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Comparison of Ligand Density and Protein Adsorption
on Dye-Affinity Membranes Using Different Spacer
Arms

SHING-YI SUEN* and YI-DA TSAI

DEPARTMENT OF CHEMICAL ENGINEERING
NATIONAL CHUNG HSING UNIVERSITY
TAICHUNG, TAIWAN 402, REPUBLIC OF CHINA

ABSTRACT

The use of 1,6-diaminohexane, 1,10-diaminodecane, 1,6-diaminohexane + ethy-
lene glycol diglycidyl ether (EGDGE), and 1,10-diaminodecane + EGDGE as spacer
arms for the immobilization of Cibacron Blue 3GA onto Immobilon AV membranes
was investigated in this work. The dye ligand density was optimized by the employ-
ment of 1,6-diaminohexane, followed by 1,10-diaminodecane, 1,10-diaminodecane
+ EGDGE, and 1,6-diaminohexane + EGDGE. The adsorption properties of
lysozyme onto the dye-affinity membranes were also studied. The results show that
the use of 1,10-diaminodecane as a spacer molecule appears to offer the best adsorp-
tion capacity and hence results in the highest percentage of ligand utilization.
Consequently, a 12-atom straight molecule such as 1,10-diaminodecane is a good
choice for dye-affinity membrane separations.

INTRODUCTION

Recently, the use of membrane materials as solid supports has demonstrated
its potential in overcoming the severe mass-transfer limitations of traditional
column techniques (1-4). Low transmembrane pressure drops and high flow
rates reduce the required time for aseparation cycle. Asaresult of the reduced
cycle time, the possible denaturation of ligand and biomol ecules can be mini-
mized, thus raising the economic efficiency. Accordingly, more and more
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studies have been made in an attempt to improve the application of adsorptive
membranes (5-17).

Different types of membrane have been exploited for the adsorption pro-
cess, including membrane disk, hollow fiber, spiral-wound membrane, poly-
mer rod, etc. (3, 4). Among them, the membrane disk and hollow fiber are
most frequently utilized and studied in the literature. Their adsorption perfor-
mance and efficiency on alaboratory scale have been extensively investigated
in recent studies (5—17). The major advantages of using membrane disks come
from the fact that their commercial products are of various sizes and materi-
als, which can provide more choices for the customers to meet their require-
ments. Moreover, the design of a disk holder is usually simpler and the cost
for both the holder and membraneitself islower as compared to other types of
membranes. The practical applications of membrane disks, however, are still
restricted by severa problems. The crude solutions may not be directly ap-
plied due to the fouling of membranes. In addition, flow maldistribution and
leaking from the disk edge may become severein alarge-scale design (3). On
the other hand, hollow fibers are sel ected as the solid supports specifically due
to their high specific surface area, which increases the relative adsorption ca-
pacity. Besides, since the traditional hollow fiber holder is frequently de-
signed in a crossflow manner to facilitate an efficient filtration process, it is
possible to induce an effective separation of the crude solutions. Combining
the advantages of both the flat-sheet membrane disk and hollow fiber design,
a crossflow design of a flat-sheet membrane, that is, a plate-and-frame
adsorptive filter, may be suggested for more effective adsorptive membrane
separation.

Because of its rectangular shape and design for affinity purposes, the Im-
mobilon AV (IAV) membrane of Millipore Company (Bedford, MA, USA)
can be a good choice as the solid support for a plate-and-frame adsorptive fil -
ter. The base material of the AV membraneishydrophilic PV DF (polyvinyli-
dene difluoride) that provides low levels of nonspecific protein adsorption.
The membrane surface has been chemically activated for the purpose of im-
mobilizing ligands with amine groups (18, 19). In the case where the ligand
lacks an active amine group, a suitable spacer arm can be used to connect both
the membrane and the ligand molecule. In addition, it is also suggested that
utilization of aspacer arm increases ligand accessibility when poor adsorption
performance is exhibited for low molecular weight ligands due to their low
steric availability (4, 20). To further improve its application, this study is
aimed at finding a better length of spacer arm for the immobilization of dye
ligand onto the IAV membrane. The results could be eventually applied to the
practical application of the |IAV membrane in the plate-and-frame filter.

Cibacron Blue 3GA, a popular triazine dye for group-specific affinity sep-
aration, was used as the affinity ligand in thiswork. Due to the absence of ac-
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tive amine groups on Cibacron Blue 3GA, diaminewas employed in this study
as a spacer arm for linkage binding. The diamines tested were 1,6-diamino-
hexane and 1,10-diaminodecane. Furthermore, considering that the epoxide
group ismore reactive than the amino group but can not be directly bound with
the IAV membrane, ethylene glycol diglycidyl ether (EGDGE) with two
epoxide terminals was added after the diamine conjugation. The addition of
EGDGE was expected to have two functions. lengthening the spacer arm
and increasing the immobilized ligand amount by use of the more reactive
epoxide group. The results of ligand density using different spacer arms were
compared. The properties of lysozyme adsorption onto the dye-affinity
membranes were also investigated.

EXPERIMENTAL

Materials

The lAV membrane, with an average pore size of 0.65 pwm and a thickness
of 140 pm, was purchased from Millipore Company (Bedford, MA, USA).
Cibacron Blue 3GA (C9534, MW 774.2) and chicken egg white lysozyme
(L6876, MW 14300) were obtained from Sigma Chemical (St. Louis, MO,
USA). The reagents 1,6-diaminohexane, 1,10-diaminodecane, and EGDGE
were from TClI Company (Tokyo, Japan)

Spacer Arm Conjugation

The lAV membrane was cut into small piecesof 1 cm by 1 cm for the fol-
lowing experiments. An excess amount of diamine was dissolved in 5 mL of
0.5 M phosphate buffer (pH 7.2) and put into a container to be reacted with
one piece of the cut, dry IAV membrane. The amount of diamine used was 1
g for 1,6-diaminohexane and 1.5 g for 1,10-diaminodecane, both about 0.008
mole. The reaction was conducted at room temperature for 12 hours. After re-
action, the membrane was thoroughly rinsed to remove the unreacted diamine.
It may be worthwhile to note that the pH value of the diamine solution was
raised to 11 due to the use of a high diamine concentration; this value was be-
yond the suggested pH range for the membrane, 3 to 10. To check the mem-
brane stability, a piece of blank membrane was incubated in an aqueous
solution of pH 11 for 12 hours. The result certified the stability of the
membrane under this pH value. The diamine reaction is

0 0
" "
IAV-C—r  + H;N—(CHy)—NH, ——> JAV-¢—HN—(CH;)—NH,

As to the addition of EGDGE, 3 g (about 0.005 mole) was dissolved in 5
mL of deionized water and mixed with a piece of membrane with bound di-
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amine at room temperature for 12 hours. The membrane was then washed with
deionized water to remove the unreacted reagent. The EGDGE reaction is

0
" (0]
IAV-c—HN—(CH; )—NH, + L _o
< - \/\O
/W
o OH
—— TAV-¢—N—(CH ) —Ni—ct—L_o_~
0
/ﬁo

Ligand Immobilization

The immobilization procedure is described as follows: A piece of spacer-
bound membrane was incubated with 10 mL of 3% (w/v) dye solution under
60°C for 30 minutes. Ten milliliters of 6% (w/v) NaCl solution wasthen added
into the mixture and the reaction was continuously conducted at the sametem-
perature for 1 hour. Ten milliliters of 2% (w/v) Na,COs solution was finally
added and the temperature was raised to 80°C for another 1 hour of incuba-
tion. The membrane was thoroughly rinsed until no blue dye was el uted.

The immobilization of Cibacron Blue 3GA onto diamine-activated |AV
membrane is based on the binding of the triazine group of Cibacron Blue 3GA
with the free amine group of the spacer molecule. The reaction is

0 0 NH2

] SO3H
TAV-c—HN—(CH,)—NH, +
. al
O NH NH—( _‘N
N={_
SOsH NHQ

SOsH

0
IAV.C — HN—( CH, )—NH

H,N SO3H

— N /L NH\@
cﬁiQ oL -

On the other hand, the coupling site of Cibacron Blue 3GA with the amino-
EGDGE-activated membrane is on the primary amine on the anthraguinone
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ring of the dye. Thereactionis

i SO3H
o) o
1}
TIAV-c—HN—(CH, )n—NH.._cp{z_'/\o/\/o\/‘-l N a
* Y
N={_
SO3H

o OH

"
—HN— — 0)
—> TAV-c—HN—(CH,) =NH—cH,—~0—
OH

SO3H

Batch Adsorption Experiment

The binding of lysozyme with Cibacron Blue 3GA is mainly due to both
ionic and hydrophobic interactions (21). At pH values far below 11, the
lysozyme molecule would be cationic based on itsisoelectric point of 11, and
this allows a cationic interaction with Cibacron Blue 3GA. Under this condi-
tion, the addition of ionic strength in the adsorption buffer would lead to an
adsorption competition between other ions and the lysozyme molecule. There-
fore, low ionic strength should be used in the adsorption process in order to
enhance lysozyme adsorption onto the Cibacron Blue 3GA-immobilized
membrane. In our work a buffer with alow salt concentration and a pH value
under 9 was used as the loading buffer, which was 50 mM Tris-HCI, pH 7,
with 0.005% NaN. In addition, aloading buffer with a higher salt concentra-
tion (1 M KCl in Tris-HCI) was used as the desorption agent, i.e., the elution
buffer. Both buffers were filtered through 0.2 wm nylon membranes (Lida
Manufacturing, Kenosha, WI, USA). A lysozyme solution was prepared with
the loading buffer and filtered through 0.45 pum filters (Millex-HV, Millipore,
Bedford, MA, USA).

Batch adsorption experiment was conducted at room temperature as fol-
lows. Two milliliters of lysozyme solution with a given concentration and a
piece of dry membrane with immobilized Cibacron Blue 3GA wereincubated
for 12 hours in order to reach equilibrium. The lysozyme concentration was
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determined by using a UV-Vis spectrophotomer (UV-1601, Shimadzu,
Auburn, Australia) at 280 nm. The extinction coefficient of lysozyme
EfiogmL 1S 2.65 (21). After each experiment the membrane was washed using
elution buffer to completely elute the bound protein out of the membrane.

Ligand Density Measurement

After batch adsorption experiments, the Cibacron Blue 3GA-immobilized
membrane was dissolved in 5 N HCI at 120°C for 12 hours. Any remaining
membrane backbone was discarded. The solution of dissolved dye was neu-
tralized to pH 7 using 5 N NaOH and then concentrated using arotary evapo-
rator under reduced pressure. The dye concentration in the concentrated solu-
tion was detected by UV-Vis at 620 nm. The extinction coefficient for
Cibacron Blue 3GA at 620 nm is 8682 L /mol/cm.

RESULTS AND DISCUSSION

Cibacron Blue 3GA Immobilization and Density on the
Membrane

In this work, diamines and EGDGE were used as spacer molecules for the
immobilization of Cibacron Blue 3GA onto the IAV membranes. The blue
color of the dye displayed on the outer membrane surface indicated the suc-
cess of using 1,6-diaminohexane, 1,10-diaminodecane, 1,6-diaminohexane +
EGDGE, and 1,10-diaminodecane + EGDGE as spacer arms. For compari-
son, blank 1AV membranes (without spacer arm) and using only EGDGE as
the spacer arm were tested for the immobilization procedure. It was found that
the blue dye could not be bound onto the membrane surface and was com-
pletely rinsed out in both these tests. Therefore, it was concluded that at least
an active amino group isrequired for Cibacron Blue 3GA immobilization onto
the AV affinity membrane.

The color intensity obtained with different spacer armsis also visually ap-
preciated. The blue color on both membranes conjugated with diamine +
EGDGE was paler than those only bound with diamine. This phenomenon
suggests that the employment of EGDGE lessens the ligand immobilization.
These results are in contradiction with the expectation that the high reactivity
of the epoxide group may assist the immobilization reaction and raise the
amount of immobilized ligand. This contradiction may be explained by two
reasons. One is that the steric encumbrance of the NH, group on the an-
thraquinone ring of the dye hindersits reaction with the free epoxide group of
the amino-EGDGE-bound membranes. The other is that the high reactivity of
the epoxide group may lead to the possibility that both end groups of the
EGDGE molecule ssimultaneously reacted with the free amine groups on the
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TABLE 1
Ligand Density and % Utilization for Adsorption

Spacer arm Cibacron Blue 3GA density  Lysozyme capacity % Utilization
1,6-Diaminohexane 0.110 pmol/cm? 0.026 pumol/cm? 24
1,6-Diaminohexane

+ EGDGE 0.032 umol/cm? 0.011 pmol/cm? 34
1,10-Diaminodecane 0.093 pmol/cm? 0.045 pumol/cm? 48
1,10-Diaminodecane

+ EGDGE 0.053 umol/cm? 0.015 pumol/cm? 28

diamine-bound membrane, which resulted in a decrease of free reactive
groups on the membrane surface, and thus lessened immobilization.

To investigate quantitatively the degree of immobilization, the ligand den-
sities immobilized on the membrane using different spacer arms were com-
pared. The experimental results of Cibacron Blue 3GA density are listed in
Table 1. It was found that 1,6-diaminohexane has the highest ligand density,
followed by 1,10-diaminodecane, 1,10-diaminodecane + EGDGE, and 1,6-
diaminohexane + EGDGE. The density using only diamines is two to three
times as much as that using diamine + EGDGE. This difference is clearly
reflected by the color intensity on the outer membrane surface.

Adsorption Isotherms and Scatchard Plots

The experimental results of lysozyme adsorption to Cibacron Blue 3GA-
immobilized affinity membranes using different spacer molecules are illus-
trated in Fig. 1. To distinguish the effects of specific and nonspecific binding,
a blank 1AV membrane and membranes with only spacer arms bound but
without Cibacron Blue attached were tested for lysozyme adsorption at room
temperature. The adsorption capacities for those membranes were found to be
near zero, which indicates negligible nonspecific binding. In other words, the
existence of free acyl, amine, or epoxide groups on the blank or spacer-bound
membranes would not contribute to the binding with lysozyme.

A higher adsorption capacity isobserved in Fig. 1 for the results employing
only diamine as the spacer arm, which agrees with the ligand density investi-
gation discussed in the previous section. More specifically, the adsorption ca-
pacity using 1,10-diaminodecane is greater than that using 1,6-diaminohex-
ane. Related studies in the literature offer a few clues to explain this
phenomenon. Using a cellulose and acrylic composite matrix, Hou et al. (5)
indicated that a spacer arm length of 11 atoms was sufficient for ligand exten-
sion from the solid surface when Protein A was employed as the ligand. They
also pointed out that the possibility of arm folding with longer spacer arms
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may cause a difficulty for the protein to touch the ligand on the free end of an
arm and thus lead to a sharp reduction in adsorption capacity. Other research
(12) on the separation of 1gG by L-histidine-immobilized hollow fibers also
showed that a spacer arm of 10 carbon atoms rendered the ligand more acces-
sible for adsorption in the separation process than a 3-carbon-atom spacer. In
thisstudy, 1,6-diaminohexaneisaspacer arm of 8 atoms, 1,10-diaminodecane
Is of 12 atoms, and the use of EGDGE contributes to an extra length of 10
atoms. The results of adsorption capacity research indicate that the 12-atom
straight molecule more effectively eliminates steric hindrance to ligand ac-
cessibility than does the 8-atom spacer, which is similar to the results in the
studies mentioned above. As to the low protein capacity accompanying the
use of diamine + EGDGE, one possible cause isthe corresponding low ligand
density as obtained in the earlier section, and the other may be arm folding for
these long spacer arms, as explained by Hou et a. (5).

Three single-solute isotherm model swith two parameters only were used to
fit the experimental data:

Langmuir mode!:

»
Freundlich model:
q = kc" @)
Temkin model (22):
q = gr In(1 + K+c) )

The Langmuir model is based on assumptions of adsorption homogeneity
such asall equally available adsorption sites, monolayer surface coverage, and
no interaction between adsorbed species. The other two isotherm models are
usually adopted for heterogeneous adsorption. The fitted curves are plotted
with solid lines in Figs. 1 to 3 and the fitted parameter values are listed in
Table 2. From the results in Table 2, the Freundlich model shows a slightly
better fitting than the other two models, except for the case of 1,10-diamin-
odecane where the Langmuir model is best suited.

As to the affinity strength, the reciprocal of the K4 values for the Lang-
muir model and the K+ values for the Temkin model can be examined for
comparison. The K4 and Kt values are almost the same for the diamine spac-
ers, which implies that the length of the diamine spacer may not affect the
affinity strength of lysozyme with Cibacron Blue 3GA. Thus, the use of a
12-atom diamine spacer provided a better arm length for the lysozyme
molecule to touch the immobilized dye than did the 8-atom diamine, and the
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branes. Spacer arms used: (W) 1,6-diaminohexane; (@) 1,6-diaminohexane + EGDGE; (A)
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FIG. 3
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1,10-diaminodecane; (V¥) 1,10-diaminodecane + EGDGE. Fitting model: Temkin.
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TABLE 2
Fitted Parameter Vaues for Different |sotherm Models
Correlation
Spacer arm | sotherm model Parameter values  coefficient (R)
1,6-Diaminohexane Langmuir On 0.38=0.04 0.96
Kg 0.06 = 0.04
Freundlich k 0.38=+0.03 0.98
n 023+ 0.07
Temkin gr 0.06 = 0.02 0.97
Ky 340 + 520
1,6-Diaminohexane + EGDGE Langmuir 0n 0.16 = 0.08 0.96
Kq 02+04
Freundlich k 013=*0.01 0.98
n 0.36 = 0.07
Temkin gr 0.04 *0.02 0.98
Kr 3534
1,10-Diaminodecane Langmuir On 0.65=*0.04 0.96
Kg 0.06 = 0.02
Freundlich k 0.65 = 0.08 0.94
n 02=*+01
Temkin ogr 0.11=*0.05 0.95
K+ 300 + 530
1,10-Diaminodecane + EGDGE Langmuir On 02=*03 0.96
Kg 09+20
Freundlich k 012+ 0.01 0.98
n 06=x01
Temkin gr 0.07=*0.03 0.96
Kr 4+4

binding strength between lysozyme and the dye was basically not influ-
enced. On the other hand, the introduction of EGDGE raised the K4 values
and decreased the K+ values. In other words, the affinity strength between
lysozyme and Cibacron Blue 3GA was reduced. It is worthwhile to recall
that the coupling site of the epoxide end of the amino-EGDGE-bound mem-
brane with Cibacron Blue 3GA during the immobilization process is on the
primary amine of the anthraquinone ring of the dye, which isalso apossible
adsorption site between lysozyme with Cibacron Blue 3GA. Consequently,
the employment of EGDGE as part of the spacer arm may have encumbered
lysozyme binding and therefore decreased both the adsorption capacity and
the affinity strength.

To further analyze the heterogeneity of lysozyme adsorption onto dye-
affinity membranes, Scatchard plots of the experimental data are displayed in
Figs. 4 to 6, together with the corresponding plots for the three isotherm
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FIG. 4 Scatchard plots for adsorption isotherms of lysozyme to Cibacron Blue 3GA-immobi-
lized IAV membranes. Spacer arms used: (H) 1,6-diaminohexane; (@) 1,6-diaminohexane +
EGDGE; (A) 1,10-diaminodecane; (V) 1,10-diaminodecane + EGDGE. Solid lines: Langmuir

fitting results from isotherms.
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FIG.5 Scatchard plots for adsorption isotherms of lysozyme to Cibacron Blue 3GA-immobi-
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EGDGE; (A) 1,10-diaminodecane; (V) 1,10-diaminodecane + EGDGE. Solid lines: Freundlich

fitting results from isotherms.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



11: 03 25 January 2011

Downl oaded At:

ORDER |

REPRINTS

COMPARISON OF LIGAND DENSITY AND PROTEIN ADSORPTION 83

g/c [(mg/cm®)/(mg/ml)]

0.6 -

0.4 -

0.2 1

0.0

0.3 1

0.2

0.1-\"\'

0.0
0.0

T

0.2
g (mg/em”)

0.4

T

0.6

08

FIG. 6 Scatchard plots for adsorption isotherms of lysozyme to Cibacron Blue 3GA-immobi-
lized IAV membranes. Spacer arms used: (l) 1,6-diaminohexane; (@) 1,6-diaminohexane +
EGDGE; (A) 1,10-diaminodecane; (V) 1,10-diaminodecane + EGDGE. Solid lines: Temkin
fitting results from isotherms.
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models governed by the following equations and using the parameters in
Table 2.

Langmuir model:
d Om 1

T Ky Ky (4)
Freundlich model:
% — KUngl ~m 5)
Temkin mode!:
a_ K

Since the Langmuir model is formulated for homogeneous adsorption, the
negative-slope linearity shown on the Scatchard plot can be considered as an
index for adsorption homogeneity. In other words, the data that fail to be rea-
sonably fitted by negative-slope straight lines imply heterogeneous adsorp-
tion. On the other hand, both the Freundlich (n < 1) and Temkin models con-
struct concave-up Scatchard curves which indicate either the presence of
multiple independent heterogeneous binding sites or negative cooperativity in
the binding process (23).

Most Scatchard curves from experimental data resemble concave-up
curves, asshownin Figs. 4to 6. Thisexplainswhy the Freundlich and Temkin
modelsfit the isotherms better than the Langmuir model as presented in Table
2. We conclude from the Scatchard results that lysozyme adsorption onto
Cibacron Blue 3GA-immobilized IAV membranes was heterogeneous, no
matter what spacer arms were used.

Utilization Percentage

From the above analyses on adsorption isotherms, the Freundlich model
seemsto be abetter choice for describing lysozyme adsorption onto dye-affin-
ity membranes. However, it should be noted that no limit is set for saturation
capacity in applying both the Freundlich and Temkin models, which causes a
problem for calculation of the ligand utilization percentage. Therefore, only
the saturation capacity datafrom the Langmuir model was used to evaluate the
utilization percentage of immobilized dye for lysozyme adsorption. The re-
sults are listed in Table 1. The use of 1,10-diaminodecane as the spacer arm
provided the highest utilization percentage, followed by 1,6-diaminohexane
+ EGDGE, 1,10-diaminodecane + EGDGE, and 1,6-diaminohexane. Recall-
ing that the spacer arm of 1,6-diaminohexane resulted in the best ligand im-

mobilization, itslowest utilization percentage meansthat alarge portion ofithe decer, ixc.
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ligand sites of the 1,6-diaminohexane-conjugated membrane were not utilized
and were still empty during the adsorption process. This phenomenon may be
because the 1,6-diaminohexane spacer was not long enough to make it easy
for the lysozyme molecule to surpass the resistance of liquid—film masstrans-
fer and to touch theimmobilized ligand. L engthening the spacer armis an op-
tion to reduce this steric hindrance, as shown by the use of 1,10-diaminode-
cane. In addition, a combination of two molecules as a spacer arm, such as
diamine + EGDGE, should be avoided as reflected in the results.

CONCLUSIONS

In thiswork, 1,6-diaminohexane, 1,10-diaminodecane, 1,6-diaminohexane
+ EGDGE, and 1,10-diaminodecane + EGDGE were used as spacer armsfor
the immobilization of Cibacron Blue 3GA on AV membranes. The blue color
of the dye displayed on the outer membrane surface indicated success in the
use of spacer arms. The ligand densities using different spacer armswere also
measured and compared. It was found that 1,6-diaminohexane has the highest
density, followed by 1,10-diaminodecane, 1,10-diaminodecane + EGDGE,
and 1,6-diaminohexane + EGDGE. The adsorption isotherms of lysozyme to
dye-affinity membranes were also investigated. The results show that the use
of 1,10-diaminodecane as the spacer arm provided the highest percentage of
ligand utilization, followed by 1,6-diaminohexane + EGDGE, 1,10-diamin-
odecane + EGDGE, and 1,6-diaminohexane. Consequently, the correct se-
lection of a suitable spacer molecule is important for affinity membrane ad-
sorption. A 12-atom straight molecule such as 1,10-diaminodecane is a good
choice, according to thisinvestigation. Spacer armswith alonger molecule or
a combination of two molecules may reduce both the ligand immobilization
density and the protein adsorption capacity, which should be avoided.

The ligand density of the 1,10-diaminodecane-conjugated membrane is
22,000 .M, based on the solid membrane volume (0.7 porosity). In compari-
son with the ligand density of the commercial product Blue Sepharose CL-6B
(Pharmacia AB, Sweden), 1700-2300 wM based on the drained gel, the
dye-affinity membrane produced in thiswork isobviously superior. Even with
only 50% utilization for lysozyme adsorption, this membrane can still provide
a better adsorption capacity than traditional gel beads. Accordingly, mem-
brane adsorbents which demonstrate better mass transfer characteristics
further prove their potentia for practical application by their greater ligand
density.

SYMBOLS
c concentration in solution (mg/mL)
k parameter of the Freundlich model Marcer Dexker, Inc.
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equilibrium dissociation constant (mg/mL); parameter of the Lang-
muir model

equilibrium binding constant corresponding to the maximum binding
energy (mL/mg); parameter of the Temkin model

parameter of the Freundlich model

adsorbed concentration based on the membrane front surface
(mg/cm?)

saturation capacity based on the membrane front surface (mg/cm?);
parameter of the Langmuir model

differential adsorption capacity per unit binding energy (mg/cm?);
parameter of the Temkin model
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