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ABSTRACT 

A porous hollow-fibre membrane containing L-phenylalanine as a pseudo-biospecific ligand has been prepared by radiation-inducc 
grafting of glycidyl methacrylate onto polyethylene microfiltration hollow fibre, followed by coupling of the produced epoxide grot 
with L-phenylalanine. The remaining epoxide group was hydrolysed into a diol group with sulphuric acid. The L-phenylalanine and tl 
diol group acted in a complementary way as a pseudo-biospecific ligand and a hydrophilic group, respectively. The adsorption capaci 
of bovine gamma globulin on the resulting porous adsorbent could be determined by the specific surface area of the adsorbent when tl 
ligand was in exc&s over the protein. - _ 

- 

INTRODUCTION 

When one molecule of an affinity pair is immobi- 
lized on a solid support, the resulting material is 
called an affinity adsorbent capable of separating 
the other molecule specifically from a complex solu- 
tion. The separation technique using the affinity ad- 
sorbents has been applied to the purification and 
concentration of diluted and valuable proteins from 
bioprocess fluids [ 11, and to the removal of undesir- 
able proteins from human plasma [2]. Of various 
kinds of affinity adsorbent, those based on agarose 
gel beads have been widely used on a laboratory 
scale. Since agarose retains water at the ratio of 40 g 
of water per gram of dry agarose, wet agarose gel is 
highly hydrophilic. Thus, agarose gel has the ad- 
vantage that proteins will not adsorb on it non-se- 
lectively. A great number of studies have been re- 
ported concerning agarose-based affinity chromato- 
graphy [3,4]. However, the relationship between 
protein adsorption capacity and the ligand density 

or specific surface area of the agarose-based affini 
adsorbents is not defined, because of the difficulti 
of varying the ligand density over a wide range ar 
determining the specific surface area in the wet sta 
for the agarose gel. 

We have suggested a novel method of introdu 
ing functional groups into a porous polyethylei 
hollow-fibre membrane [5,6]. This method is effe 
tive in that the functionality can be easily intr 
duced into the porous matrix at a given density 1 
selecting the reaction conditions of preparation. 

The objectives of our study are two-fold: (1) 
prepare the porous adsorbent containing a hydr 
phobic amino acid as a pseudo-biospecific ligan 
and (2) to correlate the protein adsorption capaci 
of the porous adsorbent with its ligand density ai 
specific surface area. In this study, L-phenylalani 
and bovine gamma globulin were selected as ligai 
and protein, respectively. L-Phenylalanine has be 
used as a ligand for the isolation of tRNA ligase 1 
and chorismate mutase/prephenate dehydratase 
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from E. coli, and for the purification of human IgA 
from serum [9]. 

EXPERIMENTAL 

Preparation qf L-phenylalunine-containing mem- 
brane 

Fig, 1 shows the preparation process for the ad- 
sorbent containing L-phenylalanine as a pseudo- 
biospecific ligand. Commercially available porous 
polyethylene hollow fibre (Asahi Chemical Indus- 
try) was used as the trunk polymer for grafting. The 
inner and outer diameters of the hollow fibre were 
0.62 and 1.24 mm, respectively. Reagent-grade gly- 
cidyl methacrylate (GMA) was purchased from To- 
kyo Kasei Industry and was used without further 
purification. L-Phenylalanine (L-Phe) was pur- 
chased from Wako Pure Chemical Industry. 

The hollow fibre was irradiated by an electron 
beam at ambient temperature in a nitrogen atmo- 
sphere. Immediately after irradiation, the hollow 
fibre was exposed to a vapour of deaerated GMA, 
which reacted with the trapped radicals in the trunk 
polymer. Details of GMA grafting have been de- 
scribed in previous publications [5,6]. The amount 
of GMA introduced into the starting hollow fibre 
was defined as the degree of GMA grafting: 

degree of GMA grafting (d.g.) = 

lOO]( W1 - Wo)/ Wol (1) 
where W. and WI are the weights of starting and 
GMA-grafted hollow fibre, respectively. 

The epoxide group of the grafted branches was 
coupled with L-Phe. L-Phe was dissolved in deion- 
ized water. and the pH was ad.justed to 13 with sodi- 

fCHzCH& n h fCHzFH)n h 

fCH2$XH&m 
$OCHzfH,CHz 

0 0 

fCHnyHfn 

fCHz$CHsf y 

$OCHqHCM-NH$IHCH2~ 

0 OH COOH 

Fig. I. Preparation of the adsorbent with L-Phe as a pseudo- 
biospecific ligand. The epoxide group in the GMA-grafted hol- 
low fibre was coupled with L-Phe. 

urn hydroxide. The GMA-grafted hollow fibre was 
immersed in the L-Phe solution at 353 K. After a 
predetermined time, the hollow fibre was removed 
and washed repeatedly with water. Subsequently, 
the remaining epoxide group in the hollow fibre was 
converted into a diol group by immersing the hol- 
low fibre in 1 M sulphuric acid at 353 K for 2 h. The 
fibre was washed several times with water and then 
dried under reduced pressure. The coupling efficien- 
cy of epoxide group with L-Phe, X,, and the ligand 
density were defined as follows: 

Wz = W, + (W,- Wo)[(142+165)X,~100+ 
(142+ 18)(1 -X,/lOO)]/142 

coupling efficiency (X,) = 100[142( W, - Wo)/ 
(WI - W,)- 160]/‘147 (2) 

ligand density = [(WI - Wo)/142]X,/100/ Wz (3) 

where W, is the weight of L-Phe-containing hollow 
fibre, and the factors 165, 142 and 18 are the molec- 
ular masses of L-Phe, GMA and water, respective- 
ly. The resulting hollow fibre was designated as a 
Phe-C fibre, where C denotes capillary. 

To evaluate the amount of protein adsorbed non- 
selectively on the Phe-C fibre. a diol-group-contain- 
ing hollow hbre was prepared by hydrolysing the 
GMA-grafted hollow hbre with sulphuric acid. The 
resulting hollow fibre is referred to as a GMA-H-C 
fibre. 

Properties of the Phe-Cjhre 
After the Phe-C fibre had been dried, its specific 

surface area was determined according to the BET 
method. Two drying methods for the fibres were 
compared: drying under reduced pressure and 
freeze-drying. 

Because a microfiltration hollow-fibre membrane 
is used as the trunk polymer, the Phe-C fibre is still 
permeable to water. The water flux was determined 
using the apparatus described in ref. 10. To prevent 
a decrease in permeability caused by particle accu- 
mulation, water prepared by passage through an 
ultrafiltration (UF) module was used as the feed 
solution. The UF water permeated through the 
membrane from the inside to the outside. The pure 
water flux (PWF) was calculated by dividing the 
flow-rate by the inner surface area of the hollow 
fibre. The PWFs of the hollow fibres with and with- 
out methanol treatment were determined. Metha- 
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no1 treatment indicates that, before the flux mea- 
surement, the fibre was immersed for 10 min in 
methanol, which was then replaced with water. The 
filtration pressure was kept at 1.0 ’ 10’ Pa. The feed 
solution was kept at 303 K. 

Adsorption and elution of bovine gamma globulin 
Bovine gamma globulin (BGG) was purchased 

from Sigma (No. G5009, Cohn Fraction II, III) and 
used as received. BGG was dissolved in a buffer (3.3 
M NaCl, 0.01 M Tris-HCl, pH 8.0). This buffer can 
facilitate the hydrophobic interaction and inversely 
depress the electrostatic binding between the pro- 
tein and the polymer surface [ll]. Adsorption iso- 
therms were determined in a batchwise method. A 
fixed amount of the Phe-C fibre was immersed in 
the BGG solution. The mixture was incubated at 
303 K for 24 h to allow the system to reach equilib- 
rium. The amount of protein adsorbed on the fibre 
was calculated from the decrease in BGG concen- 
tration in the solution. The Langmuir isotherm 
closely fitted the adsorption data, and then the sat- 
uration capacity was determined. BGG was deter- 
mined by UV spectroscopy. 

Next, the BGG adsorbed onto the Phe-C fibre 
was eluted by immersing the fibre in 0.01 M Tris- 
HCl buffer containing l-2 M NaCl, and in a mix- 
ture of 50% v/v ethylene glycol and 1 M NaCl for 
24 h. Elution was done at the same volume ratio of 
fibre to eluate. The amount of BGG in each eluate 
was determined. The elution ratio, i.e. the ratio of 
the eluted amount‘to the initially adsorbed amount 
was calculated. 

RESULTS AND DISCUSSION 

Preparation of the Phe-Cfibre 
L-Phe was introduced into the hollow fibre by 

reaction of the epoxide group in the GMA-grafted 
hollow fibre with the amino group of L-Phe. Fig. 2 
shows the coupling efficiency as a function of the 
reaction time. The coupling efficiency levelled off 
after 24 h. By varying the degree of GMA grafting 
between 10% and 200%, the final coupling efficien- 
cy and ligand density were measured. Fig. 3 shows 
that the final coupling efficiency was ca. 13%, irre- 
spective of the degree of GMA grafting. The corre- 
sponding ligand density ranged from 0.15 to 0.6 
mmol per dry gram of the Phe-C fibre. Moreover, 

c - 
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Fig. 2. Coupling efficiency as a function of reaction time. The 
GMA-grafted hollow fibres with 80% (0) and 130% (a) degree 
of GMA grafting were immersed in the L-Phe solution with pH 
initially adjusted to 13. Temperature: 353 K. 

the ligand density per wet volume of the fibre, 0.05 
0.28 mmol/ml, was calculated by multiplying each 
apparent density of the fibre. The ligand density of 
the Phe-C fibre was an order of magnitude higher 
than that of commercial affinity beads based on 
agarose, e.g. 0.01 mmol/ml [12]. The method sug- 
gested in this study can provide the polymeric sup- 
port with a desired ligand density by selecting either 
the degree of GMA grafting or the coupling effi- 
ciency in preparation. 

0 
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Fig. 3. Coupling efficiency as a function of degree of GMA graft- 
ing. The coupling efficiency and ligand density were calculated 
from eqns. 2 and 3, respectively. 
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Fig. 4. Specific surface area of Phe-C fibre as a function of degree 
of GMA grafting. The GMA-grafted hollow fibres were coupled 
with L-Phe at a coupling efficiency of 13%. After the Phe-C fibre 
was vacuum-dried (C) or freeze-dried (A), its specific surface 
area was determined. 

Properties of the Phe-CJibre 
Fig. 4 shows the specific surface area of the hol- 

low fibres. The specific surface area of the starting 
hollow fibre was 23 m’/g. The specific surface area 
of the Phe-C fibre decreased as the degree of GMA 
grafting increased. This decrease is due to the for- 
mation of the grafted branches on the surface of the 
pores with relatively smaller diameters [13]. 

The pure water flux is shown in Fig. 5 as a func- 
tion of the degree of GMA grafting, where the sym- 

I I 
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Fig. 5. Pure water flux as a function of degree of GMA grafting. 
Pure water flux was compared between the Phe-C fibres with and 
without methanol treatment. The symbol (M) indicates that the 
dried Phe-C fibre was immersed in methanol for IO min and then 
replaced with water. 
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bol (M) indicates the hollow fibre pretreated with 
methanol. Methanol filled the pores of the fibres 
and then was replaced with water. The PWF of the 
Phe-C fibre decreased gradually with an increasing 
degree of GMA grafting. When the degree of GMA 
grafting reached ea. lOO%, the PWFs of the fibre 
with and without methanol treatment coincided. 
The epoxide group of the GMA-grafted fibre was 
coupled with L-Phe to reach the final coupling effi- 
ciency of 13%. Some of the uncoupled epoxide 
group were hydrolysed into a diol group during 
coupling, and some remained as epoxide. Since the 
remaining epoxide was hydrolysed to the diol group 
with sulphuric acid quantitatively, the density of the 
diol group increased with an increase in the degree 
of GMA grafting (d.g.) under a constant coupling 
efficiency: 

density of diol group 
= [(IV, - W&l -X,/100)/142]/Wz (4) 

= (d.g.)(l-X,/100)/100 
142+(d.g.)(147X,/lOO+ 160)/100 

As a result, a degree of GMA grafting of ~‘a. 100% 
was regarded as the point at which the polyethy- 
lene-based hollow fibre was safisfactorily hydro- 
philised from the standpoint of the water flux. 

Non-selective adsorption of BGG 
A negligible amount of protein adsorbed non-se- 

lectively on the adsorbents is one of the important 

Degree of GMA grafting [%I 

Fig. 6. Saturation capacity of BGG on the dial-group-containing 
fibre. The GMA-H-C fibre was prepared by hydrolysis of the 
GMA-grafted fibre then equilibrated with the BGG solution 
buffered with 0.01 M Tris--HCI and 3.3 M NaCl (pH 8). 
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requisites. Using exclusively diol-group-containing 
hollow fibre (GMA-H-C fibre), which was prepared 
by hydrolysing the GMA-grafted hollow fibre with 
sulphuric acid, non-selective adsorption isotherms 
of BGG were measured. The saturation capacities 
of GMA-H-C fibres with different degrees of GMA 
grafting can be obtained from the Langmuir plot of 
the corresponding isotherm, and they are plotted in 
Fig. 6 as a function of the degree of GMA grafting. 
The saturation capacity of BGG on the GMA-H-C 
fibre decreased as the degree of GMA grafting in- 
creased. When the degree of GMA grafting exceed- 
ed cu. loo%, it decreased to a constant value. The 
dependence of non-selective saturation capacity on 
the degree of GMA grafting was in excellent ac- 
cordance with that of the water flux. Satisfactory 
hydrophilization of the hollow fibre suggests that 
the diol-group-containing grafted branches cover 
the polyethylene matrix entirely and retain water on 
themselves. Hydrated water on the polymer surface 
will reduce the hydrophobic interaction between the 
protein and the polymer surface. This effect has also 
been observed during the design of a biocompatible 
film modified with hydrophilic monomers, such as 
2-hydroxylethyl methacrylate (HEMA) [ 14,151. 

Specific adsorption of BGG 
The amount of L-Phe immobilized on the hollow 

fibre could be varied by changing the reaction time 
during the coupling of the GMA-grafted hollow 
fibre with a constant degree of GMA grafting (d.g. 
= 70%, 110% and 150%). Fig. 7 shows an example 
of adsorption isotherms for Phe-C fibres containing 
an identical amount of the grafted branches and 
different ligand densities. Fig. 8 indicates that the 
saturation capacity exhibited a constant value irre- 
spective of the density of the Phe ligand. In this 
range of the ligand density, the molar ratio, R,, of 
the L-Phe ligand to BGG (assumed molecular mass 
156 000) adsorbed specifically on it was of the order 
of 103; in other words, the ligand was far in excess 
of what is required to bind BGG. 

R, = (ligand density)/(molar cont. of protein 
adsorbed at saturation) (5) 

However, the density of the diol group obtained 
from the degree of GMA grafting of at least 100% 
is necessary to minimize the amount of BGG ad- 
sorbed non-selectively, as discussed above. Al- 

0 

: EGG concentration in solution 1911 1 

Fig. 7. Adsorption isotherms of Phe-C fibres with different li- 
gand densities. The Phe-C fibres, which contained an identical 
amount of graft branches (110%) and different ligand densities 
of 0.2 (a) and 0.55 (0) mmol/g fibre, were equilibrated with the 
BGG solution. 

though an excess ligand density is reported to in- 
terfere with the affinity interaction [4], this phenom- 
enon was not observed in this affinity system. 

In order to examine the possibility and extent of 
protein multi-point attachment on the Phe-C fibre 
with increasing ligand density, BGG was eluted 
from the Phe-C fibre with the Tri-HCl buffer con- 
taining various concentrations of NaCl. Decreasing 
salt concentration weakens the hydrophobic inter- 
action between the Phe-C fibre and BGG [16]. As 

g,l, / I I I I 
51 0.1 0.2 0.3 0.4 0.5 

Ligond density [mmot/g Fiber1 

Fig. 8. Saturation capacity of BGG on Phe-C fibre as a function 
of ligand density. The ligand density ranged from 0.02 to 0.52 
mmol/g for GMA grafting varying from 70% to 150%, and cou- 
pling efficiency ranging from 3% to 13%. 



32 M. KIM er al. 

TABLE I 

ELUTION RATIO FOR DIFFERENT ELUENTS AT VARIOUS LIGAND DENSITIES 

Ligand density 
(mmol/g fibre) 

0.101 
0.185 
0.463 

Eluent 

0.01 A4 Tris-HC1 
+ 1 MNaCl 

19% 
81% 
82% 

0.01 M Tris-HCI 
+ 2 M NaCl 

19% 
80% 
73% 

50 v/v% EC” 
+ I M NaCl 

100% 
100% 
94% 

n Ethylene glycol 

shown in Table I, no significant difference in the 
elution ratio was observed in the range of the ligand 
density of 0.101-0.463 mmol/g. The mixture of 50 
v/v% ethylene glycol and 1 A4 NaCl eluted BGG 
quantitatively. This indicates that the bond energy 
is almost constant, irrespective of the ligand densi- 
ty. However, it is difficult to explain the absence of 
multi-point attachment to the ligand. 

The amount of BGG adsorbed non-selectively on 
the Phe-C fibre was cc(. 10% of the amount ad- 
sorbed specifically (Fig. 6). Fig. 9 shows that the 
saturation capacity of BGG can be determined 
from the specific surface area of the porous hollow 
fibre when the ligand is in excess of BGG. The gam- 
ma globulin is a mixture of TgG and IgA. The pre- 

Specific surface area [m*/g Fiber] 

Fig. 9. Saturation capacity of BGG on Phe-C fibre as a function 
of specific surface area. The theoretical lines were determined 
from eqn. 6 for two extreme orientations: arm-collapsed and 
arm-extended adsorptions. 

dominant component, IgG, has a molecular mass of 
150 000 and consists of four peptide chains: two 
identical heavy chains and two identical light 
chains. These chains are linked by strong disulphide 
bonds into a Y- or T-shaped structure with hinge- 
like flexible arms. Thus an IgG molecule would ex- 
pand and contract significantly with the variation of 
the ionization of the ionizable groups in the mole- 
cule. When the molecule is fully charged, either at 
low pH or high pH, the arms can be completely 
extended because of charge repulsion. Where there 
is no intermolecular charge interaction, the arms 
would probably collapse, owing to an intermolec- 
ular attractive hydrophobic interaction [ 171. Since 
the bottom end of the Y or T (the Fc portion) is 
much more hydrophobic than the tips of the Y or T 
(the F(ab’)* portions) of the IgG molecules, end-on 
adsorption of IgG on the Phe-C is certainly fa- 
voured. There are thus two possible extreme con- 
formations: arm-collapsed with end-on adsorption, 
and arm-extended with end-on adsorption. The the- 
oretical saturation capacity, q_, can be calculated 
from the following: 

(6) 

where a, and a are the specific surface area and the 
cross-sectional area occupied by an IgG molecule. 
and M and NA are the molecular mass of BGG and 
the Avogadro number. Theoretical lines for arm- 
collapsed and arm-extended adsorption are depict- 
ed in Fig. 9 by inserting the corresponding estimat- 
ed projection area per molecule, 3900 and 10 700 
A’. Our experimental results were situated between 
the two extreme conformations. 
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CONCLUSION 

A porous hollow-fibre membrane containing L- 
Phe as a pseudo-biospecific ligand has been pre- 
pared by radiation-induced grafting of GMA onto 
a polyethylene microfiltration hollow-fibre mem- 
brane, and thereafter by coupling of the produced 
epoxide group with L-Phe. The remaining epoxide 
group was hydrolysed to a diol group with sulphur- 
ic acid. 

The density of the diol group obtained from the 
degree of GMA grafting of at least 100% was neces- 
sary to minimize the non-selective adsorption of 
BGG onto the Phe-containing adsorbent based on 
polyethylene. 

The molar ratio of the Phe ligand to BGG ranged 
up to 103. The excess ligand did not interfere with 
the ordinary adsorption. 

The adsorption capacity for BGG of the resulting 
porous adsorbent could be determined by the spe- 
cific surface area of the adsorbent when the ligand 
was in excess of BGG. 
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