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Abstract

Adsorption kinetics of bovine serum albumin (BSA) and bovine hemoglobin (bHb) to Cibacron Blue 3GA (CB) modified
Sepharose CL-6B has been studied. The effects of liquid-phase ionic strength and CB coupling density on the uptake rates of
these two proteins in Tris–HCl buffer (pH 7.5) were evaluated by effective pore diffusivity derived from a pore diffusion
model. The results showed that despite their similar molecular masses and sizes, the effects of aqueous-phase ionic strength
and CB density on the effective pore diffusivities of BSA and bHb were distinctly different. The effective pore diffusivity of
BSA to CB-Sepharose increased significantly with decreasing CB density and increasing liquid-phase ionic strength. This
was considered due to the decrease in electrostatic repulsion between the BSA and CB molecules of like charge. That is, the
increase in ionic strength and the decrease in CB coupling density reduced the electrostatic hindrance effect on BSA
diffusion to CB-Sepharose, facilitating the hindered pore diffusion. In contrast, because of the higher isoelectric point of bHb
(7.0) compared to BSA (4.7), bHb suffered little electrostatic hindrance effect during its diffusion to CB-Sepharose.
Therefore, the effective pore diffusivity of bHb was unchanged with the change in liquid-phase ionic strength and CB
coupling density.  2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction capacity for proteins. These properties have estab-
lished CB-modified agarose as an adsorbent of

For large-scale affinity chromatography, the tri- choice for many large-scale adsorption processes. In
azine dye Cibacron Blue 3GA (CB) linked to order to design and optimize these separation pro-
agarose beads or other matrices has remarkable cesses, it is necessary to investigate the factors
advantages over conventional affinity systems [1]. influencing protein adsorption equilibrium and kinet-
For example, the dye is inexpensive; the coupling ics in detail. It has been well recognized that the
procedure is rapid, simple and does not involve the liquid-phase ionic strength and CB coupling density
use of toxic chemicals; the dye–ligand adsorbents have a significant effect on the adsorption equilibria
are stable to biological degradation and have a high of protein to CB–ligand adsorbents [2–4]. Generally,

the adsorption of protein to CB-modified adsorbents
increases with decreasing liquid-phase ionic strength*Corresponding author. Tel. / fax:186-22-2740-6590.
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there is little research dealing with protein adsorption of the effective pore diffusivity of the proteins to the
kinetics to the dye–ligand adsorbents. CB–ligand adsorbents on liquid-phase ionic strength

In contrast to the study on adsorption kinetics of and CB coupling density was discussed.
protein to CB–ligand adsorbent, there is considerable
experimental information on the diffusion coefficient
of proteins and other macromolecules through un- 2 . Materials and methods
modified agarose gel. It has been reported that the
diffusivity of the macromolecules within Sepharose 2 .1. Materials
gel was significantly hindered and decreased while
protein size increases [5,6]. Studies on the diffusion BSA, bHb and CB were purchased from Sigma (St
of globular proteins (serum albumin, ovalbumin and Louis, MO, USA). The support matrix used was
lactalbumin) through SP-Sepharose (6% sulfated Sepharose CL-6B (Amersham Pharmacia Biotech,
agarose gel) of like charge revealed that the transport Uppsala, Sweden), which has an average particle
rate of the proteins increased significantly with diameter of 93mm. All other reagents were of
increasing ionic strength [7]. This has been consid- analytical grade.
ered due to the increased shielding of the repulsive
electrostatic interactions [7]. 2 .2. Adsorption equilibrium experiments

Because several of the aromatic rings in the CB
molecule are substituted with negatively charged CB was immobilized to Sepharose CL-6B by the
sulfonate groups, the dye can function as a cation method of He et al. [4]. The dye affinity adsorbents
exchanger to bind proteins by electrostatic interac- with various levels of CB densities were obtained by
tions [8]. On the other hand, however, there would varying the initial CB concentration in the coupling
be electrostatic repulsion when the pH value is above reaction [3]. The immobilized CB density was
the isoelectric point of protein. Therefore, the protein determined spectrophotometrically at 620 nm after
will experience a strong electrostatic exclusion effect digestion of agarose matrix in 1.0M HCl at 808C
when diffusing into the gel at low ionic strength. and subsequent neutralization by NaOH [4]. In this
Furthermore, the electrostatic repulsion should in- work, four affinity adsorbents with CB coupling
crease with increasing CB coupling density, that is, density ranging from 1.68 to 15.8mmol /ml were
the surface charge density of the pores. Therefore, prepared.
the CB coupling density may also give effects on the A series of adsorption equilibrium experiments of
uptake rate of protein by influencing the electrostatic BSA and bHb to CB-Sepharose with different levels
interaction. Boyer and Hsu [3] studied the kinetics of of CB substitution were carried out in Tris–HCl
bovine serum albumin (BSA) to CB-Sepharose CL- buffer (0.01M, pH 7.5). The ionic strength was
6B with a lumped kinetic model and reported that the adjusted by adding a definite amount of NaCl.
lumped forward rate constant decreased with increas- Another set of adsorption experiments of BSA to
ing dye density. However, there is no report on the CB-Sepharose with CB coupling density of 8.92
effect of liquid-phase ionic strength on the uptake mmol /ml were carried out at pH 4.5 and 5.3 in 0.01
kinetics of protein adsorption to dye–ligand adsor- M NaOAc–0.05M NaCl buffer, and pH 6.5 and 7.5
bent. in 0.01M Tris–HCl–0.05M NaCl buffer. All the

In this article, two kinds of proteins, BSA and adsorption equilibrium experiments were conducted
bovine hemoglobin (bHb), which have similar mo- by stirred batch adsorption as described by Zhang
lecular masses and sizes but different isoelectric and Sun [9]. Generally, about 0.1 ml drained gel,
points, were chosen as model proteins to evaluate the previously equilibrated for 24 h in a proper buffer
effect of ionic strength, pH and CB coupling density with a definite ionic strength, was introduced to 10
on adsorption kinetics to CB-modified Sepharose ml protein solution of known concentration. The
CB-6B. The uptake rate of the proteins was analyzed suspension was allowed to equilibrate at 258C on a
using a pore diffusion model (PDM) incorporated shaking incubator at 150 rpm. After 20-h incubation,
with external film mass transfer, and the dependence protein concentration in the supernatant was de-
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termined with a UV–Vis spectrophotometer at 280 surface of the particles (film diffusion resistance),
nm, and the adsorbed density of protein was calcu- movement by diffusion into the pores of the ad-
lated by mass balance. sorbent (pore diffusion or interior diffusion resist-

ance), and the protein binding to the pore surface
(surface reaction resistance) [11]. Though for dye–2 .3. Dynamic adsorption experiments
ligand affinity membrane chromatography, the affini-
ty association kinetics limitation at high flow-rateDynamic adsorption experiments of BSA and bHb
must be considered when take into account theadsorption to CB-Sepharose in Tris–HCl buffer (pH
infinitely fast diffusive mass transfer [12], the ad-7.5, 0.01M) containing various NaCl concentrations
sorption kinetic studies showed that the diffusion ofwere performed in a stirred batch system [10]. For
proteins in agarose matrix was rate-limiting in bothBSA, additional kinetic experiments at four different
ion-exchange and biospecific protein adsorption pro-pH values from 4.5 to 7.5 were carried out. In a
cesses when compared to the adsorption reactiontypical experiment, 1.2 ml of the drained gel was
[11,13]. The average diffusion time of protein withinpreviously equilibrated in 10 ml of a proper buffer
the gel particle can be approximately calculated bywith a definite NaCl concentration, and then mixed
[14]:with 110 ml protein solution in the same buffer with

the same ionic strength. The suspension in a flask
2Lwas mechanically agitated at a speed of about 150 D
]t 5 (2)o D Drpm and the temperature was kept at 25 C with a e

water bath. Every few minutes, about 3 ml of the
where t is the diffusion time,L is the diffusionliquid was pumped out of the flask through a 1-mm D D

path, andD is the diffusion coefficient of solute. Forstainless filter to determine the protein concentration. e

the diffusion of protein, such as BSA, within Sepha-Thereafter, the sample was returned to the vessel
rose CL-6B,L can be approximately regarded asimmediately. This procedure took less than 0.5 min. D

the particle radius of Sepharose CL-6B, which isBy this procedure, the time course of the liquid-
46.5 mm. The effective pore diffusivityD of BSAphase protein concentration decrease was deter- e

within Sepharose has been determined to be 5.63mined.
212 2 212 210 m /s at 208C [5], or 6.4310 m /s at

25 8C, corrected using the Stokes–Einstein equation.2 .4. Kinetic model
Taking these parameters into Eq. (2), the time
needed for intraparticle diffusion of BSA to Sepha-The adsorption equilibrium data of BSA and bHb
rose is estimated at 338 s. For the step of proteinto CB-Sepharose under each specific condition were
binding to the pore surface with CB–ligand, thefitted to the Langmuir equation [Eq. (1)] by non-
literature data on the adsorption reaction kineticslinear least-squares regression using Origin 5.0 soft-
suggested that half-times for the binding of protein toware.
dye–ligand adsorbent are around 0.1 s, considerablyq cm

]]q 5 (1) faster than the speed of the diffusion steps [15,16].K 1 cd Champluvier and Kula [14] also reported that the
The Langmuir equilibrium parameters,q and K adsorption of glucose-6-phosphate dehydrogenase tom d

thus obtained were used for adsorption kinetic CB-modified membranes could reach saturation
simulation. The confidence intervals ofq and K within 1 s. Thus, in this work the protein binding ism d

predicted by the Origin 5.0 software (95% confi- considered infinitely fast when compared to the
dence level) were also obtained (see Tables later). intraparticle diffusion, so the concentration of pro-

It is well known that there are at least three teins in the adsorbent pore can be assumed in
discrete steps involved in the protein adsorption from equilibrium with the adsorbed proteins at any radial
a bulk solution into a solid adsorbent, all of which position, and a pore diffusion model (PDM) incor-
contribute resistance to protein uptake. These steps porating with external film mass transfer [17,18] was
include mass transfer from bulk liquid to the outer employed to describe protein uptake kinetics. In this
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model, it is assumed that intraparticle mass transfer 3 . Results and discussion
occurs by diffusion in liquid-filled pores with a
driving force expressed in terms of the pore fluid 3 .1. Effect of liquid-phase ionic strength
concentration gradient [17–19]. The mass transfer of
protein from liquid phase to solid phase is expressed The uptake curves of BSA and bHb to CB-Sepha-
by: rose at different ionic strengths are exhibited in Figs.

1 and 2, respectively. It can be seen that the PDM
dc 3k H predicts the dynamic adsorption profiles well. Theb f
] ]]5 2 (c 2 cu ) (3)b r5rpdt r best fitting values of the effective pore diffusivityp

(D ) for BSA and bHb are determined by matchinge

IC: t 5 0, c 5 c (3a) the numerical solution with the experimental data,b b,0

and theD values thus obtained for BSA and bHbe

The intraparticle continuity equation for the model is are given in Tables 1 and 2, respectively. To
described by: examine the effect of the external film mass transfer

resistance, the dynamic uptake profile was also fitted
D≠c ≠q ≠ ≠ce 2 by the PDM without considering the external film] ] ]] ]´ 1 5 (r ) (4)p,e 2≠t ≠t ≠r ≠rr mass transfer resistance (by settingk value asf

infinity). It was found that the external film mass
IC: t 5 0, c 50 (4a) transfer resistance had little effect on the calculated

dynamic adsorption curves of BSA (data not shown).
≠c
]BC1:r 5 0, 50 (4b)
≠r

q c≠c m
] ]]BC2:r 5 r , D 5 k (c 2 c), q 5 (4c)p e f b≠r K 1 cd

In these equations,́ is the effective particlep,e

porosity of Sepharose CL-6B for protein. The values
of ´ for BSA and bHb are 0.55 and 0.58, respec-p,e

tively [5]. The film mass transfer coefficient,k , isf

estimated from the following correlation for protein
adsorption to adsorbent particles in stirred tank
experiments [20]:

122D m Drmg ]AB ]2 3]] ]] ]]k 5 1 0.31 (5)3S Df S 2 Dd rD rp AB

It should be noted that, although the external mass
transfer resistance is included in this model, its effect
on the dynamic uptake curves calculated from the
model equations is negligible in almost all cases, as
is discussed in the next section.

Eqs. (3) and (4), together with the boundary
conditions, were solved numerically by the orthogon-

Fig. 1. Experimental and simulated uptake curves of BSA toal collocation method [17] to predict the change in
CB-Sepharose in Tris–HCl buffer (0.01M, pH 7.5) with differentliquid-phase protein concentration with time, and the
ionic strengths. Ionic strengths (M): (�) 0.01; (m) 0.02; (♦ )

simulation results were fitted to the dynamic ad- 0.035; (n) 0.06; (d) 0.085; (h) 0.16. The solid lines are
sorption profile to determine the effective pore calculated from the PDM. The CB coupling density on CB-
diffusivity of protein to CB-Sepharose. Sepharose was 8.92mmol /ml.
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This is attributed to the smallD values of BSA, thate

is, the intraparticle diffusion resistance is predomi-
nant for the mass transport of BSA. For bHb
adsorption kinetics, however, about 16% lowerDe

values were obtained when the external film mass
transfer resistance was not taken into account in the
PDM. This is due to the largerD values of bHb thane

those of BSA. Thus,D values predicted by thee

PDM with external film mass transfer resistance
were used for discussion.

The results listed in Tables 1 and 2 suggest that
the relationship between adsorption kinetics and
ionic strength for BSA and bHb are distinctly
different. As can be seen from Fig. 3 (line a) which
shows the simulated results for BSA, a slight in-
crease in liquid-phase ionic strength results in a
significant increase in the effective pore diffusivity.
For example, the value ofD increased from 0.323e

212 212 210 to 1.1310 m /s while the ionic strength
increased from 0.01 to 0.02M. Thereafter, the

Fig. 2. Experimental and simulated uptake curves of bHb to increase in D becomes slower at higher ioniceCB-Sepharose in Tris–HCl buffer (0.01M, pH 7.5) with different
strength. In Fig. 3 (line a), the relationship betweenionic strengths. Ionic strengths (M): (s) 0.01; (h) 0.02; (n) 0.03.
D andI can be correlated by the following equationThe solid lines are calculated from the PDM. The coupled CB e

density on CB-Sepharose was 15.8mmol /ml. with a correlation coefficient of 0.98

Table 1
Parameters of BSA adsorption equilibria and kinetics to CB-Sepharose in Tris–HCl (0.01M, pH 7.5) buffer with different ionic strengths

I c H q K Db,0 m d e
212 2(M) (mg/ml) (mg/ml) (mg/ml) (10 m /s)

0.01 1.0 0.01 53.361.7 0.12760.016 0.32
0.02 1.0 0.0075 50.261.1 0.04260.005 1.1
0.035 1.0 0.01 52.761.5 0.00860.002 1.5
0.06 1.0 0.01 52.261.4 0.05460.008 3.8
0.085 1.0 0.01 47.660.8 0.07060.003 4.0
0.16 1.0 0.012 32.461.3 0.08960.022 4.5

26CB coupling density was 8.92mmol/ml; k 54.79310 m/s, calculated from Eq. (5).f

Table 2
Parameters of bHb adsorption equilibria and kinetics to CB-Sepharose in Tris–HCl (0.01M, pH 7.5) buffer with different ionic strengths

I c H q K Db,0 m d e
211 2(M) (mg/ml) (mg/ml) (mg/ml) (10 m /s)

0.01 1.0 0.01 79.362.1 0.04760.005 1.2
0.02 1.0 0.01 49.160.9 0.03960.003 1.1
0.03 1.0 0.01 41.660.9 0.03360.004 1.2

26CB coupling density was 15.8mmol/ml; k 54.95310 m/s, calculated from Eq. (5).f
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In contrast to BSA, the uptake rate of bHb shows
little dependence on the liquid-phase ionic strength,
as listed in Table 2. Meanwhile, it is notable that the
effective pore diffusivity of bHb is much larger than
that of BSA although their molecular size is approxi-
mately the same (Table 3).

The molecular characteristics of BSA and bHb
illustrated in Table 3 suggest that except for the
isoelectric point (pI), all other properties of BSA and
bHb, such as molecular masses, molecular sizes, as
well as the diffusion coefficients of the proteins in
free solution at 258C are similar to each other.
Consequently, it is considered that it must be the
difference between the isoelectric points of these two
proteins that results in the distinctly different depen-
dences of their intraparticle diffusion behaviors on
liquid-phase ionic strength.

In a previous report on protein adsorption equilib-
rium to highly substituted CB-Sepharose (CB
density515.4mmol /ml), we have observed that the
adsorption of BSA in Tris–HCl buffer (pH 7.5) does
not monotonically decrease with increasing liquid-Fig. 3. The dependence of effective pore diffusivity of BSA to

CB-Sepharose on liquid-phase ionic strength (line a) and CB phase ionic strength, but there exists an ionic
coupling density (line b). strength of 0.06M where a maximum BSA ad-

sorption capacity is found [9]. This has been explicit-
ly explained by taking into account the electrostatic7.66I 212 2]]]S DD 5 2 1.40 3 10 (m /s) (I $ 0.01M) interactions between BSA and CB-modified adsor-e 0.041 I
bent of like charge, which decreases with increasing

(6) ionic strength (favorable for adsorption), as well as
the hydrophobic interaction between CB–ligand andFrom this correlation, it is predicted thatD wille

212 2 agarose matrix, which increases with increasing ionicapproach 6.26310 m /s as ionic strength ap-
strength and therefore decreases the dye–ligandproaches infinity, which is almost the same as theDe

value of BSA to unsubstituted Sepharose CL-6B accessible to protein adsorption (unfavorable for
determined by Boyer and Hsu [5] after correction adsorption). For the CB-Sepharose with a dye den-
using the Stokes–Einstein equation (see above). sity of 8.92mmol /ml studied in detail in this paper,

Table 3
Properties of BSA and bHb

Protein Molecular mass Dimensions Stokes’ radius pI DAB
211 2(nm) (nm) (10 m /s)

a c a e fBSA 67 000 4.034.0314.0 3.59 4.7 6.9
b b d e fbHb 65 000 5.035.536.4 3.36 7.0 7.2

a Data from Ref. [5].
b Data from Ref. [21].
c Data from Ref. [22].
d Calculated from the Stokes–Einstein equation using the literature value of bHb diffusivity at 208C [23].
e Data from Ref. [24].
f Data from Ref. [23] and adjusted to 258C according to the Stokes–Einstein equation.
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though the change in ionic strength within the range layer is compressed, leading to the increase in the
from 0.01 to 0.06M does not result in a significant effective pore diameter for BSA diffusion, thus
difference in adsorption capacity of BSA due to the facilitating the hindered pore diffusion. This effect of
lower dye density, i.e. lower electrostatic repulsion ionic strength on theeffective pore diameter is
[9], the complex effects of ionic strength leads to the depicted in Fig. 4. At sufficiently high ionic strength,
Langmuir dissociation constant showing a non- the electrical double layer will become so thin that it
monotonic trend with ionic strength. As shown in has almost no hindrance effect on BSA diffusion into
Table 1, the dissociation constant has a minimum the matrix. Therefore, the effective pore diffusivity
value at the ionic strength of 0.035M. Moreover, of BSA within CB-Sepharose under this condition
due to the low pI value (4.7) of BSA, there exists should be nearly the same as theD value of BSA toe

electrostatic repulsion between the negatively an unsubstituted Sepharose CL-6B. As mentioned
charged BSA and CB-Sepharose of like charge in above, this has been well demonstrated by theDe

Tris–HCl buffer, pH 7.5. At lower ionic strength, the value of BSA predicted from Eq. (6) as ionic
212 2electrostatic repulsion greatly hinders BSA from strength approaches infinity (6.26310 m /s),

entering the CB-modified agarose gel; this will which is nearly the same as that of BSA to an
212 2greatly affect the uptake rate of BSA adsorption. unsubstituted Sepharose CL-6B (6.4310 m /s)

According to electrostatic theory, there are diffuse [5].
electrical double layers surrounding the charged Based on the aforementioned discussion, the liq-
protein and near to the pore surface of the CB- uid-phase ionic strength affects the adsorption kinet-
modified agarose gel. It can be calculated that the ics of BSA to CB-Sepharose significantly by altering

21Debye length,k , the characteristic length for the electrostatic exclusion between the protein and
electrostatic interactions in electrolyte solution, CB–ligand adsorbent, i.e. theeffective pore diameter
ranges from 3 nm at 0.01M ionic strength to 0.3 nm of gel. So it can be anticipated that the protein
at 1.0M [9]. Considering the electrostatic repulsion uptake rate will not depend on ionic strength when
effect, we define aneffective pore diameter of the gel there is little electrostatic exclusion between a pro-
matrix as follows: tein and the CB–ligand adsorbent. This has been

well confirmed by the results of bHb adsorption
21d 5 d 2 2k (I $0.01M) (7) kinetics (Table 2). With higher isoelectric point, i.e.e

7.0 [24], bHb carries little negative charge in Tris–
where d is the pore diameter of Sepharose CL-6B, HCl buffer (pH 7.5). Therefore, bHb will undergo
and d is the effective pore diameter for protein to little electrostatic hindrance effect when its mole-e

diffuse in. Sepharose CL-6B can be used as a gel cules diffuse into the CB-Sepharose gel. As a result,
filtration medium for the fractionation of proteins much higher effective pore diffusivity of bHb than
from molecular mass 10 000 to 4 000 000, so its
pores must be roughly of the same dimensions as
proteins [25]. Bosma and Wesselingh [22] reported
that the average pore diameter of Sepharose CL-6B
was about 35 nm. Considering the pore size dis-
tribution, there must be a fraction of relatively small
pores, which can be assumed to be, for example,
about 10 nm. Thus, at lower ionic strength, the
electrical double layers would account for a signifi-
cant fraction of the interfiber spacing. Taking into
account the molecular dimensions of BSA, 434314
nm [22], this electrostatic exclusion would greatly
raise the size exclusion of BSA from the gel matrix, Fig. 4. Schematic explanation for the effect of liquid-phase ionic
intensifying the hindrance effect on BSA transport. strength on theeffective pore diameter of CB-Sepharose for BSA
By increasing ionic strength, the electrical double diffusion.
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that of BSA to CB-Sepharose was found and theD ters fitted by the Langmuir equation and the resultse

value was unchanged by increasing ionic strength. of the effective pore diffusivity calculated from the
PDM of BSA to CB-Sepharose with different CB

3 .2. Effect of CB coupling density coupling densities are summarized in Table 4. The
adsorption equilibrium data show that the adsorption

The dynamic uptake profiles of BSA to CB-Sepha- capacity increases significantly with increasing CB
rose with various CB coupling densities are shown in density, while the dissociation constant does not vary
Fig. 5. For each adsorbent, the adsorption kinetics of significantly. This result is similar to that observed
BSA with initial concentrations of 0.6 and 1.0 mg/ by Boyer and Hsu [3]. Although some reports on
ml were studied. The adsorption equilibria parame- protein adsorption kinetics to an ion exchanger, such

Fig. 5. Experimental and simulated uptake curves of BSA to CB-Sepharose with different CB coupling densities in Tris–HCl buffer (0.01
M, pH 7.5) containing 0.05M NaCl. CB densities (mmol/ml): a, 15.8; b, 8.92; c, 4.13; and d, 1.68. Initial BSA concentrations (mg/ml):
(h) 1.0; (n) 0.6. The solid lines are calculated from the PDM.
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Table 4
Parameters of BSA adsorption equilibria and kinetics to CB-Sepharose with different CB coupling densities in Tris–HCl buffer (0.01M, pH
7.5) containing 0.05M NaCl

C c H q K DCB b,0 m d e
212 2(mmol /ml) (mg/ml) (mg/ml) (mg/ml) (10 m /s)

15.8 1.0 0.01 69.661.8 0.03860.005 2.3
0.6 2.3

8.92 1.0 0.01 52.261.4 0.05460.008 3.8
0.6 3.8

4.13 1.0 0.013 25.060.8 0.06460.013 5.1
0.6 5.1

1.68 1.0 0.013 12.660.3 0.05060.013 6.0
0.6 6.0

as Poros 50 HS [17] and chitosan-based ion ex- This equation was found to regress the experimental
changer [26], showed that initial protein concen- data with a correlation coefficient of 0.99. Using this
tration had a remarkable effect on the adsorption correlation, it can be calculated that the effective
kinetics, the results listed in Table 4 show that the pore diffusivity of BSA within an unsubstituted
uptake of BSA by the CB–ligand affinity adsorbent Sepharose CL-6B [i.e.C 50 in Eq. (8)] is 6.33CB

212 2is independent of the initial protein concentration. 10 m /s. As it happens, this value is also
However, we show here that theD value decreased approximately the same as theD value of BSA toe e

significantly with increasing CB coupling density. the unsubstituted Sepharose CL-6B (258C) deter-
There are two possible reasons for the decrease in mined by Boyer and Hsu [5], as discussed above.

D with increasing CB density. First, the steric effect Moreover, this value is only slightly larger than thee

by ligand coverage on the CB-Sepharose influences D value at a CB density as low as 1.68mmol /mle
212 2protein diffusion to the adsorbent. Second, as men- (6.0310 m /s). This implies that at such a low

tion above, liquid-phase ionic strength influences CB density, the electrostatic hindrance effect has
BSA diffusion by affecting the electrostatic exclu- become too weak to have a significant effect on
sion of BSA from the adsorbent matrix. Because protein diffusion.
electrostatic repulsion increases with increasing CB Boyer and Hsu [3] studied the effect of CB density
coupling density, that is, the surface charge density on the BSA adsorption kinetics to CB-Sepharose
of the pores, BSA suffers a larger electrostatic CL-6B in fixed-bed chromatography with a lumped
hindrance effect from the CB–ligand adsorbent with kinetic model, and their analysis showed that the
higher CB density, leading to smaller effective pore lumped forward rate constant decreased with increas-
diffusivity. ing dye density. They ascribed this observation to the

As a small molecule, the immobilization of CB– difference in binding affinity between protein and
ligand should not alter the pore size [25], that is, the CB-Sepharose with different ligand coupling den-
steric effect on the protein diffusion might be sities. According to the results obtained in this work,
negligible. Thus, the decrease in theD value with however, the electrostatic hindrance effect on proteine

increasing CB density would be mainly attributed to diffusion is considered to be the main reason for
the enhancement of electrostatic hindrance effect. As their observation.
can be seen in Fig. 3 (line b), the relationship The dynamic adsorption curves of bHb to CB-
between D and CB coupling density is linearly Sepharose with different CB densities were alsoe

related. Simplex fitting gives: investigated and the results are shown in Fig. 6. The
predicted effective pore diffusivities listed in Table 5

212 2D 5 (6.32 0.26C )310 (m /s) (8) show that the diffusion of bHb has no appreciablee CB
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211 2value from this equation is 1.26310 m /s for
bHb, which is almost the same as those obtained in
this work for CB-Sepharose (Tables 2 and 5). This
result is in good agreement with what have been
discussed above. Because neither steric nor electro-
static hindrance effect exists for bHb diffusion into
CB-Sepharose, it is reasonable that the uptake rate of
bHb presents no dependence on CB density, and
shows the same value as in the unsubstituted Sepha-
rose CL-6B.

3 .3. Effect of pH value

To further demonstrate the discussion above on
the contribution of electrostatic interactions to BSA
diffusion, the effect of pH on the adsorption kinetics
of BSA was studied. It has been reported that the
BSA molecule remains in heart-shaped conformation
in solution in the pH range from 4.5 to 8.0 [27],
while at pH values below 4, it undergoes an irrevers-

Fig. 6. Experimental and simulated uptake curves of bHb to ible structural transition that affects adsorption be-
CB-Sepharose with different CB coupling densities in Tris–HCl

havior [28]. Therefore, in this work, we chose pHbuffer (0.01M, pH 7.5). CB coupling densities (mmol/ml): (s)
values of 4.5–7.5 to investigate the effect of pH. The15.8; (n) 4.13; (�) 1.68. The solid lines are calculated from the
dynamic adsorption curves of BSA to CB-SepharosePDM.

under different pH values are shown in Fig. 7. As
dependence on CB density, and these values are the listed in Table 6, little dependence of BSA diffusivi-
same as those listed in Table 2. Since there are no ty on pH can be found except for a slightly higher
experimental data available for the effective pore value at pH 4.5.
diffusivity of bHb in Sepharose CL-6B in literature, This result is apparently contradictory to the ionic-
it is calculated using the following correlation for strength dependence of BSA diffusivity, since the net
agarose gel proposed by Boyer and Hsu [5]: charges of BSA would change greatly in the pH

range, leading to the change in the electrostatic
D 5e interactions between the BSA molecule and the gel

T surface. However, this inconsistency can be ex-214 1 / 3 1 / 2]]8.34310 exp[20.1307(M 112.45)c ]1 / 3 w fS D plained as follows: (1) Although the net negativemM w
charges of BSA increase with increasing pH, the(9)
electrical double layer on the gel surface is little

where c is the polymer fiber concentration of affected by pH. That is, the charge density on the gelf

Sepharose CL-6B, which is 0.06. The calculated surface or theeffective pore diameter does not vary

Table 5
Parameters of bHb adsorption equilibria and kinetics to CB-Sepharose with different CB densities in Tris–HCl buffer (0.01M, pH 7.5)

C c H q K DCB b,0 m d e
211 2(mmol /ml) (mg/ml) (mg/ml) (mg/ml) (10 m /s)

15.8 1.0 0.01 79.362.1 0.04760.005 1.2
4.13 1.0 0.01 36.162.6 0.16660.039 1.2
1.68 1.0 0.01 32.763.8 0.68260.195 1.2
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creasing pH value, it would not give an additional
electrostatic hindrance effect on protein diffusion.
Hence, it is considered that the independence of BSA
diffusivity on pH is reasonable.

4 . Conclusions

It has been shown that liquid-phase ionic strength
and CB coupling density gave a significant effect on
BSA adsorption kinetics to CB-modified Sepharose
CL-6B in Tris–HCl buffer pH 7.5. The effective
pore diffusivity of BSA to CB-Sepharose derived
from the PDM increased significantly with increasing
ionic strength within the ionic strength range studied
(0.01–0.16M). On the other hand, the effective pore
diffusivity decreased linearly with increasing CB
density. These results have been elucidated by
considering the electrostatic repulsions between BSA

Fig. 7. Experimental and simulated uptake curves of BSA to and CB molecules of like charge. Increasing ionic
CB-Sepharose under different pH values. pH values: (n) 4.5; (h)

strength or decreasing CB density decreased the5.3; (�) 6.5; (m) 7.5. The solid lines are calculated from the
electrostatic hindrance effect for BSA resulting fromPDM.
the electrostatic repulsion, and thus facilitating the

with pH. Therefore, the electrostatic hindrance effect hindered pore diffusion. In contrast, although with
on BSA diffusion does not change with pH. (2) It similar molecular mass and size, the effective pore
has been well known that BSA molecules favorably diffusivity of bHb was unchanged with changing

2bind negative charges like Cl involved in this work liquid-phase ionic strength and CB density. This was
[29]. Thus, the BSA molecule would carry additional due to the higher isoelectric point of bHb (pI 7.0)
negative charges besides its intrinsic charges. Bosma than that of BSA (4.7); little electrostatic hindrance
and Wesselingh [22] have reported that the net effect existed for bHb diffusion to the CB-Sepharose
charge of BSA in acetate and Tris buffers of 25 mM in Tris–HCl buffer pH 7.5. Therefore, the variation
ranged from25 to 215 in the pH range of 4.5–7.5. in liquid-phase ionic strength and CB density did not
The results indicate that in the pH range we studied, result in appreciable changes in the effective pore
the BSA molecules carry negative charges, and diffusivity of bHb. The study on the adsorption
would encounter an electrostatic hindrance effect kinetics of BSA to CB-Sepharose under various pH
during its diffusion in the CB-Sepharose gel. Al- values showed that there is little dependence of
though the net negative charges increase with in- effective pore diffusivity on pH values.

Table 6
Parameters of BSA adsorption equilibria and kinetics to CB-Sepharose at different pH values

pH c H q K Db,0 m d e
211 2(mg/ml) (mg/ml) (mg/ml) (10 m /s)

4.5 1.0 0.0075 106.663.5 0.002660.0008 4.0
5.3 1.0 0.0075 87.062.1 0.007260.0022 3.8
6.5 1.0 0.0075 65.961.7 0.02560.004 3.8
7.5 1.0 0.01 52.261.4 0.05460.008 3.8

CB coupling density was 8.92mmol/ml.
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M.D. Scawen, R.F. Sherwood, D.A.P. Small, C.J. Bruton,c Bulk phase protein concentration (mg/ml)b
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