serum albumin. The adsorption capacities of these
membranes were determined by changing pH and the concentration of the proteins in the adsorption medium. The adsorption
phenomena appeared to follow a typical Langmuir isotherm. The maximum capacities (q,,) of the Fe** complexed
membranes for glucose oxidase, catalase and bovine serum albumin (8.70-10™° pwmol m~?, 2.15-10"% wmol m™? and
2.21-10~2 wmol m™?) were greater than those of the untreated membranes (6.79-10~ 2 wmol m™?, 1.34-10~ % wmol m™? and
1.94-10" % pmol m™?) respectively. The nonspecific adsorption of the enzymes and the protein on the pHEMA membranes
was negligible. [0 1998 Elsevier Science BV.
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1. Introduction their corresponding adsorbents find wide applications

in protein purification. Dyes offer advantages over

The developments in hiotechnology and genetic
engineering have accelerated the efforts in large-
scale, industrial production of various proteins and
enzymes. High rate collection of proteins and en-
zymes from biological fluids such as liquid culture
medium and serum requires simple chromatographic
separation techniques [1-3].

Triazine dyes are perhaps the most promising
pseudo-affinity ligands of large-scale potential and
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biological ligands, in term of economy, ease of
immobilization, stability and adsorbent capacity
[4,5]. The only drawback of textile dyes appears to
be their moderate selectivity for target enzyme, this
problem will be overcome by introducing new
selectively interacting materials on the basis of their
affinities for chelated transition metal ions. The
separation is based on differential binding abilities of
the proteins or enzymes to interact with chelated
metal ions to a solid carrier [6,7]. Meta chelate
affinity chromatography of proteins, with metal
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chelate linked to Sepharose, was first described by
Porath et al. [8]. They reported a model system using
Zn*" and Cu®" columns in tandem for the frac-
tionation of human serum proteins. Plasminogen
activators from both normal tissue (human uterus)
and human melanoma cells have been isolated by
metal chelate affinity chromatography [9,10] as have
nucleoside diphosphatase [11], human lactoferrin
[12], lectin [13], interferon [14], carboxypeptidase B
[15] and bovine serum abumin [7].

In addition to the development of the novel
adsorbent for affinity columns, improvements in
adsorbent geometry have been undertaken to process
a large quantity of proteins rapidly. The use of
affinity membranes in the chromatographic sepa-
ration has been proposed as an effective aternative
for diffusion-limited separation using a conventional
gel bead [6,16-18]. In recent years, microporous
membranes, generally used for separation of whole
cells, proteins and microbial enzymes and severa
applications have already been reported [19-21].

Poly(2-hydroxyethyl methacrylate) is a hydrogel,
since the matrix retains a large amount of water and
it possesses a high mechanica strength. These
properties are also important in its use as support
material in affinity chromatography and bioreactors
[22,23]. The presence of hydroxyl groups offers
attachment sites for enzymes and proteins via activa-
tion and derivatization by introduction of a variety of
ligands [24]. It has been used in previous enzyme
immobilization studies either by entrapment into or
by covalent binding onto its membrane [22,25].

The purpose of this study was to prepare an
affinity membrane sorbent containing Cibacron Blue
F3GA (CB) and Fe*" ions (in chelate form) for dye
affinity and metal chelate affinity separation of
proteins. Three different proteins were selected as
model adsorbates; glucose oxidase (GOD) as a
flavoenzyme which contains two tightly bound
flavine adenine dinuclecotide (FAD) cofactors (phos-
phate groups present on the FAD group shows
affinity towards iron ions), catalase (CAT) as a heme
containing metallo-enzyme (has also a protopor-
phyrin group and it shows specific interaction with
iron ions) and bovine serum abumin (BSA) as a
simple protein and the effect of their structura
difference on the adsorption properties of the affinity
membrane supports is described.

2. Experimental

2.1. Materials

Glucose oxidase (GOD, oxygen 1-oxido reductase,
E.C.1.1.3.4, Type Il from Aspergillus niger), catalase
(CAT, hydrogen peroxide oxido reductase,
EC.1.11.1.6) from bovine liver bovine serum al-
bumin (BSA, Fraction V) and Cibacron Blue F3GA
were purchased from Sigma (St. Louis, MO, USA)
and used as received. 2-Hydroxyethyl methacrylate
(HEMA) was obtained from Sigma and distilled
under reduced pressure in the presence of hydro-
quinone and stored at 4°C until use. o'-a’-Azo-
bisisobutyronitrile (AIBN) was purchased from
Fluka (Buchs, Switzerland) and used as received. All
other chemicals were of reagent grade and were
purchased from Merck (Darmstadt, Germany).

2.2. Membrane preparation

The poly(2-hydroxyethyl methacrylate), pHEMA,
membrane was prepared as previously described
[26]. The membrane preparation mixture (5.0 ml)
contained 2.0 ml (HEMA), 5 mg AIBN as poly-
merization initiator and 3.0 ml 0.1 M SnCl,. The
mixture was then poured into a round glass mould
(diameter 4.5 cm) and exposed to ultraviolet radia-
tion for 10 min, while a nitrogen atmosphere was
maintained in the mould. The membrane was washed
several times with distilled water and cut into
circular pieces (diameter 0.5 cm) with a perforator.

2.3 Dye attachment to pHEMA membrane

The hydroxyl groups of pHEMA membrane were
derivatized by reaction with Cibacron Blue F3GA
(CB). CB (300 mg) was dissolved in 10 ml water.
This triazine dye solution was transferred to pHEMA
membrane pieces (diameter 0.5 cm, thickness ~0.06
cm) in 90 ml distilled water, and then 4 g of NaOH
were added. The medium was heated at 80°C in a
sealed reactor and was stirred magnetically for 4 h.
The membrane pieces were washed several times
with distilled water and methanol until al the
physicaly attached dye was removed. They were
then stored at 4°C until use.
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24, Incorporation of Fe*” ions to dye attached
pHEMA membranes

The effect of pH on the chelate formation of the
CB derived pHEMA membranes with Fe** ions was
investigated in a batch system at 25°C. A 10 ppm
solution of Fe** jons was prepared in universal
buffer solution in the pH range 2.0-5.5. The CB
attached pHEMA membranes were transferred to
buffer solution (20 ml) and magneticaly stirred for 1
h.

The effect of initid Fe®>* ion concentration on
chelate formation was studied at pH 5.0 as described
above except that universal buffer solution contain-
ing 10-300 ppm Fe** ions was used. The con-
centration of the Fe*” ions in the resulting solution
was determined with atomic absorption spectropho-
tometry (AAS) (GBC 932 AA, Australia).

The Fe®" leakage from CB-attached and Fe**
derived pHEMA membranes was determined in a
solution at a pH value in the range of 4-8 and
containing 1.0 M NaSCN (pH 8.0). The solution
containing the derivatized pHEMA membrane disks
was stirred for 24 h at room temperature. After this
period, the leached Fe** was determined in these
solutions by using AAS.

2.5. Adsorption studies with GOD, CAT and BSA

GOD, CAT and BSA adsorption of the dye
derivatized (pHEMA-CB) and meta chelated
(PHEMA—CB—Fe*") membrane disks was studied at
various pH values, in either 0.1 M acetate (5.0 ml,
pH 4.0-5.5) or in 0.1 M phosphate buffer (5.0 ml,
pH 6.0-8.0). The initid GOD, CAT and BSA
concentrations were 3.0 mgml~' in the corre-
sponding buffer. The adsorption experiments were
conducted for 2 h a 25°C while continuously
stirring. At the end of this period, membranes were
removed from each enzyme and protein solution and
were washed with same buffer three times. They
were then stored at 4°C in fresh buffer until use.

In order to determine the adsorption capacities of
derived pHEMA membranes, the concentrations of
GOD, CAT and BSA in the solutions were varied
between 0.5 and 5.0 mgml~*. The adsorption ex-
periments were carried out for GOD at pH 7.0, for
CAT at pH 6.8 and for BSA at pH 5.0. It should be

noted that all protein adsorption curves are averages
of at least duplicated experiments.

The amount of adsorbed proteins was obtained by
using the following equation.

Q=I[C, — C)VI/A (1)

where, Q is the amount of proteins adsorbed onto
unit surface area of the pHEMA membrane
(mgm~?); C, and C are the concentrations of the
protein solutions in the initial solution and in the
aqueous phase after adsorption, respectively
(mgml "), V is the volume of the aqueous solution
(ml), and A is the surface area of the pHEMA
membrane (m?).

2.6. Desorption of enzymes and protein from
derived pHEMA membrane

In order to determine the reusability of the CB
attached and iron derived pHEMA membrane, GOD,
CAT and BSA adsorption and desorption cycle were
repeated five times using the same pHEMA matrix.
The enzyme and protein desorption from pHEMA-—
CB and pHEMA—CB—Fe®" membranes was carried
out with 1.0 M NaSCN (pH 8.0) and stirred magneti-
cally for 2 h a room temperature. The membranes
were removed and washed severa times with 0.1 M
phosphate buffer (pH 7.0), and then reused in
enzymes and protein adsorption.

The desorption ratios of the proteins and Fe*"
were then calculated by using the following expres-
sion:

Desorption ratio =
[amount of protein (or Fe*") released X 100]
[amount of protein (or Fe**) adsorbed on the membrane]

()

2.7. Determination of adsorption efficiency

The amount of protein in the crystalline enzymes
and protein preparation and in the wash solution was
determined by spectrofluorimetry (excitation at 280
nm and emission at 340 nm) using a Shimadzu
(Model RF 5000) spectrofluorimeter. A calibration
curve constructed with BSA solution (0.02-0.2
mgml~*) was used in the calculation of enzyme
concentration.
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Protein concentration (mg ml ~*)
= fluorescenceintensity at 340 nm/slope 3)

2.8 Elemental analysis

The amount of Cibacron Blue F3GA attached
covalently to pHEMA membrane was evaluated from
the elemental analysis device (Leco, CHNS-932,
USA).

3. Results and discussion

3.1. Cibacron Blue F3GA derived pHEMA
membrane

Dye immobilization requires an inert, hydrophilic
support which possesses chemicaly modifiable
groups. Most frequently used matrices are the natu-
rally occurring polysaccharide polymers. agarose,
dextran and cellulose. However, these natural poly-
mers can undergo biological degradation and, for
some applications, they show insufficient mechanical
strength and porosity [21,27]. In comparison with
other supports, the synthetic hydrophilic polymer
pHEMA, due to its synthetic nature, is very inert
toward microbial degradation and resistant to many
chemicals. Its porosity can be modified by varying
the concentration of ions and pore forming agent in
the polymerization medium. Preparation and charac-
terization details of the pHEMA membrane were
given in our previous papers [23,26].

Cibacron Blue F3GA is a monochlorotriazine dye
(Fig. 1), which contains three acidic sulfonate groups
and four basic primary and secondary amino groups;
the binding of Fe®" ions to the Cibacron Blue F3GA
molecules occurs especially through oxygen and

O  NH,
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N
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Fig. 1. Chemica structure of Cibacron Blue F3GA.

nitrogen atoms. The strong binding of Cibacron Blue
F3GA to proteins occurs largely at binding sites for
substrates, coenzymes and other prosthetic groups
[28,29].

Adsorption equilibria were achieved gradualy in
about 1 h. The SEM pictures of the pHEMA
membrane previously reported [23] show that the
membrane has a highly open pore structure which
may lead to a large internal surface area (implying
high adsorption capacity) with low diffusional resist-
ance in the matrix (implying high adsorption rates).
Achieving both high adsorption capacities and rates
were the main concerns in the preparation of affinity
membranes for enzyme and protein adsorption.

pHEMA and pHEMA-CB membranes were sub-
jected to elemental analysis. The amount of CB
attached to the membrane was calculated from this
data, (by considering the stoichiometry), to be 10.7
mmol CB m™ 2.

Studies aimed at detecting leakage of CB and
Fe** from the CB attached and Fe®" derived
pHEMA membrane revealed no leakage in any of the
adsorption and desorption media, and implied that
the washing procedure was satisfactory for the
removal of the physically adsorbed CB molecules
and Fe*" ions from pHEMA membranes.

32 Cibacron Blue F3GA—Fe’®” attached pHEMA
membrane

As seen in Fig. 2, the adsorption of Fe*" ions on
the pHEMA—CB membranes increased with increas-
ing pH, but this relation levelled off at around pH
5.0. The nonspecific adsorption of Fe** ions was
about 6 mgm~? for the plan of the pHEMA
membrane, while the specific adsorption of Fe**
ions was much higher (135 mg m~? membrane) than
nonspecific adsorption.

Fig. 3 shows the effects of Fe*" ion concentration
on the amount of Fe*" ions adsorbed (chelated) on
both the pHEMA and pHEMA-CB membranes. The
amount of adsorbed Fe*" ions on the pHEMA—-CB
membranes increased linearly up to 100 ppm Fe**
ion concentration, beyond which a plateau was
observed. A value of 473 mg Fe** m~ % membrane
was reached. Thiswas 12 mg Fe*" m™? for the plain
pHEMA membranes.
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Fig. 2. Incorporation of Fe** ions onto pHEMA and pHEMA—-CB
membranes as a function of pH; initial Fe** concentration 10
ppm.

3.3 Adsorption efficiency of enzymes and protein
Three different proteins were selected as model
adsorbates;, GOD (M, 144 000) as a flavoenzyme
containing two FAD molecules (phosphate groups
present on the FAD group shows affinity towards
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mg Adsorbed Fe(lll)/m? pHEMA

100 +

pHEMA
0 50 100 150 200 250 300 350

Fe(lll) Initial Concentration (ppm)

Fig. 3. Incorporation of Fe** ions onto pHEMA and pHEMA—-CB
membranes as a function of Fe®* ion concentration at pH 5.0.

iron ions), CAT (M, 240 000) as a metallo-enzyme
(@so has a protoporphyrin group and it shows
specific affinity to iron ions) and BSA (M, 60 000) as
a simple protein. In order to ascertain the effect of
their size and structural difference on the adsorption
process similar experiments were carried out by
using pHEMA-CB and pHEMA—-CB—Fe®" mem-
branes.

The optimal pH values for adsorption of GOD,
CAT and BSA onto pHEMA-CB and pHEMA-CB—-
Fe** membranes were investigated in the pH range
4.0-8.0. As observed in Fig. 4, with pHEMA—-CB—
Fe** membrane 872 mgm 2 GOD adsorption was
obtained while with pHEMA-CB this was 662
mgm~ 2. The adsorbed GOD value of each type of
membrane was quite close for all the tested pH
range. It is well known that Cibacron Blue F3GA is
agroup affinity dye and also possesses a high affinity
to FAD [4,30,31]. It has been used in the purification
of several flavoproteins exhibiting tightly bound
FAD [32—-34]. GOD was found to be a dimeric
flavoprotein and one molecule of FAD is tightly
bound per enzyme dimer [35]. The high adsorption
of GOD on pHEMA—CB and pHEMA—CB—Fe*? in
the tested pH range may be due to the high affinity
binding sites of GOD brought by FAD.
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Fig. 4. Effect of pH on GOD adsorption; GOD concentration: 3.0

mg ml; CB loading: 10.7 mmol m™?; Fe*® loading: 473 mgm™2.
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Fig. 5. Effect of pH on CAT adsorption; CAT concentration: 3.0
mg ml; CB loading: 10.7 mmol m™?; Fe**® loading: 473 mgm™2.

In the case of CAT (Fig. 5), the maximum
adsorptions onto pHEMA—CB—Fe®" and pHEMA—
CB membranes were 235 mgm > and 161 mg m? at
6.8, respectively. Significantly lower adsorption was
obtained for both pHEMA preparation in akaline
and acidic pH regions.

The maximum BSA adsorptions for pHEMA-—
CB-Fe®" and pHEMA—CB membranes were 115
mgm 2 and 92 mgm ?, respectively, and were
obtained at pH 5.0 (Fig. 6).

It has been shown that proteins have no net charge
at their isoelectric points, and therefore the maxi-
mum adsorption from agqueous solutions is usualy
observed at their isoelectric point [36]. The isoelec-
tric (pl) values of GOD, CAT and BSA are 4.0, 6.4
and 4.9, respectively.

In the present study, there was no optimum pH for
the GOD adsorption on pHEMA-CB and pHEMA -
CB—Fe®" membranes. The maximum adsorption of
CAT was found close to its pl 6.4, it was dlightly
shifted (0.4 pH unit) to rather neutral pH vaue. In
the case of BSA, the maximum adsorption was
observed at its pl value. These specific interactions
may result from the cooperative effect of different
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Fig. 6. Effect of pH on BSA adsorption; BSA concentration: 3.0

2

mg ml; CB loading: 10.7 mmol m™?; Fe*® loading: 473 mgm™2.

mechanisms such as hydrophaobic interactions and/or
ion-exchange effects, caused by the aromatic struc-
ture and sulfonic acid on the CB and the amino acid
side-chains groups of the proteins [36].

An adsorption isotherm is used to characterize the
interaction of each enzyme and protein with the
adsorbents. This provides a relationship between the
concentration of protein in the solution and the
amount of protein adsorbed on the solid-phase when
the two phases are at equilibrium. The Langmuir
adsorption model assumes that the molecules are
adsorbed at a fixed number of well-defined sites,
each of which can only hold one molecule. These
sites are also assumed to be energetically equivalent,
and distant to each other so that there are no
interactions between molecules adsorbed to adjacent
sites [37].

Semi-reciprocal plots of the experimental data for
the adsorption of GOD, CAT and BSA are presented
for both pHEMA—CB and pHEMA—-CB—Fe*" mem-
branes in Figs. 7 and 8, respectively. The corre-
sponding semi-reciprocal transformations of the
equilibrium data for enzymes and protein and dye
derived and Fe** attached pHEMA membranes gave
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Fig. 7. Adsorption isotherm of GOD, CAT and BSA with
pHEMA-CB membrane: initial proteins concentration between:
0.5-5.0 mgml; CB loading: 10.7 mmol m™2,

rise to a linear plot, indicating that the Langmuir
model could be applied in these systems and which
were described by the equation:

0.05 +
—e—CB-Fe(lll)-CAT
—&— CB-Fe(lll)GOD
0044 —a— CB-Fe(lll)-BSA
~ 0.03
£
o
E
o
*0.02 4
0.01 +
0 +
0 1 2 3 4 5 6

*C (mg/cm?)

Fig. 8. Adsorption isotherm of GOD, CAT and BSA with
pHEMA—CB-Fe®" membrane: initial proteins concentration be-
tween: 0.5-5.0 mgml; CB loading: 10.7 mmol m~% Fe*® load-
ing: 8.48 wmol m~? membrane.

dg/dt =k,C(q,, —a) —k,q (5

where C is the concentration of adsorbate in solu-
tion, g is the solid-phase concentration of the
adsorbed molecules and q,,, is the maximum capacity
of the adsorbent. Eq. (5) leads to

q* =QuC*/(ks +C) (6)

where k,=Kk,/k, is the dissociation constant of the
system.

The semi-reciprocal plot of C*/g* versus C* was
employed to generate the intercept of k,/q,, and the
sope of 1/q,,. The maximum capacity (q,,) and the
dissociation constant (k,) data for the adsorption of
GOD, CAT and BSA to the pHEMA-CB and
pHEMA—-CB—Fe® membranes were obtained from
the experimental data. The maximum capacities (q,,,)
were 6.79-10°° pmolm ? and 8.70-10 °
pmol m~? for GOD, 1.34-10 ° wmolm ? and
215:10°% umolm™? for CAT, and 1.94-10 3
pmol m~ 2 and 2.21-10 % pwmol m™ 2 for BSA when
pHEMA-CB and pHEMA-CB-Fe*" membranes
respectively were used in the adsorption tests. The
order of q,, value for both case is as follows: GOD >
CAT>BSA. The amount of Cibacron Blue F3GA
and Fe*" ions loading on the surface of CB deriva-
tized pHEMA membrane were 10.7 mmol m™? and
8.48 pmolm % (473 mgm %), respectively. The
binding ratios of the dye and proteins were all found
to be of the same order (10° dye molecules per
protein molecule) but GOD had a higher binding
ratio than CAT or BSA. For the pHEMA—-CB—Fe**
membrane the binding ratios were calculated for
Fe** ions and found to be 9.75-10% 4.04-10°% and
3.94-10° Fe’" ions molecules for GOD, CAT and
BSA, respectively. Incorporation of Fe** ions to the
pHEMA—-CB membrane leads to a significant in-
crease in the maximum capacity of the membranes to
enzymes and protein. The q,, values of GOD, CAT
and BSA were increased about 28%, 60% and 13%,
respectively.

It is clear that this increase is due to ternary
complex formation between triazine dye, Fe** ions
and proteins molecules (i.e. Fe*" ions promote the
adsorption of GOD, CAT and BSA). The binding of
proteins to transition metals occurs via the electron-
donating side chains of residues such as histidine and
cysteine, which substitute water molecules coordi-
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nated to the metal. The number of binding sites on
the protein (histidine and cysteine residues), the
chelate—polymer structure and pH influence metal
affinity protein precipitation [6,7]. Catalase is an iron
containing metalloenzyme and this may cause a
specific interaction with the iron ions on the mem-
brane through the iron binding sites of the catalase.
This high specific interaction may lead to an increase
in the g, value (about 60%) of the Fe’" attached
pHEMA—-CB membrane.

The k, values of the three proteins were derived
from the semi-reciprocal plots and were found to be
1.39:10 ° M and 0.75-10 ° M for GOD, 1.52-10 °
M and 1.92:10 ° M for CAT and 1.78:10 ° M and
093-10°°> M for BSA, with pHEMA-CB and
pHEMA—-CB—Fe*" membranes systems, respective-
ly. After Fe** incorporation, an increase in the
maximum adsorption capacity of the pHEMA-CB
membrane for GOD, CAT and BSA was obtained,
while a dlight increase in the dissociation constants
of CAT was observed. The reduction in the dissocia-
tion constants of GOD and BSA was about 39% and
98.7%, respectively. This might be due to the lower
molecular mass of proteins (GOD, 144 000; BSA,
67 000), leading to better affinity than for the higher-
molecular-mass protein in this case; CAT has a
molecular mass of 240 000.

Note that a wide variety of sorbents with a wide
range of absorbtion capacities were reported in the
literature for albumin adsorption. Denizli et a. found
41 mgm ? adsorption capacity with Congo Red
attached monosize pHEMA-MMA microspheres [7].
Tuncel et a. reached an adsorption capacity of 40
mg BSA m™ 2 with the polylvinyl alcohol coated CB
immobilized monosize polystyrene microspheres
[38]. Zeng and Ruskenstein have reported 139 mg
HSA m ? with the CB attached microporous
chitosan membranes [39]. The maximum adsorptions
for GOD 872 mgm 2, for CAT 235 mgm™ 2 and for
BSA 115 mgm ? were achieved with pHEMA—
CB—Fe®" sorbent system developed in this study
which was quite comparable with the related litera-
ture.

3.4. Desorption of enzymes and protein from
affinity membranes

Desorption of adsorbed GOD, CAT and BSA from
dye-derived pHEMA membrane was carried out in a

batch system. pHEMA—CB or pHEMA-CB—Fe**
and enzymes or protein preparation were placed
within the desorption medium containing 1.0 M
NaSCN (pH 8.0) at room temperature for 2 h as
described above and was repeatedly used in ad-
sorption of GOD, CAT and BSA. The enzyme and
protein adsorption capacities did not change during
five successive adsorption—desorption cycles of the
pHEMA—-CB and pHEMA-CB-Fe*" preparation.
Adsorption capacities of the preparations did not
significantly change during these adsorption—desorp-
tion cycles. These results showed that CB and CB—
Fe*" derived novel affinity pHEMA membranes can
be repeatedly used in enzyme and protein adsorption
studies without detectable losses in their initia
adsorption capacities.

4, Conclusion

A microporous pHEMA membrane containing CB
and Fe*" ijons was prepared by UV-initiated photo-
polymerization of HEMA. The results showed that
different types of protein were adsorbed with high
affinity interaction on the membranes. The pHEMA
membrane modified by attachment of CB and Fe**
ions revealed good properties as an affinity mem-
branes and will be effective in processing large
volumes of liquid culture medium containing a target
protein.
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