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of these amino acids carry side-chain carboxyl or amino
Protein adsorption isotherms are often described by the Lang- groups, and these may remain free and exposed to the solvent

muir equation. Protein adsorption is generally a cooperative pro- when the protein is in solution. Therefore, they can dissociate
cess. Although the simple Langmuir equation does not normally in aqueous solution at a suitable pH, resulting in COO0 andinclude cooperativity, the Hill plot can represent cooperativity, NH/

3 ions covalently attached to the protein macromolecule.including the degree of cooperativity. Our studies of the adsorption
The degree of ionization of these groups is not greatly influ-of lysozyme, albumin, transferrin, and lactoferrin onto hydroxyap-
enced by their incorporation into the large molecule (62).atite suggest that cooperativity can be described as positive (n ú
The carboxyl group tends to ionize at pH values over about1.5) , partially positive (1 õ n õ 1.5) , partially negative (1 õ n
4 and the amino group at below about 12 (46). Thus, inõ 0.5) , and negative (n õ 0.5) . There are three stages ( i, ii, and

iii ) as protein concentration increases, similar to the cooperativity acid solution, a typical protein becomes positively charged
observed in the interaction between oxygen and hemoglobin. The because of the presence of NH/

3 and COOH groups, and in
numberof stages is determined by the structural rigidity of proteins basic solution it is charged negatively because of NH2 and
and by the lateral interactions between proteins and between pro- COO0 groups. When pH equals pI , the net charge is zero.
tein and adsorbent. Our Hill plots show that stage ii has the lowest This corresponds to the presence of equal numbers of oppo-degree of cooperativity, stage iii has the highest, and stage i is in sitely charged groups on the protein. Such a neutral structurebetween, for most cases. In stage i the low degree of cooperativity

of charged groups is called a dipolar ion, or a zwitterionis highly consistent with the linear range in the adsorption isotherm
(47). At pH’s near the pI , both NH/

3 and COO0 groupswhen protein solution concentration is low. These results provide
are present, so that the net charge is small (Fig. 1) .useful information for the design and optimization of analytical

adsorption chromatography. The factors determining the degree Calcium hydroxyapatite (HA), Ca5OH(PO4)3 , is the
of cooperativity include protein conformation, pI , and solution mineral prototype for both bones and teeth, and it is often
pH. We now quantitatively understand the cooperative adsorption considered a suitable material for making medical implants.
of these proteins on hydroxyapatite, the degree of cooperativity, HA has been used as a support for the chromatographic
and how to control the adsorption process. q 1998 Academic Press separation of biological macromolecules (4–9) . Of interest

in biotechnology, it is used as a carrier for genes and for
enzyme immobilization (10). There has been substantial

INTRODUCTION work on the adsorption of proteins on HA (11–20). Most
such work has focused on albumin of various sources. Quan-

Studies on protein interactions at interfaces have been titative relationships between the adsorption parameters and
common since the early part of the century, and these studies the properties of the surface, protein, and suspension solu-
have provided much of the information in this field and most tion are not yet available.
of the general ‘‘rules of thumb’’ (1, 2, 53, 54). Protein The classical Langmuir theory for gas adsorption is often
adsorption is of interest in manufacture of medical devices, applied to qualitatively treat protein adsorption from solu-
pharmacy and drug delivery, adsorption chromatography, tion. This application is inappropriate because of the large
biotechnology and cell culture, filtration and fouling, and difference between macromolecules and small molecules in
manufacture of sensors or diagnostic products (1) . Protein the mechanisms of adsorption at interfaces. The differences
adsorption can result in serious technical problems for dental result mainly from (a) multiple-site binding for proteins,
restoratives, cardiovascular implants, artificial kidneys, con- which often results in irreversible adsorption, (b) the hetero-
tact lenses, food processing equipment, and ships’ hulls (3) . geneous nature of most solid surfaces, and (3) lateral and
Proteins are long chains of amino acids (29, 45). Some other cooperative interactions (cooperativity) .

Cooperativity originates from the macromolecular nature
and from multiple functional groups, which usually result in1 To whom correspondence should be addressed. E-mail: Joe.Andrade@

m.cc.utah.edu. multiple interactions. In enzymes, the term allostery often

1040021-9797/98 $25.00
Copyright q 1998 by Academic Press
All rights of reproduction in any form reserved.

AID JCIS 5364 / 6g3f$$$$61 03-24-98 14:52:25 coida



105COOPERATIVE ADSORPTION OF PROTEINS

FIG. 1. Schematic representation of the variation of charge with pH
for a protein (modified from Ref. 47). FIG. 3. Schematic representation of the surface charge of hydroxyapa-

tite in crystal state: (a) Hydroxyapatite particle; (b) expanded area of hy-
droxyapatite; (c) crystal unit cell of hydroxyapatite.refers to cooperativity in substrate or ligand interactions.

Several different definitions of cooperativity lead to confu-
ity, or allostery, is defined as the binding of a ligand to onesion (27). In order to avoid unnecessary confusion, ‘‘coop-
site on a macromolecule influencing the affinity of othererativity’’ will be defined for different situations.
sites—such binding is said to be ‘‘cooperative’’ (30). SuchSchulz and Schirmer (28) said that cooperativity refers
cooperativity can be positive if binding at one site increasesto the modes in which the components of a protein or a
the affinity of other sites, or negative if the affinity of otherDNA act together to switch from one stable state to another
sites is decreased (see Fig. 2b). In enzymology, multiple(see Fig. 2a) . This definition is often used for intramacromo-
interactions generally refer to the interaction of macromole-lecular processes (29). In the case of enzymes, cooperativ-
cules (enzymes) with small molecules (ligands) . The forma-
tion of dimers in the Langmuir treatment of a description is
also defined as cooperativity (1) (see Fig. 2c) . If a sorbent
surface like HA contains multiple binding sites, and the
proteins have multiple groups with affinity for the HA sites,
cooperative adsorption results (31) (see Fig. 2d). Generally,
a Hill plot is used to analyze such cooperativity.
The purpose of this paper is to study the adsorption of hen-

egg-white lysozyme (LYZ), bovine serum albumin (BSA),
human holo transferrin (HHT), and bovine milk lactoferrin
(BML) onto HA. These proteins have different isoelectric
points, molecular weights, carbohydrate compositions, and
metal binding properties. Hill plots will be used to describe
cooperativity in protein adsorption onto hydroxyapatite. Per-
tinent parameters in the adsorption process will be analyzed
and discussed. Hill plots will be compared with the adsorp-
tion isotherm described using the simple Langmuir equation.
In addition, through the study of cooperative adsorption of
protein onto HA, we will deduce optimum conditions for
the separation of these four proteins by adsorption liquid
chromatography.

MATERIALS AND METHODS

Materials
Hydroxyapatite is a support used for liquid chromatogra-

phy. Bio-Gel HTP, purchased from Bio-Rad (Richmond,
CA), has a specific surface area of 50 m2/g (by N2 gas
adsorption method at 77 K) and a Ca/P ratio of about 1.67
(supplied by Bio-Rad).
Hydroxyapatite, Ca10(PO4)6(OH)2, is in the space group

FIG. 2. Various models of cooperative interaction: (a) Intramacromo- P63/m , and its unit cell dimensions are a Å b Å 9.432 Å
lecular in polynucleotides (Ref. 31). (b) Enzyme and ligands: if k2 ú k1 , and c Å 6.881 Å (39). There are two different binding sitespositively cooperative (Ref. 30); if k2 õ k1 , negatively cooperative. (c) (40, 41), called the P and C sites, in the crystal surface ofFormation of protein dimers. (d) Cooperative adsorption between protein
and surface. the primitive unit cell (see Fig. 3) . A P site is constructed
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106 LUO AND ANDRADE

with six oxygen ions belonging to three crystal phosphates; The surface properties of proteins are even more heteroge-
neous. Not only are there positive and negative charges on theP sites are arranged hexagonally on the (a , b) crystal face

of HA with a minimal distance of 9.432 Å. A C site is on surface of protein particles, but there are also hydrophobic
patches. Jennisen (48) used hydrophobicity to describe thethe (a , c) or (b , c) crystal face; C sites are arranged in a

rectangular manner with the interdistance in the a or b direc- cooperative adsorption of protein on hydrophobic agaroses. The
surface properties of HA can be considered more complicatedtion equal to 9.432 Å and the interdistance in the c direction

equal to 3.441 Å (c /2) . P sites lack calcium ions or positive than hydrophobic agaroses, as several factors affect the degree
of cooperativity in the HA–protein system.charge, and therefore bind basic groups in proteins, but C

sites are rich in calcium ions or positive charge, and thus The proteins LYZ, BSA, HHT, and BML (a small fraction
saturated by iron) were supplied by Sigma Chemical Co.bind with acidic groups in proteins. The above properties

are for HA in the crystalline state. (St. Louis, MO). Here, we should point out that the degree
of saturation of iron ions in lactoferrin influences its stability.When HA is suspended in aqueous solution, the surface

properties are dramatically changed because the ions are Generally, the stability for the holo-state (metal-containing)
is the greatest and that for the apo-state is the least. Importanthydrated. The charge on HA arises as a result of various

dissolution and hydrolytic reactions which occur when the properties of proteins are listed in Table 1. All other chemi-
cals used were of analytical grade.solid is suspended in aqueous solution (42, 43). The Ca/P

of HA is fixed; the surface charges of HA are dependent on
Methodsthe pH of the suspension solution. The pH determines the

z potential of HA particles suspended in solution when the a. Adsorption isotherms. The adsorption isotherm ex-ratio of Ca/P is fixed without any other determinant ions periments were carried out in 1.5-ml polypropylene microin suspension. The relation of the z potential to the pH of centrifuge tubes (Bio Plas, Inc., San Francisco, CA). Threethe suspension solution is demonstrated in Fig. 4. The intrin- different suspension solutions (SS) were used (Table 2):sic point of zero charge (pzc) of HA is dependent on the 30 mM NaCl (pH 6.76) (termed SSI) , 30 mM Tris bufferCa/P ratio and the physical state. When pH ú pzc, the z salt including 30 mM NaCl (pH 8.50) (termed SSII) , andpotential is negative and the negative charge on the HA 30 mM Tris buffer containing 150 mM NaCl (pH 8.50)surface will dominate; when pH õ pzc, the z potential is ( termed SSIII ) . The ratio of solid (hydroxyapatite ) to liquidpositive and positive charge on the HA surface will domi- (SS) is 1 mg/1 ml. The range of protein concentration isnate. We should point out that Ca2/ at the C site can strongly 0–0.24 mg/ml. After the hydroxyapatite had been hydratedbind with COO0 in protein (44) , but the affinity of the in suspension solution for 1 h, the protein solution wasnegative charge in the P site for NH/
3 in proteins is not added to the hydroxyapatite dispersion to make 1 ml totalhigh. So the affinity of the C site for negative charge volume. Then the tubes were rotated end over end for 18(COO0) is larger than that of the P site for positive charge h. The samples were then centrifuged for 5 min at 13,000(NH/

3 ) . These properties of HA make protein adsorption rpm and the clear supernatant was collected. Protein concen-onto HA complicated. tration in the supernatant was measured by intrinsic UVThe surface of HA is heterogeneous, with both negative fluorescence (32). The samples of diluted supernatant wereand positive charge, but with the charge density dependent analyzed using a PCI photon counting spectrofluorometeron pH and on the salt ions present in the suspension solution. (ISS, Inc., Champaign, IL) at lex. Å 280 nm and lem. Å 340The binding strength of the HA positive charges is stronger nm. The maximum protein concentration was limited to lessthan that of its negative charges. than 20 mg/ml in order to maintain a pseudo-linear relation
between protein concentration and fluorescent yield. The
sample solutions and standard solutions were identical ex-
cept for the presence of protein. Temperature was controlled
at 21 { 17C.
b. Hill plot. Hill (33) first developed an equation to

describe the binding between hemoglobin and oxygen. Jen-
nissen (1, 34, 35) used the ‘‘Hill plot’’ in his analysis of
multivalent interactions of proteins with hydrophobic
agaroses,

U / (1 0 U) Å K[P] n , [1]

whereU is the fractional saturation of hydrophobic agaroses,
FIG. 4. The relation of z potential to pH (modified from Ref. 18). K is the Hill constant, and n is the Hill coefficient. [P] is
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107COOPERATIVE ADSORPTION OF PROTEINS

TABLE 1
Important Properties of Proteins

Molecular weight pI Dimensions (Å) Projected area (Å2)
Protein (21, 22) (21, 22) (23–26) (side-on)

LYZ 14,300 10.7 40 1 40 1 19 760
BSA 66,400 4.6 94 1 94 1 40 3760
HHT 79,600 5.0 64 1 64 1 72 4634
BML 80,800 7.8 78 1 97 1 56 5432

Note. LYZ, hen-egg-white lysozyme; BSA, bovine serum albumin; HHT, human holo-transferrin; BML, bovine milk lactoferrin.

bulk protein concentration. Equilibration occurs via the bulk RESULTS AND DISCUSSION
protein phase. Generally, Eq. [1] is used in the logarithmic
form Hill plots of the four different proteins are presented in

Figs. 5–8. We can state frankly that the data are not suffi-
cient for rigorous or quantitative plots. Measurement of thelog U / (1 0 U) Å log K / n log[P] . [2]
adsorption isotherms of these four proteins is necessary to
determine parameters for displacement chromatography of

From Eq. [2] , the relation of log U / (1 0 U) to log[P] is proteins. However, using the Hill plot to describe the adsorp-
linear. The slope of the straight line is the Hill coefficient, tion, these figures suggest interesting and useful information.
n . Generally, if n ú 1, cooperativity is defined as positive; The adsorption of protein onto HA can be divided into three
if n õ 1, cooperativity is negative. Considering that the stages, with different Hill coefficients n , reflecting the degree
surface of hydroxyapatite is heterogeneous and has multiple of cooperativity in each of the three stages. These phenom-
binding sites, we can redefine U. In this paper, U is the ratio ena, shown in the figures, are similar to the binding behavior
of the HA surface covered by adsorbed proteins to the total of O2 and normal hemoglobin at 257C in 0.1 M NaCl at pH
HA surface. The specific surface area of HA is 50 m2/g. 7.4 (36). Although in both situations there is cooperativity,
The protein adsorbed on HA is assumed to be in side-on the mechanism is completely different.
form, thus permitting an estimate of surface area covered When Fair and Jamieson (37) studied protein adsorption
by proteins (see Table 1). on polystyrene latex surfaces, they discussed three-stage ad-

Reproducibility

Measurements were carried out in duplicate. Measure-
ments which were not within 8% (relative error) were re-
peated until the error was less than 8%. Relative error is
defined as

Éd1 0 d2É/ (d1 / d2) /2 1 100%,

where both d1 and d2 are the protein adsorption value of the
duplicate. A blank sample (corrected for protein adsorbed
onto the tube) was used.

TABLE 2
Suspension Solutions

Name SSI SSII SSIII

NaCl (mM) 30 30 150
Tris (mM) 0 30 30
pH 6.76 8.50 8.50

FIG. 5. Hill plot of hen-egg lysozyme (LYZ).
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108 LUO AND ANDRADE

FIG. 6. Hill plot of bovine serum albumin (BSA). FIG. 8. Hill plot of bovine milk lactoferrin (BML).

sorption isotherms. Hearn et al. (65) worked on adsorption processes. This is the reason that gradient elution is utilizedisotherms for BSA on PEI-bonded silicas of varying pore in adsorption liquid chromatography (ALC) of macromole-diameter and found that the Hill plots from the data are S- cules. A low degree of cooperativity is preferred for ALC,shaped, indicative of three-stage cooperativity, similar to because high degrees of cooperativity lead to difficulty inour observations. It seems there is cooperativity of protein elution.adsorption onto HA sorbent. The Hill coefficient, n , represents the degree of coopera-In adsorption liquid chromatography of proteins, if the tivity. Figures 5–8 show that n depends on adsorbed proteinelution is isocratic, the elution mode often is ‘‘none’’ or concentration at the surface of HA. However, the change of‘‘all’’ (38), due to the cooperative adsorption and desorption n is really caused by the interactions both between protein
and adsorbent (HA) and between adsorbed proteins, due to
the lateral interaction when adsorbed protein concentration
at the HA surface increases. When Myers and Prausnitz (66)
studied the thermodynamics of mixed-gas adsorption, they
introduced the concept of the adsorbate phase activity coef-
ficient, g, which is a function of spreading pressure, tempera-
ture, and composition. Talu and Zwiebel (67) further devel-
oped the theory of the adsorbate phase activity. They thought
that the value of g can predict the nonidealities caused by
the lateral interactions between adsorbates. Li and Pinto (68)
applied the concept of adsorbate phase to protein adsorption
in preparative protein chromatography. They found that the
lateral interactions between adsorbates (adsorbed proteins)
influence preparative protein chromatography. In preparative
protein chromatography, the adsorbed protein surface con-
centration is relatively high, which often results in the devia-
tion of the linear adsorption range. When Ryan et al. (69)
and Grasberger et al. (70) studied the interaction between
proteins on the cell surface, they concluded that lateral inter-
actions between proteins localized in membranes exist.
These workers did not identify the sources of the lateral

FIG. 7. Hill plot of human holo-transferrin (HHT). interactions. The lateral interaction force is complex and
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109COOPERATIVE ADSORPTION OF PROTEINS

FIG. 9. Schematic representation of the three different conformation states of adsorbed proteins due to the lateral interaction between the proteins
in surface phase and the interaction between protein and adsorbent.

includes components contributed by coulombic interaction (1 õ n õ 1.5) , partially negative (0.5 õ n õ 1), and
negative (n õ 0.5) . From Table 3, the values of n underand van der Waals interactions. The overall force can be

repulsive or attractive. most different suspension conditions are less than 2 for most
suspension environments, so the degree of cooperativity isFigure 9 schematically demonstrates three different con-

formations (A, B, and C) of adsorbed proteins resulting from not high. In a few environments, n can be very large (HHT
on HA in SSII) .both the lateral interaction between adsorbed proteins and

the interaction between adsorbed protein and adsorbent. Fig- Lysozyme. Lysozyme has a pI of 10.7, a rigid structure
ure 10 diagrammatically suggests a mechanism for the con- (49), and the lowest molecular weight of the four model
formation change process of adsorbed proteins. Figures 10A proteins. When HA is suspended in SSI (in which the buffer
and 10B, corresponding to states A and B in Fig. 9, respec- salt is absent) , the pH of SSI is near the point of zero charge
tively, clearly show the increase (Fig. 9A) or decrease (Fig. (pzc) of HA, meaning that the magnitudes of positive and
9B) of the degree of cooperativity, likely due to the interac- negative charges on the surface of HA are the same. The
tions between proteins and between protein and adsorbent. net charge of lysozyme is positive because pI ú pH. Table
Lundström gave an example similar to Fig. 9B in his model 3 shows that the adsorption is positively cooperative because
of protein adsorption on solid surfaces (71). n Å 1.9 and there is only one stage in the experimental
Generally, if the lateral interaction force is attractive, the range of protein concentration. The reason may be that the

protein coverage on the adsorbent would be increased due distribution of charge in LYZ is not even (50) and that there
to protein conformational change, which results in the in- is a patch of negative charge. So in this suspension solution,
crease of the degree of cooperativity; the reverse may also the degree of cooperativity is relatively high (see Fig. 11a).
be true. The Hill coefficient, n , gives a quantitative measure Protein LYZ structure is rigid (72). The meaning of one-
of the degree of cooperativity. The n values measured and stage cooperativity corresponds to the typical case shown in
calculated from Figs. 5–8 are listed in Table 3. So we as- Fig. 9C. When HA is suspended in SSII in the presence of
sume that the degree of cooperativity can be considered in 30 mM Tris buffer salt and pH is increased to 8.5, pH ú

pzc and pH is nearer to pI ; thus, the surface of HA hasfour states (Fig. 11): positive (n ú 1.5) , partially positive
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110 LUO AND ANDRADE

FIG. 10. Illustration of a possible mechanism for the conformation change of adsorbed proteins, due to lateral interaction between proteins in surface
phase plus the interactions between protein and adsorbent.

more negatively charged sites, and there are fewer positive lateral interaction between proteins. In SSIII, there is more
charges on the protein. The degree of cooperativity is re- NaCl in the suspension solution (see Table 2), reducing
duced from positive to partially negative (see Fig. 11c), stage i and stage iii cooperativity. The reason is that the
with three stages of cooperativity apparent, likely caused by surface charge of both protein and adsorbent (HA) is sup-

pressed. But the middle stage(ii ) is relatively high, possibly
due to appropriate conditions for the formation of LYS di-

TABLE 3 mers (51).
Hill Coefficients Collected from Figs. 2–5

Albumin. Albumin has a pI of 4.6 (52), a flexible struc-
Suspension ture, three domains, and a medium size. Figure 6 shows that

Protein solution ni nii niii albumin adsorption on HA under three different suspension
conditions demonstrates three stages of cooperativity (i, ii,LYZ I 1.9
and iii ) . In SSI, the solution contains only NaCl salt but noII 1.0 0.4 0.8
buffer salt. The pH is higher than the pI but almost equalsIII 0.1 1.5 0.2

BSA I 0.6 0.2 1.6 pzc. So albumin has a net negative charge; the positive
II 0.5 0.1 0.5 charge on the surface of HA dominates. The degree of coop-
III 0.7 0.3 2.0 erativity is partially negative (see Fig. 11c) at stage i, nega-HHT I 0.8 0.1 2.0

tive (see Fig. 11d) at stage ii, and positive (see Fig. 11a)II 0.3 4.9 0.4
at stage iii. This is a typical example, as shown in Figs. 9AIII 0.5 0.1

BML I 0.5 0.1 0.7 and 10A. When surface protein concentration is increased,
II 0.8 1.4 the distance between proteins is reduced, which leads to
III 1.3 increased lateral interaction. Thus an attractive force causes
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is clearly divided into three stages and is very similar to
that of albumin. Transferrin has a p I value slightly higher
than that of albumin and a slightly higher molecular weight.
The three stages of SSII are shown in Fig. 7. A comparison
between SSI and SSII suggests that the degree of coopera-
tivity in stage ii is very high (nii Å 4.9) , but that it is very
low (nii Å 0.1) in SSI. The reason is not very clear. It
may be related to the carbohydrate playing a key role in
adsorption. In SSIII, there are only two stages in cooperative
adsorption in the experimental range of protein concentra-
tion. The degree of cooperativity is very similar to that in
SSI. The explanation seems to be the same as that for albu-
min in SSIII.
Lactoferrin. Lactoferrin is also a member of the family

of iron-binding proteins known as the transferrins. It is a
monomeric glycoprotein of 80,800 Da, approximately 8%
of this being due to two heterogeneous sugar chains (59).
However, a key difference between transferrin and lactofer-
rin is that transferrin is acidic and lactoferrin is basic (pI Å
7.8) . Lactoferrin is more hydrophobic than transferrin (60).
From Fig. 8, in SSI only, there are three stages in cooperative
adsorption. In stage i, the cooperativity is partially negative,
in stage ii it is negative, and in stage iii it is partially negative.
So the degree of cooperativity is low. The reason for this is
that in SSI the pH is near the pzc and the pI is higher than

FIG. 11. Schematic representation of the different degrees of coopera- the pH; thus positive charge, which has less affinity for the
tivity for protein adsorption onto the surface of hydroxyapatite in different surface of HA, dominates in BML. In SSII, there are onlyenvironments: (a) positively cooperative; (b) partially positively coopera-

two stages (i and ii) for this limited protein concentration.tive; (c) partially negatively cooperative; (d) negatively cooperative. Both
Stage i is partially negative and stage ii is partially positive.‘‘– – –’’ and ‘‘R’’ represent attractive and repulsive interactions, respec-

tively. See text. The degree of cooperativity is increased in stage i and stage
ii. This results from the fact that in SSII, pI ú pH; thus the
net surface charge of protein is slightly negative and thechange in the conformation of the proteins on the adsorbent
surface of HA is negatively charged because pH ú pzc.and increase in the degree of cooperativity. In SSII, the
Thus COO0 , which has a higher affinity for HA, dominatesbuffer salt, Tris, was added to adjust the pH to 8.5. Negative
over the increase of negative charge on HA. In SSIII, therecharge on both protein and HA is increased. This leads to
is only one stage in the experimental range of protein con-a large decrease in the degree of cooperativity, especially in
centration. Stage i has a partially positive cooperativity be-stages ii and iii. In SSIII, the ionic strength increases five
cause of n Å 1.3. This phenomenon is very similar to lyso-times (from 0.03 to 0.15 M NaCl). The surface negative
zyme in SSI. There is a common phenomenon when thecharge of HA is greatly suppressed but the positive charge
cooperativity has only one stage in the experimental rangeis not, resulting in interaction between the calcium sites and
of protein concentration; i.e., the degree of cooperativity isCOO0 (55–57). In SSI and SSIII, the cooperativity is
relatively high like lactoferrin in SSIII and lysozyme in SSI.greatly increased in stage iii, in which the protein concentra-
Both lysozyme and lactoferrin are basic proteins. These factstion is relatively high, beyond the linear range in the adsorp-
suggest that when the protein concentration of the surfacetion isotherm. In adsorption liquid chromatography this often
phase increases, the conformational change of adsorbed pro-leads to difficult elutions. So in ALC the degree of coopera-

tivity should be low. The bulk protein concentration in stage tein is determined by the structural rigidity of the protein
i can satisfy such a requirement. This phenomenon in ALC (e.g., LYZ), because a rigid structure can resist conforma-
is well explained through the study of cooperative adsorption tional change induced by lateral interaction. The conforma-
of protein onto HA. tional change is affected by the coulombic forces (e.g., BML

in SSIII) ; suppression of coulombic interaction causes aTransferrin. Transferrin is an acidic protein (pI 5.0);
decrease in the degree of cooperativity.the size is relatively large, there are four domains, and holo-
We conclude from the above analyses that protein adsorp-ion transferrin is more rigid than apolactoferrin. In addition,

transferrin is a glycoprotein (58) . In SSI, the cooperativity tion is cooperative and that in most cases the protein concen-

AID JCIS 5364 / 6g3f$$$$63 03-24-98 14:52:25 coida



112 LUO AND ANDRADE

tration increases in three stages. Our four model proteins our lactoferrin is apo-iron but transferrin is holo-iron, and
transferrin is acidic but lactoferrin is a basic protein. Theseshow low cooperativity under most suspension conditions

in stage i. In this stage, the protein concentration is lower differences make the cooperative adsorption process compli-
cated. Protein conformations are likely key factors affectingthan that in stage iii. Low cooperativity helps in the elution of

proteins in adsorption liquid chromatography. This is quite the degree of cooperativity and the cooperative stages. Other
main factors are the pI of proteins and the pH of the suspen-consistent with the linear adsorption isotherm described by

the Langmuir equation, because the low degree of coopera- sion solution, which determine the number and sign of
charges on protein and on HA. The initial adsorption istivity leads to more possibilities for reversible adsorption

and desorption when the protein concentration is low. A driven by coulombic interaction. After adsorption, the pro-
tein conformation may be changed, caused by lateral interac-linear range of protein concentration in the adsorption iso-

therm is preferred in analytical adsorption liquid chromatog- tion between adsorbed proteins or between protein and ad-
sorbent, which may partially contribute to the entropyraphy. Through the selection of the pH, the ionic strength

of the suspension solution, and the protein concentration, change of proteins and often results in an increase in the
degree of cooperativity.we can obtain conditions under which cooperativity is low

enough for ALC. The optimum conditions for ALC are for SSIII to be used
as mobile phase and for equilibrium protein concentrationHay’s group studied the adsorption thermodynamics of

acidic proline-rich human salivary proteins on HA (61) . to be limited to less than 0.1 mg/ml.
They concluded that adsorption of proteins on HA is driven
by an increase in entropy. We think that protein adsorption ACKNOWLEDGMENTS
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Abstract

Thin-layer chromatography (TLC) is one of the simplest and most convenient techniques to separate small molecules. Of a
variety of TLC separation modes, only size-exclusion was successfully used to separate proteins. In this paper, adsorption-
TLC was used to separate proteins. The net charges were calculated for four model proteins, albumin, transferrin, lactoferrin
and lysozyme, under different pH values. The suitable pH values for separation were determined according to the results
from such calculations. Then, the adsorption isotherms of the four proteins were measured to deduce the ionic strength for
appropriate elution conditions. Optimal conditions, 0.01 M bicine and pH 8.50, and a three-step elution process (1st step 0.01
M NaCl, 2nd 0.025 M NaCl, and 3rd 0.10 M NaCl), were obtained. Finally, the four model proteins were successfully
separated under these elution conditions.  1998 Elsevier Science B.V. All rights reserved.

Keywords: Adsorption isotherms; Proteins; Albumin; Transferrin; Lactoferrin; Lysozyme

1. Introduction produces minimal waste. TLC is easier and more
convenient to run than most other separation tech-

Protein separation techniques, including sedimen- niques [5]. Many chromatographic modes, including
tation, gel electrophoresis (GE), high-performance adsorption, size-exclusion, hydrophobic interaction,
liquid chromatography (HPLC), and capillary elec- reversed-phase and affinity, and isoelectrofocusing
trophoresis (CE), are highly developed [1,2]. How- and chromatofocusing have been used for separating
ever, a separation method which is simple, relatively both small and large molecules using column liquid
inexpensive, utilizes little or no electrical energy, chromatography (CLC). In TLC, most modes have
creates minimal waste, is applicable to diagnostics, been used only for separating small molecules. There
and is gentle enough to isolate complex protein have been few reports on the various modes in TLC
systems is still lacking [3]. used for separating proteins, except for size-exclu-
Thin-layer chromatography (TLC), also called sion [4,6,21].

planar chromatography, is one of the simplest, the Proteins vary in a number of their physical and
most popular, and widely used methods of separating chemical properties as a result of their amino acid
small molecules [4]. TLC generally utilizes natural sequences [7]. The amino acid residues attached to
capillary forces to propel the mobile phase along a the polypeptide backbone may be positively or
plate coated with a thin-layer sorbent. Pumps and negatively charged, neutral and polar, or neutral and
related devices are not needed. TLC requires mini- hydrophobic. In addition, the polypeptide is folded in
mal amounts of sorbents and solvents and thus definite secondary and tertiary structures to create a

unique size, shape, and distribution of residues on
*Corresponding author. the surface of the protein. By exploiting the differ-
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ences in properties between proteins in the mixture, a (BSA)/1 dry g anion exchanger (Whatman, Clifton,
rational technique to separate them can be designed. NJ, USA)] and the deposited sample is very low (8
Differences in surface charge properties are par- mg/deposited spot). Generally, the slope (C 20) /s
ticularly effective due to the fact that the surface (C 20) of the isotherms are roughly equal to them
charges are strongly affected by pH and ionic tangent, dC /dC , in the low protein sample ranges m
strength (I) in solution [8–10]. There is a relation (see Fig. 2B). Eq. (2) only roughly describes the
between isoelectric point (pI), pH, and net charge of migration velocity decrease with an increase in the
protein [24]. distribution coefficient K when K equals (C 20) /s
Ion-exchange chromatography (IEC), one of the (C 20). Our purpose in using Eq. (2) is only tom

adsorption modes, has been the most widely used roughly predict the migration differences between
technique for the fractionation and purification of different proteins, not to exactly describe protein
proteins, since the introduction of cellulosic ion band migration in TLC. K values differ from protein
exchangers in the 1950s [9]. IEC uses the charged to protein, reflecting the interaction forces between
groups on the surface of a protein to bind to an each protein and the stationary phase. This is the
insoluble matrix of opposite charge. More precisely, underlying principle of the separation and one of the
the protein dipolar ion displaces the counterions of most important factors affecting separation in liquid
the matrix functional groups and will itself be chromatography [12].
displaced with an increasing proportion of counter- In this paper, we calculated the net charges for
ion. This is usually done by increasing the con- four model proteins, albumin, transferrin, lactoferrin
centration of ions in the elution buffer. The most and lysozyme, under different pH values to estimate
important parameters in IEC are the choice of ion- optimum pH for separation. By measuring adsorption
exchange matrix and the initial conditions, including isotherms, the appropriate ionic strength ranges for
buffer type, pH, and ionic strength [11]. optimal mobile phase conditions are obtained from
At equilibrium, the protein concentration in the the distribution coefficients. We developed a new,

stationary phase (C ) is related to that in the mobile convenient, and efficient method to measure ad-s
phase (C ) and both are a function of the initial sorption isotherms. The distribution coefficient ism
protein concentration and of the ionic strength in the here defined as the initial distribution coefficient
mobile phase when the pH is fixed: (K ), which is different from the more commonini.

distribution coefficient, which is defined as K inequ.C 5K(C,I)C (1)s m this paper (see Fig. 2). This new method works well.
The separation of the four model proteins werewhere K is a distribution coefficient between C ands carried out using such optimal elution conditions.C [12]. Eq. (1) shows that if the protein is stronglym

adsorbed onto sorbent, in other words C is large, thes
K value will be large; the reverse is also true. In 2. Experimentalequilibrium theory, if zone spreading effects are
ignored, the migration velocity of the protein zone 2.1. Materialsalong the sorbent layer can be expressed as:

The sorbent, diethyl aminoethyl (DEAE)-deriva-dZ /dt5 u / [11K(V /V )] (2)p s m
tized microgranular and preswollen type cellulose

where Z , u, V and V are the peak position of the (anion exchanger), was manufactured by Whatman.p s m
protein, velocity of mobile phase, the stationary Proteins, including BSA, human holo-transferrin
volume, and the mobile phase volume, respectively (HHT), bovine milk lactoferrin (BML), and hen
[12]. We should point out that K (5C /C ) in Eq. egg-white lysozyme (LYZ) were purchased froms m
(2) is valid if linear elution conditions exist. For Sigma (St. Louis, MO, USA). The degree of satura-
analytical purposes such conditions can be easily tion with iron ions in lactoferrin is about 20%.
satisfied because the capacity of the ion exchanger Generally, the stability of the holo-iron state is
used is very high [700 mg bovine serum albumin higher than that for the apo-iron state. Important
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Table 1
Important properties of the proteins used in this study

Abbreviation Protein pI [18,19] M [18,19]r

BSA Bovine serum albumin 4.6 66 400
HHT Human holo-transferrin 5.0 79 600
BML Bovine milk lactoferrin 7.8 80 800
LYZ Hen-egg white lysosyme 10.7 14 300

properties of proteins are listed in Table 1. All other 4:1. Such anion exchanger is stored for coating the
chemicals used were of analytical grade. plates.

2.4. Adsorption isotherm2.2. Solutions

The adsorption isotherm experiments were carriedSolutions used for equilibration of ion exchanger, out in 1.5-ml polypropylene micro centrifuge tubesfor adsorption isotherms, and for chromatographic (Bio Plas, San Francisco, CA, USA). The ratio ofdevelopment (elution) contained sodium phosphate, solid (prepared anion exchanger) to liquid (suspen-bicine and sodium chloride (Table 2). sion solution) is 1 (mg):1 (ml). The initial protein
concentration was fixed at 800 mg/ml for all sam-

2.3. Preparation of resin ples. NaCl concentration (ionic strength) range is
0–0.20 M. The different NaCl concentrations were

Before use, DEAE anion exchanger was equili- obtained by different ratios of two different suspen-
brated with the desired solutions. Five grams of ion sion solutions (PSI and PSII or BSI and BSII). After
exchanger is dispersed in 40 ml solutions. After hydration of prepared ion exchanger in aqueous
manual stirring for about 1 min, pH is adjusted to the suspension for 5 min, the protein solution was added
desired values (6.50 for phosphate buffer and 8.50 to the ion exchanger dispersion to make a total
for bicine buffer) with 6 M HCl, the suspension is volume of 1 ml. Then the tubes were rotated end-
allowed to settle, and the supernatant liquid is over-end for 4 h. The samples were then centrifuged
decanted off. This process is then repeated three for 5 min at 13 000 rpm. The clear supernatant was
times. For isotherm adsorption use, the final suspen- measured by intrinsic UV fluorescence. The samples
sion is filtered through Whatman filter paper No. 1, of diluted supernatant were analyzed using a PCI
and the equilibrated ion exchanger dried in the air on photon counting spectrofluorometer (ISS, Cham-
the filter paper. The dried ion exchanger was stored paign, IL, USA) at l 5280 nm and l 5340 nm.ex. em.
in a covered container. For chromatographic use, The maximum protein concentration was limited to
supernatant fluid is then removed until the ratio of less than 20 mg/ml to maintain a pseudolinear state
settled ion exchanger to supernatant volume is about between protein concentration and the fluorescence

Table 2
The compositions and properties of suspension solutions

Name NaH PO ?H O Na HPO ?7H O Bicine NaCl pH2 4 2 2 4 2

(M) (M) (M) (M)

PSI 0.00685 0.00315 6.50
PSII 0.00685 0.00315 0.20 6.50
BSI 0.01 8.50
BSII 0.01 0.20 8.50
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intensity. The additives and pH in the sample reacts with primary amine groups on proteins, un-
solutions and standard solutions were identical. bound dye is nonfluorescent, and its sensitivity
Temperature was controlled at 21618C. depends on the number of amines present [13]. The

developed plate was dried in the air at room tempera-
2.5. Coating of plates ture. The dried plate was dipped into the solution of

0.05% fluorescamine in acetone. After about 1 h, the
Glass plate sections 6.9 cm38.8 cm in dimension plate was placed under UV light of multiband UV-

Uwere cleaned by soaking in chromic sulfuric acid 254/366 nm of Model UVGL-58 ( UVP, Upland,
solution for 6 h. They were then scrubbed by sponge, CA, USA). The fluorescent spots were recorded as
then rinsed by double deionized and filtered water. chromatograms with a Spectra AF camera (Polaroid,
Such plates were placed in a vacuum oven and dried Cambridge, MA, USA), then the chromatograms
before coating with ion exchanger slurry. In order to were copied onto the transparent papers in order to
control the thickness of sorbent, two narrow plastic make the chromatograms more clear.
strips (total 0.6 cm wide) were bound on the two-
sides of the plate with two-sided tape. The thorough-
ly suspended ion exchanger slurry was poured into 3. Results and discussion
the plate at a thickness setting of 1 mm. After
making the slurry even and smooth, the plate was 3.1. Adsorption isotherm
dried overnight at room temperature. The thickness
of dried sorbent on the plate is about 0.4 mm. The The batchwise method was used to measure
plate was stored in the open air. adsorption isotherms in order to quickly screen the

conditions for development (elution). The advantages
2.6. Sampling of this method are convenience, rapidity and sim-

plicity. In addition, this method is thrifty because
Five samples, including BSA, HHT, BML, LYZ, only a very small amount of protein sample is

and a mixture composed of BSA, HHT, BML, LYZ required, which is very important for expensive
were used on one plate. The concentration for all five proteins. The disadvantages are that the exact elution
samples was 4 mg/ml. The amount per sample is 2 condition is not identical with that obtained from
ml. Every deposited spot on the plate contained 8 mg adsorption isotherms. So, such measurement can
of protein. Before all samples are ready for deposit- only predict the rough range of ionic strength
ing, the plate to be eluted is placed in the develop- required for elution.
ment container and the mobile phase is allowed to Since ion exchanger was used as sorbent, it is
ascend about 1 cm in order for the samples to be necessary to analyze the properties of proteins and
deposited on a wet surface. After sampling, the plate sorbent and to characterize the surface charge which
was quickly returned to the container for elution. plays an important role in ion exchange chromatog-

raphy. The program ‘‘pI protein 1.0v1’’ (Internet:
2.7. Development (elution) iho@biobase.aau.dk) was used to calculate the net

charge of proteins under different pH values (Fig. 1).
In these experiments ascending development was From Fig. 1, pH values 6.50 and 8.50 were selected

applied in a beaker covered with transparent plastic because at these two pH values the different proteins
film. The mobile phase level in the beaker was about have different net charge values. At the same time
0.4 cm. The rate of development, which varied to a this is an optimal choice for the DEAE anion
small extent from plate to plate, averaged about 0.8 exchanger because the working pH range for anion
cm/min. exchanger is less than 9.00 [20].

The real aim in measuring adsorption isotherms is
2.8. Detection to establish the relation between distribution coeffi-

cient (K), ionic strength and pH. However, there are
Fluorescamine was used as a label. Fluorescamine two methods to express K. One has the same initial
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Fig. 1. The calculated relationship between charge number and pH
of albumin, transferrin, lactoferrin and lysozyme.

protein concentration in the mobile phase (C );m,I.
such a K is called the initial distribution coefficient
and termed as K (Fig. 2A). The other is the moreini.
common K, which has the same equilibrated protein
concentration in mobile phase (C ); such a K ism,e.

Fig. 2. Schematic diagrams of how to obtain the two differentcalled the equilibrium distribution coefficient and
distribution coefficients. (A) K is the initial distribution coeffi-ini.termed as K (Fig. 2B). From our experiments, weequ. cient. Every point (C , C ) in the isotherm corresponds to an ionics mfound that it is more convenient and efficient to strength.When ionic strength increases, C decreases and thus Ks ini.

measure K . In such adsorption isotherms the reduces. C almost equals zero, or no protein is adsorbed, whensini.
ionic strength reaches a higher value. (B) K is the equilibratingsample is of low concentration and is near the linear equ.

distribution coefficient.adsorption range. So, the ratio, C /C , in the iso-s m
therms can roughly replace the tangent, dC /dC ,s m
which also avoids the minus values sometimes for acidic proteins (albumin and transferrin), Kini.
obtained with dC /dC . It seems more suitable to values under the conditions studied are very sensitives m
call such K the partition coefficient [22,23]. In Fig. to NaCl concentrations or ionic strength of aqueousini.
2A, every point corresponds to a different ionic suspension, because Coulombic interactions domi-
strength, which is very important for the step elution nate between acidic proteins and anion exchanger
processes. However, in Fig. 2B, every curve corre- when pH.pI values (Table 1). For basic proteins
sponds to an ionic strength. (lactoferrin and lysozyme), the sensitivity to ionic
With pH fixed, the adsorption isotherm is mea- strength is low. These are expected results because

sured at various sodium chloride concentrations, anion exchanger is more appropriate for separation
range 0.00–0.20 M, realized by changing the ratios of acidic proteins. For basic proteins, the adsorption
of PSI /PSII or BSI /BSII. Phosphate and bicine were is not strongly controlled by the Coulombic inter-
used as buffer salts for pH values 6.50 and 8.50, action force, therefore K values of lactoferrin andini.
respectively (Table 2). Figs. 3 and 4 demonstrate the lysozyme are small and do not change very much
relations of initial distribution coefficients (K ) of when ionic strength is changed. However, bothini.
four proteins with ionic strength under different lactoferrin and lysozyme are more hydrophobic than
buffer salts and pH values. Figs. 3 and 4 show that albumin and transferrin [14]. Also the fact that
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sodium phosphate buffers K values are small (lessini.
than 2). However, in bicine buffer the K valueini.
sometimes is very large and the maximum reaches
137. Phosphate ions have the ability to complex with
positively charged groups on the anion exchanger,
plus multivalent charges on phosphate increase the
ability to shield the surface charge on anionic
exchanger, thus greatly reducing the z-potential of
the charged groups on the anionic exchanger. This
leads to a decrease of Coulombic interactions be-
tween acidic proteins and anion exchanger. Bicine is
a zwitterionic buffer which is a dipolar ion molecule
and does not complex with the anionic charges on
the ion exchanger, as does phosphate. So in bicine
buffer solution, the z-potential of the charged groups
on the anionic exchanger was not strongly affected
by bicine buffer ions.

Fig. 3. The relation of initial distribution coefficient with ionic Generally, if K values are very large and K isini. ini.strength. Conditions for adsorption isotherms: 0.01 M sodium not sensitive to ionic strength, the elution of thephosphate and pH 6.5.
adsorbed protein by increased ionic strength is
difficult because the interaction between protein andlysozyme has a patch of negative charge [15] makes
sorbent is too strong. In addition, if K –I curves ofini.the behavior of lysozyme and lactoferrin on anion
two proteins overlap or the gap between curves is tooexchangers not easily predictable.
narrow, these two proteins can not be separated orK values of acidic proteins (albumin and trans-ini. separation is difficult because they have the same orferrin) are strongly affected by buffer salt types. In
similar elution properties under this mobile phase
condition. Based on these criteria, the conditions in
Fig. 4 satisfy the elution requirements for separation.
In thin-layer ion exchanger chromatographic de-
velopment, the conditions in Fig. 4 were utilized.

3.2. Chromatograms

Fig. 1 shows that when pH58.50 lysozyme and
lactoferrin have small numbers of net positive charge
and net negative charge, respectively; albumin has
maximum net negative charge number, and the net
negative charge number of transferrin is in between
lactoferrin and albumin. Generally, the order of
Coulombic interaction force is the same as that of the
net charge number when the anionic surface charge
is fixed. So, for the four model proteins, the elution
strengths (ionic strength) are different for different
proteins. The larger the net charge number of
protein, the higher the elution strength [16]. This is
consistent with the results in Fig. 4. Eq. (2) dem-Fig. 4. The relation of initial distribution coefficient with ionic
onstrates that the larger the K value, the smallerstrength. Conditions: 0.01 M bicine and pH 8.5. Elution conditions ini.

are based on this figure. the protein migration velocity (dZ /dt). It can bep
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expected that in chromatograms lysozyme should be
in the front, followed by lactoferrin, followed by
transferrin, with albumin last.
At the same time, the most important differences

between small molecules and proteins arise from the
polyelectrolyte character of the latter. The polyelec-
trolyte properties of proteins often result in multiple
binding between the solute and the stationary phase.
Multibinding tends to result in very high or very low
distribution coefficients between phases, with an
abrupt transition between extremes [17]. The re-
tention mechanism behaves as ‘‘all or none’’. In
addition, the gradient method may possess higher
resolution at the cost of considerable tailing, while
the discontinuous method will provide sharp zones at
the expense of resolution, especially if the changes in
effluent concentration are large. That is why dis-
continuous elution is required in TLC ion-exchange
chromatography of proteins.

Figs. 5–7 are the chromatograms from a three-
step elution. When ionic strength is 0.01 M NaCl
(Fig. 5), only lysozyme migrates in the same step

Fig. 6. The chromatogram after first elution step.

with effluent; when ionic strength is 0.025 M NaCl,
not only does lysozyme continue to move together
with effluent but lactoferrin begins to migrate (Fig.
6); when ionic strength in the third step was in-
creased to 0.10 M NaCl, only albumin was kept in
the sampling area, the other three proteins migrate at
their own velocities (Fig. 7). The mixture sample in
the middle (Fig. 7) was separated into four proteins.
This discontinuous elution method clearly showed
that the elution of one protein corresponds to one
ionic strength and different proteins require different
ionic strengths. It should be pointed out that the ionic
strength required for elution is much higher than that
shown in Fig. 4. These differences are caused by the
different ratios (20 times) of solid volume divided by
liquid volume of suspension solution or mobile phase
between the chromatographic and batchwise meth-
ods, which was introduced simply in Section 3.1.
The concentration of NaCl in equilibrated solvent

for the ion exchanger and in the mobile phase is of
Fig. 5. The chromatogram after second elution step. critical importance in controlling the migration of
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(first step 0.01 M NaCl, second 0.025 M NaCl, and
third 0.10 M NaCl) elution process was applied.
Finally, the four proteins were thus successfully
separated. This process represents a successful sepa-
ration of proteins by adsorption-TLC. Future work
will focus on optimizing the design of a separation
device to make the development and visualization
more convenient. Adsorption-TLC should be capable
of separating proteins in complex mixture samples.

Acknowledgements

The authors thank the Center for Biopolymers at
Interfaces (Salt Lake City, UT, USA) for financial
support. This work was done in the laboratories of
Dr. J. Kopecek and Dr. J. Herron. We are grateful to
these faculty, their staffs, and the students in those
laboratories.

References

Fig. 7. The chromatogram after third elution step. ¨ ¨[1] A.F. Huhmer, G.I. Aced, M.D. Perkins, R.N. Gusoy, D.S.S.
¨Jois, C. Larive, T.J. Siahaan, C. Schoneich, Anal. Chem. 69

(1997) 29R.
proteins. The significant value is the sum of the salt [2] B.L. Karger, W.S. Hancock (Ed.), Methods Enzymol. 270
concentration in the ion exchanger and in the mobile (1996) 622 pp.

[3] J.M. Van Alstine, A. Veide, F. Tjerneld, Trends Biotechnol.phase. As this sum increases, the migration velocity
14 (1996) 1.of the samples also increases, but the increase in

[4] J. Sherma, Anal. Chem. 68 (1996) 1R.mobile phase is more effective according to our ´ ´[5] T. Cserhati, E. Forgacs, in: B. Fried, J. Sherma (Eds.),
experiments. The optimal sum was semiempirically Practical Thin-Layer Chromatography: A Mutildiscplinary
obtained. For the plates used in Figs. 5–7, the NaCl Approach, CRC Press, Boca Raton, FL, 1996, p. 1.

[6] R. Bhushan, J. Martens, in: B. Fried, J. Sherma (Eds.),concentration in anion exchanger is 0.025 M.
Handbook of Thin-Layer Chromatography, Marcel Dekker,
Monticello, NY, 1996, p. 427.

[7] L. Stryer, Biochemistry, 3rd ed., W.H. Freeman, New York,
4. Conclusion 1988, p. 15.

[8] W. Kopaciewicz, A. Rounds, J. Fausnaugh, F.E. Regnier, J.
Chromatogr. 266 (1983) 3.Our studies were designed to obtain the basic

´[9] G. Choudhary, Cs. Horvath, Methods Enzymol. 270 (1996)information needed to develop a process for protein
47.separation using adsorption TLC. Through establish- [10] A.N. Hodder, M.I. Aguilar, M.T.W. Hearn, J. Chromatogr.

ing the relation between protein net charge and pH, 476 (1989) 391.
the suitable pH values for elution were determined. [11] D.R. Marshak, J.T. Kadonaga, R.R. Burgess, M.W. Knuth,

W.A. Brennan, Jr., S.-L. Lin, Strategies for Protein Purifica-Then by measuring adsorption isotherms for model
tion and Characterization, Cold Spring Harbor Laboratoryproteins, the ionic strength ranges for elution were
Press, 1996, p. 54.obtained from the initial distribution coefficients of [12] S. Yamamoto, K. Nakanishi, R. Matsuno, Ion-Exchanger

the four proteins. From these data, 0.01 M bicine Chromatography of Proteins, Marcel Dekker, New York,
was selected as the mobile phase and a three-step 1988, p. 4.



Q. Luo et al. / J. Chromatogr. A 816 (1998) 97 –105 105

[13] R.P. Haugland, Handbook of Fluorescent Probes and Re- [20] J.C. Kraak, in: C.F. Simpson (Ed.), Techniques in Liquid
search Chemical, Molecular Probes, Eugene, OR. Chromatography, Wiley, New York, 1982, p. 303.

¨[14] C. Baier, G. Wollensak, E. Mur, B. Redl, G. Stoffler, W. [21] W.A. Schroeder, N.C. Nelson, J. Chromatogr. 115 (1975)
¨Gottinger, J. Chromatogr. 525 (1990) 319. 527.

[15] V. Lesins, E. Ruckenstein, Colloid Polym. Sci. 266 (1988) [22] F.E. Regnier, I. Mazsaroff, Biotechnol. Progr. 3 (1987) 22.
1187. [23] A. Jungbauer, S. Hackl, S. Yamamoto, J. Chromatogr. A 658

[16] G. Malmquist, N. Lundell, J. Chromatogr. 627 (1992) 107. (1994) 399.
[17] C.O.R. Morris, P. Morris, Separation Methods in Biochemis- [24] B.A. Bidlingmeyer, Practical HPLC Methodology and Appli-

try, 2nd ed., Pitman, London, 1976, p. 82. cations, Wiley, New York, 1992, p. 175.
[18] A. Haeberil, Human Protein Data, VCH, New York, 1992.
[19] T. Imoto, L.N. Hohnson, A.C.T. North, D.C. Philips, J.A.

Ruply, Enzymes 7 (1972) 665.



Electrokinetic Flow through Packed Capillary Columns

Qi-Lie Luo1 and Joseph D. Andrade2

1 Department of Materials Science and Engineering, Uni!ersity of Utah, 122 S. Central Campus DR
RM 304, Salt Lake City, UT 84112-0560, USA

2 Department of Bioengineering, Uni!ersity of Utah, 50 S. Campus Center DR RM 2480,
Salt Lake City, UT 84112-9202, USA

Received 23 June 1999; accepted 27 August 1999

Abstract: This paper is a theoretical study of electroosmotic flow through various
model packings to understand the mechanisms of capillary electrochromatography
Ž .CEC and to take full advantage of CEC. Two different equations for electroos-
motic flow velocity are described and compared with each other through two- and
three-dimensional figures. The optimal channel diameter in the common ionic
strength range is determined. The importance of ionic strength and packing
microstructure is further verified. The properties of various packing beds are
compared and an ‘‘ideal’’ packing, with parallel flow channels and minimum
tortuosity, is suggested. The reasons that CEC has not achieved the predicted
separation efficiency are pointed out. This study sheds light on approaches to
achieve the high separation efficiency and selectivity available by CEC. ! 1999 John

Wiley & Sons, Inc. J Micro Sep 11: 682!687, 1999

Key words: electroosmotic flow; flow channel; packing microstructure; electrochro-
matography

INTRODUCTION
The principles and mechanisms of electrokinetic

flow through packed beds are still not completely
understood although capillary electrochromatogra-

Ž . " #phy CEC is now widely applied 1!3 . The ques-
Ž .tions mainly concentrate on 1 the model to de-

Ž .scribe double layer overlap, 2 the influence of ionic
strength on the electroosmotic flow and the column

Ž .efficiency, and 3 the effect of packing microstruc-
ture on the electrokinetic flow.

At present, there are two different mathemati-
cal equations to describe electroosmotic flow in a

" #capillary column. Rice and Whitehead 4 applied
the zero-order modified Bessel function of the first

" #kind to describe the flow equation. Probstein 6
used Debye-Huckel linearization directly to deduce¨
numerical solutions and thus to get the expression.
However, the results from these two different equa-
tions are not consistent with each other, especially
when the Debye length is large. In addition, it has
not been shown which expression more appropri-
ately describes electroosmotic flow.

Correspondence to: J. D. Andrade
Contract grant sponsor: Whitaker Foundation"the Cost Re-
ducing Health Technologies Program

The packing microstructure strongly influences
the electroosmotic flow since the flow is generated

" #in the channels between the particles 7 . When the
Debye length is large or ionic strength is small, the
channel diameter becomes important, and the flow
along all channels with the same orientation to the
axis will be very different, due to their dimensions.
Moreover, there will still be dispersion due to the
variety of orientations of the channels. One advan-
tage of CEC is that a smaller particle size can be
used due to the low pressure drop in electroosmotic
flow, and the smaller the particle diameter the higher

" #the column efficiency 2 . A variety of packings,
including particles and continuous polymeric or sil-

" #ica gels, have been applied for CEC 8 . However,
for the particle packed column, the advantage sup-
plied by CEC cannot be fully realized due to the
variety of packing arrangement and tortuous chan-
nel structures. Further, wall effects on the fluid flow
properties cannot be neglected when the column-

" #to-particle diameter ratio is less than 30:1 9 .
In this study, first two different velocity expres-

sions for electroosmotic flow will be compared and
plotted in two and three dimensions using Maple
software. Then, the appropriate channel diameter
for packings for CEC will be determined. Finally, a

Ž . Ž .J. Microcolumn Separations, 11 9 682!687 1999
! 1999 John Wiley & Sons, Inc.
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model for an ‘‘ideal’’ packing microstructure for
CEC will be set up and discussed.

THEORY AND METHOD
Electroosmosis. Since all surfaces are, in princi-

ple, charged, an electrical double layer exists at all
surfaces in contact with an electrolyte. When a field
is applied parallel to the surface, as is done in CEC

! "systems, the liquid will move under the field 10 .
The velocity profile for electroosmotic flow can be

! "expressed. Rice and Whitehead 4 first solved the
problem for flow in cylindrical capillaries. Sørensen

! "and Koeford 5 deduced a formula similar to that of
Rice and Whitehead. The equation is expressed as

Ž .! ! " E I # r0 r 0Ž . Ž .u r # 1 $ 1Ž .$ I # a0

where ! , ! , " , # , E, $, r, and a represent, respec-0 r
tively, the permittivity of a vacuum, the relative
permittivity of the medium, the zeta potential of the
surface of the flow channel, the reciprocal of the
electrical double-layer thickness, the applied electric
field strength, the viscosity of the medium, the dis-
tance to the channel center, and the radius of the
flow channel, with the zero-order modified Bessel

Ž Ž ..function I # r of the first kind and the Debye-0
Huckel parameter¨

2 I
Ž .# # 1%% # F 2D (RT! !0 r

where % , F, R, and T are Debye length, Faraday,D
gas constant, and absolute temperature, respectively,
and the usual definition of ionic strength

1
2 Ž .I # c z 3Ý i i2

where z is the valence of each ion and c is the ioni i
concentration.

! "Grossman 11 performed the derivation in rect-
angular rather than cylindrical coordinates to im-
prove the clarity of the treatment. The expression
through such treatment is the same as that of Prob-

! "stein 6 who neglected the capillary curvature effect.
Probstein first inferred the surface potential equa-
tion and then deduced an equation for electroos-
motic flow profile through capillary channels using
Debye-Huckel linearization¨

! ! " E0 r $# aŽ1$Ž r% a..Ž . ! " Ž .u r # 1 $ e 4
$

Ž .Expression 4 appears different from Expression
Ž .1 . We will see that the differences expressed by

Ž . Ž .Equations 1 and 4 appear especially at low ionic
strength or for relatively narrow flow channels.

Packing microstructure and ionic strength. Param-
eters related to packing microstructure include par-
ticle sphericity, particle orientation, tortuosity, con-

Ž .nectivity, roughness, and anisotropy. Expressions 1
Ž .and 4 show that a%% or a# strongly influencesD

electroosmotic flow. So, channel diameter, a, is one
of the important parameters which determine the
electroosmotic flow profile. The channel diameter in
the packing is a function of packing microstructure.
However, if the packing particle is mono-size with
perfect sphericity, the channel diameter of the pack-
ing microstructure can be determined by the particle

! " ! "size and packing arrangements 12 . Wan 13 tried
to define the mean channel diameter d to simu-mc
late the effect of electrical double-layer overlap on
the electroosmotic flow in packed-capillary columns.

! "Knox 14 used a dimensionless flow resistance pa-
Ž .rameter & to determine the minimum particle

diameter for CEC. In fact, the porous medium can
be supposed to be equivalent to a series of channels.
It seems more reasonable to use a hydraulic diame-
ter or equivalent diameter, D , to represent channelh
diameter, a, to provide a clear physical meaning for
the channel diameter. This diameter is convention-
ally defined as four times the flow cross-sectional

Ž . Ž .area A divided by the wetted perimeter P andx w
measures the ratio of volume to surface of the pore

! "space 6,12 . In terms of the porous medium charac-
teristics,

4 A 4 A L 4Vx x void Ž .D # # # 5h P P L Aw w

where L is the channel length, V is the volume ofvoid
voids, and A is the total surface area. Since the
porosity is defined by

Vvoid Ž .' # 6
V

where V is the total volume of the medium. It is
common to express the total surface area in terms of
an inverse length, termed the specific area, A ,&
which is the ratio of the surface area to the volume
of the solid’s fraction of the porous medium:

A
Ž .A # 7& Ž .1 $ ' V
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For uniformly sized spheres, A ! ! D2 and V !p
3 Ž . Ž . Ž .! D "6, the combination of 5 and 6 with 7 givesp

2 "Dp Ž .D ! 8h 3 1 # "

where D is particle diameter. D will become anp h
important parameter for designing packing beds with
optimum microstructure for CEC.

Wall effect. Except for completely ordered ar-
rangements of spheres or geometrical matrices, the
mean void fraction is highest at the wall of the
column and then oscillates with decreasing ampli-

$ %tude toward a uniform value 12 . For clarity the wall
effects for viscous flow and electroosmotic flow
should be discriminated. The wall effect for viscous
flow is a barrier due to the increase of eddy diffu-
sion, which results in increasing the dispersion of
analyte band in liquid chromatography. The wall
effect on electroosmotic flow depends on D . If theh
magnitude of D is in the range of the electricalh
double-layer overlap, the wall effect will destroy the
plug-like flow; if D is beyond the range of electricalh
double-layer overlap, wall effect will not be a prob-
lem. However, the wall effect can be minimized by
designing an appropriate microstructure of the pack-
ing bed.

RESULTS AND DISCUSSION
Electroosmotic &elocity profile. We have pointed

out that two main factors, flow channel diameter
and ionic strength, influence the electroosmotic flow
in packed capillary column. Maple was used to plot

Ž . Ž . Ž .Equations 1 and 4 as Figure 1. Figures 1 A2 and
Ž .1 B2 demonstrate the electroosmotic flow velocity

profiles under different Debye lengths and positions
Ž . Ž .in the flow channel. From Figures 1 A1 and 1 B1 ,

Žit can be seen that when # a ! 100 I ! 0.1 or
.Debye length " 1 nm , the velocity profile is like a

plug. When I " 0.001 or $ ! 10 nm, there is aD
difference in the relative velocity between the two

Ž . Ž .different Equations 1 and 4 . Especially when
# a " 5, the differences in the velocity profiles of

Ž . Ž .Equations 1 and 4 are very large. Fortunately, for
practical CEC systems, # a should be at least larger

Ž .than 50. It should be noted that Equation 1 is
based on the assumption that the surface potential
Ž .% a should be less than or equal to 25 mV; Equa-

Ž . Ž .tion 4 is subject to the boundary condition % a !
Ž .70 mV. The solution of Equation 4 is consistent

with that solved numerically on a digital computer
without resource to Debye-Huckel linearization.¨

To help understand the effect of Debye length
Ž .on the electroosmotic flow, Figure 2 A schemati-

Ž .cally shows that % o ! 0 at the center, as the
solution is electrically neutral there for the limiting
case of small Debye length. For this case, electroos-
motic flow is plug-like. For the limiting case of large
Debye length, the entire capillary is within the dou-
ble layer. If 1 and 4 designate locations in the
external solution just outside of the double layer and
2 and 3 designate locations inside the channel en-
trance, then at equilibrium with no flow u ! 0. This
clearly shows the role of ionic strength in electroos-

$ %motic flow 6 .
Packing microstructure. For particle packed beds,

Ž .Equation 8 shows that channel diameter, a, or
hydraulic diameter, D , is determined mainly byh

Ž .particle diameter and porosity void fraction . For
mono-size particles, the effect of porosity depends
on the particle arrangements. According to the study

$ %of Martin et al. 17 , simple cubical packing is the
least compact arrangement with 0.48 porosity, rhom-
bohedral packing is the most compact packing with
0.26 porosity, and random packing has 0.40 porosity.
Three different porosities, three common particle

Ž .sizes, and a minimum particle size 0.5 &m were
used to calculate channel diameters with Equation
Ž .8 . Table I lists the results which will be used for
evaluating the limit of particle size by comparison
with the data deduced from Figure 1.

Figure 1 demonstrates that when # a is larger
than 50, the electroosmotic flow profiles gradually
become plug-like, which means that adsorbent parti-
cle size for CEC has some limits. We try to set
guidelines for how to select the particle size and run
conditions to make full use of CEC advantages by
showing an example. The permitted channel diame-
ters in the range of ionic strength 0.001'0.1 are
calculated and listed in Table II. For reverse-phase
CEC, the common ionic strength is between 0.001
and 0.01. Comparing Tables I and II, note that some
particle diameters should be excluded in CEC. For
example, when I is 0.001, if the packing is random,
the particle size should be larger than 2 &m. How-
ever, if ionic strength is increased from 0.001 to 0.01,
the particle size can be less than 1 &m. This typical
example shows that after ionic strength for elution is
fixed, the minimum particle size can then be deter-
mined.

$ %Knox 15 used the following equation to predict
band broadening in CEC:

1.6
1"3 Ž .h ! 0.6& ' ' 0.1& 9

&

with dimensionless velocity & ! ud "D , linear ve-p m
locity in column u ! 2 mm"s, analyte diffusion co-
efficient D ! 10#9 m2"s, and reduced plate heightm
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( ) ( )Figure 1. The profiles of electroosmotic flow !elocity in two A1 and B1 and A2 and B2 three dimensions. k in
the figures means ! in the text.

( ) ( ) [ ]Figure 2. Debye layer location in a cylindrical pore: A " small; B " large 6 . c is electrolyte concentrationD D o
far from the charged surface.
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( )Table I. The hydraulic diameters D for differenth
( ) ( )!oid fractions ! and particle sizes D .p

Ž . Ž .! D "m D "mp h

0.5 0.31
1 0.62

0.48 2 1.24
3 1.86

0.5 0.22
1 0.44

0.40 2 0.88
3 1.32

0.5 0.13
1 0.26

0.26 2 0.52
3 0.78

Table II. The minimum channel diameter for
different ionic strengths deduced from Figure 1 and

( )calculated from Equation 2 .

a Ž . Ž .I # nm a "mD

0.001 9.61 0.961
0.01 3.04 0.304
0.1 0.961 0.096

a Assumed as symmetrical electrolyte and z" : z#$ 1 : 1.

Ž .h $ H%d . Equation 9 is used to calculate thep
reduced plate height. The plate number is obtained

Ž .by N $ L%H L is column length . The calculated
data are given in Table III, which shows that the
smaller the particle, the higher the separation effi-

Ž .ciency N . According to the electroosmotic flow
velocity equation, the particle diameter can be
smaller without a pressure drop limitation. However,

Ž .when particle size becomes very small ! 2 "m , the
packing will be very difficult, especially for capillary
columns. Moreover, the local values of porosity for
particle packing are very variable and unpredictable
due to the heterogeneous nature of random packing.

& 'Giddings 18 recognized that the geometrical com-
plication of pore structure has defied all effort to
come to grips with it mathematically, and that our

( )Table III. Plate height H , reduced plate height
( ) ( )H % d , and plate number N for different reducedp

( ) ( )!elocities ud % D and particle diameters d .p m p

Ž . Ž . Ž .d "m $ h H "m N %mp

3 6 2.0 6 133,000
2 4 1.8 3.6 280,000
1 2 1.8 1.8 560,000
0.5 1 1.2 1.2 870,000

understanding of porosity must be limited to inexact
and intuitive concepts supported by experience. Ac-
cording to the above discussion, the advantages sup-
plied by CEC cannot be fully realized for particle
packing. In the following section, a model for an
‘‘ideal’’ packing bed will be developed.

Wall effect. The mean void fraction is highest at
the wall of the column and then oscillates with
decreasing amplitude toward a uniform value. If the
appropriate ratios of the column-to-particle diame-
ter are larger than 30, the wall effect will be greatly
reduced. Is this condition easily satisfied? The an-
swer is no. For a 75-"m inner diameter capillary
column, the particle diameter should be smaller
than 3 "m. The wall effect can be removed only by
designing an optimum packing.

Ideal packing bed. Figure 3 schematically repre-
sents three different ideal packings in capillary

Ž .columns. The packing in Figure 3 A is formed by
many bundles of rigid fibers. In such packing the
electroosmotic plug flow can be most efficiently real-

Ž .ized and the plate number N will be very high, but
Ž .it is difficult to fabricate such packings. Figure 3 C

shows a completely ordered arrangement of mono-
spherical particles. From the view of the channel

& 'line 14 , the electroosmotic velocity in a particle
packed bed is lower than that in an open tube due to
tortuous channel structure, which means the flow

Ž .properties in Figure 3 C cannot be compared with
Ž .those in Figure 3 A . The packing represented in

Ž .Figure 3 B is a continuous polymeric bed with sub-
micron size channels. In this structure, the geomet-
ric tortuosity is greatly reduced compared with that

Figure 3. Schematic representation of three different
( )ideal packings for capillary columns: A parallel, mul-

( )tiple channels formed by bundles of rigid fibers; B
continuous polymeric bed with submicron size chan-

( )nels; C an ordered particle packed bed.
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Ž .in Figure 3 C . Formation of this packing is more
Ž .practical than that in Figure 3 A . Although Hjerten,´

! "Svec, and Novotny and co-workers 19!21 have
worked on synthesizing continuous polymeric beds,
they have not purposefully designed the polymeric
structure to facilitate electroosmotic flow. In the
future, important work in CEC will be how to design
a continuous polymeric bed to reach the ideal struc-

Ž .ture shown in Figure 3 B .
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Abstract

Phytic acid, inositol-hexaphosphoric acid, molecular mass 650, a low-molecular-mass compound, has been identified as a
nearly ideal displacer in anion-exchange displacement chromatography for the concentration and purification of model
protein mixture. The concentration of low-molecular-mass displacer is a very important parameter for successful separation
by displacement chromatography. Displacer concentration influences the formation of the isotachic train and the yield and
recovery of the displacement chromatographic process. There is an optimum displacer concentration in which the yield and
recovery are highest.  2000 Elsevier Science B.V. All rights reserved.

Keywords: Displacers; Phytic acid; proteins

1. Introduction 1. the feed concentration generally does not affect
process efficiency;

Protein chromatography continues to play a sig- 2. products can be concentrated in the column
nificant role in biotechnology, serving as an effective effluent;
analytical tool and a powerful method for large-scale 3. the concentration of displacer can easily adjust
separation [1,2]. Displacement chromatography has the speed and efficiency of the separation; and
become popular in recent decade even though its 4. peak tailing is greatly reduced.
potential was already recognized by Tiselius in the
early 1940s [3–9]. This progress has been driven by Kundu and Cramer [12] had pointed out that, even
the development of biotechnology and the specific though a great many systems have been tried, the
advantages of the method [10,11], including: lack of effective and nontoxic displacers hampers the

wide application of displacement chromatography in
biotechnology. Generally, whether displacement
chromatography is successful or not depends greatly
on the efficiency of displacer. The displacer, with a*Corresponding author. Tel.: 11-801-581-4378; fax: 11-801-
higher surface affinity for the adsorbent than any of585-5361.

E-mail address: Joe.Andrade@m.cc.utah.edu (J.D. Andrade) the feed components, effectively competes with the
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feed components for adsorption sites on the station-
ary phase under nonlinear conditions [20]. Displacers
can be low-molecular-mass compounds or macro-
molecules. Macromolecular displacers can be syn-
thetic polyelectrolytes or proteins. The displacer
should meet a number of requirements: nontoxic,
stable, detectable, soluble, inert (no interaction with
other feed components), high affinity, and be highly
uniform, cheap, and reusable [13]. Generally, it is
not easy for a displacer to rigorously satisfy all these
requirements.
An important recent advance in displacement

chromatography was the discovery that low-molecu-
lar-mass compounds can be successfully used as
displacers for protein purification [16]. Compared
with macromolecular displacers, low-molecular-mass
displacers have significant operational advantages:

1. they can be easily separated from the purified
protein components;

2. the economics of the process can be improved Fig. 1. The chemical structure and titration properties of phyticbecause of the relatively low prices of low-molec- acid [25].
ular-mass displacers; and

3. column regeneration is facilitated.
tration. Finally, the column chromatographic sepa-

Phytic acid (Fig. 1) is a nearly ideal displacer. ration was carried out with the optimum conditions
When the pH.7.2, there are at least eight negative determined by frontal analysis and titration curves.
charges on a small inositol molecule. Phytic acid has
a strong affinity for anion-exchangers under appro-
priate conditions. Phytic acid is abundant plant 2. Experimental
constituent in cereals and can be easily separated
from this food source. Phytic acid meets most of the 2.1. Materials
requirements suggested by Kasper et al. [13] for an
ideal displacer. We have evaluated phytic acid as Two adsorbents, strongly basic, quaternary amine
displacer. (QA-52) bearing and diethylaminoethyl-derivatized
In this paper, a strong anion-exchanger was used (DE-52) microgranular and preswollen type cellu-

as adsorbent. A mixture of b-lactoglobulins A and B loses (strong and weak anion-exchangers, respective-
is employed as model proteins in order to evaluate ly), were manufactured by Whatman (Clifton, NJ,
the separation resolution using phytic acid as a low- USA). QA-52 medium is fully ionized and bears
molecular-mass displacer. The two forms of b-lacto- constant charges in the pH range 2–12; but DE-52
globulins A and B differ in pI by approximately 0.1 medium depends on pH. Phytic dodecasodium salt
unit. Aspartic acid (64) and valine (118) in A is (PN12), phytic dipotassium salt (PK2), b-lactoglob-
replaced by glycine and alanine, respectively, in B. ulin A, b-lactoglobulin B, and a mixture b-lacto-
The program ‘‘pI protein 1.0v1’’ was used to draw globulins A and B, were all purchased from Sigma
titration curves, thus determining the suitable pH. (St. Louis, MO, USA). Buffer, N,N-bis-(2-hydroxy-
Frontal analysis was used for measuring adsorption ethyl)-2-aminoethanesulphonic acid (free acid and
isotherms, and then determining the feed concen- Ultra Grade), N,N9-bis(2-hydroxyethyl)-2-amino-
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ethanesulfonic acid, was obtained from Calbiochem- complex samples, the isoelectric focusing method is
Novabiochem (La Jolla, CA, USA). All other chemi- better. In this paper, the calculation method was used
cals used were of analytical grade. to achieve titration curves.

2.2. Equipment 2.5. Frontal analysis

PCI photon counting spectrofluorometer was A column (HR 5035 mm I.D.) packed with 0.04
manufactured by ISS (Champaign, IL, USA). Fast ml QA-52 medium was used for frontal analysis,
protein liquid chromatography systems including a which was modified from Ref. [21]. The final bed
fraction collector and columns, HR 100310 mm height was 2 mm. First, the column was equilibrated
I.D., HR 10035 mm I.D., and HR 5035 mm I.D., with carrier buffer (Table 1), then 2, 4, 8, 16, 32 ml
respectively, were obtained from Amersham Phar- protein solutions of corresponding different concen-
macia (Piscataway, NJ, USA). trations, 0.64, 0.32, 0.16, 0.08, 0.04 mM, respective-

ly, were flown through the column under the gravity
2.3. Solutions force, and the various whole effluents were collected.

Finally, the protein concentrations were measured by
Solutions used for equilibration of ion-exchanger, intrinsic UV fluorescence. The samples of diluted

package of columns, frontal analysis, thin layer ion- effluent were analyzed using a PCI photon counting
exchange chromatography, column ion-exchange spectrofluorometer (ISS) at l 5280 nm and l 5ex. em.chromatography, and displacement chromatographic 340 nm. The maximum protein concentration was
developments contained sodium phosphate, phytate, limited to less than 20 mm/ml to maintain a pseudo-
BES, and sodium chloride (Table 1). linear state between protein concentration and the

fluorescence intensity. Temperature was controlled at
2.4. Titration curves 21618C. The subtract between the protein concen-

trations of original solution and effluent, respective-
Generally, there are three methods, including ly, multiplied by the effluent volume was the ad-

chemical titration, calculation, and isoelectric focus- sorbed protein amount.
ing, to get titration properties of proteins. If the
amino acid composition of the protein is known, the

2.6. Effluent analysiscalculation method is preferred; if not, the chemical
titration method is more suitable. However, for

Displacement chromatography requires the use of
an on-line analyzer because the detectors usually

Table 1 used do not provide sufficient information on theaThe compositions and properties of buffer solutions boundary regions. In this work, two separation
Name NaH PO ?H O Na HPO ?7H O BES NaCl2 4 2 2 4 2 techniques were used: ion exchange thin layer chro-

(M) (M) (M) (M) matography (EXTLC) and ion-exchange column
NPB1 0.0032 0.0168 chromatography (EXCC).
NPB2 0.0032 0.0168 0.2
NPB3 0.0032 0.0168 0.1

2.6.1. EXTLCBES1 0.02
BES2 0.02 0.2 EXTLC, due to its simplicity, convenience, and
BES3 0.02 0.1 speed, was employed to quickly screen the fractions
BES4 0.02 0.25 collected from displacement chromatography. TheCAB 0.025 0.025

b operation processes of EXTLC are in Ref. [14]. HereREB 0.025 0.25
c are given some important development parameters,CPB 0.025 0.1

a including DE-52 as adsorbent; sodium (Na) phos-pH for all buffer solutions is 7.50.
b phate buffer as equilibrated solution; and the solutionRegenerant buffer.
c Corrected purpose buffer. made up of 20% NPB2 and 80% NPB3 as eluent,
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which eluted b-lactoglobulin B but not b-lactoglobu-
lin A.

2.6.2. EXCC
EXCC was used for quantitatively measuring b-

lactoglobulins A and B in the fractions screened by
EXTLC. A HR 100310 mm I.D. column packed
with QA-52 was used. The final bed height is 88
mm. The chromatography was carried through FPLC
systems (Amersham Pharmacia). Equilibrated solu-
tion was BES3. Step gradient elution was used. The
solution in the first step is made up of 87% BES2
and 13% BES4 and the solution in the second step
made up of 19% BES2 and 82% BES4. The con-
centrations of b-lactoglobulins A and B in effluent
fractions were measured by intrinsic UV fluores-
cence.

2.7. Displacement chromatography operation
Fig. 2. The relation between the net calculated charges and pH of
b-lactoglobulins A and B.Displacement chromatography was carried out

through FPLC systems. The volume of sample loop
is 1.5 ml. 1.85 ml of QA-52 medium were packed in globulins A and B tends to form dimers in pH range
a HR 10035 mm I.D. column at a flow-rate of 1 1.8–5.4 [22]. As the pH increases above 5.4, an
ml /min. The final bed height was 94 mm. The ionization-linked transition is observed in all var-
column was first equilibrated with CAB solution iants. The conformation changes and increasing
(carrier). The solution of b-lactoglobulins A and B dissociation near pH 7.5 are established immediately
was loaded in the sample loop and pushed into the on mixing [23]. Groves et al. detected the presence
column by displacer solution (phytic acid in carrier). of both reversible and irreversible changes above pH
Effluent fraction, its sizes 0.5 ml or 0.25 ml, 8.0 [24].
respectively, depending on displacer concentrations,
was collected through a fractional collector. 3.2. Adsorption isotherms

The adsorption isotherms are utilized to determine
3. Results and discussion displacer concentrations suitable for displacement

separation development. However, we did not mea-
3.1. Titration properties of b-lactoglobulins A and sure the adsorption isotherm of phytic acid displacer.
B For a small molecular mass displacer, such as phytic

acid, it is hard to find appropriate units (mole,
The titration curves are generally used for de- weight, or equivalent scales) to express displacer

termining pH suitable for eluent, or displacer solu- concentrations. According to the research of Jen and
tion. Fig. 2 shows the titration curves of b-lacto- Pinto [15], the adsorption isotherms will be com-
globulins A and B drawn by the program ‘‘pI protein pletely different if the concentration units to express
1.0v1’’ (Internet: iho@biobase.aau.dk). Fig. 2 shows adsorption isotherms are different even for macro-
that the difference in net charge numbers is small in molecular displacers. Here we only measured the
a broad pH range. So, the selection of pH 7.50 is adsorption isotherms of model protein, b-lactoglobu-
mainly based on the consideration of protein stability lins A and B. The effects of displacer concentration
and protein binding capacity of adsorbent. b-Lacto- on the displacement chromatographic separation
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Fig. 3. Adsorption isotherms of b-lactoglobulins A and B at 25
mM BES, 25 mM NaCl, and pH 7.5 measured by frontal analysis.

were tested directly in the development processes.
Fig. 3 demonstrates the adsorption isotherms of b-
lactoglobulins A and B. Although there are only two
amino acids different between b-lactoglobulins A Fig. 4. Displacement chromatograms of b-lactoglobulins A andand B, there is a relatively large difference in B. Column, QA-52, HR 10035 mm I.D.; Carrier, 25 mM BES, 25
adsorption isotherms, which means these two pro- mM NaCl, and pH 7.5 with 0.5 ml /min flow-rate; Feed, 1.5 ml of

a mixture of b-lactoglobulins A and B at each concentration ofteins can be separated each other from the view of
0.50 mM in the carrier with 0.1 ml /min flow-rate; Displacer,adsorption isotherms. Moreover, Fig. 3 also shows
phytate composed of PN12 and PK2 in carrier, (a) 20 mM, (b) 30that the concentrations of b-lactoglobulins A and B mM, and (c) 40 mM phytate, respectively; Fraction size, (a) 500can be selected from a relatively broad range. ml, (b) and (c) 250 ml; Regenerant, 25 mM BES, 1.0 M NaCl, and
pH 2.5 with flow-rate 0.5 ml /min.

3.3. The development of displacement
chromatography

development in Fig. 4c. This phenomenon is con-
3.3.1. The effect of displacer concentrations sistent with that reported by Liao et al. [5] although
Displacement chromatograms of b-lactoglobulins they used macromolecular compound as displacer. It

A and B in Fig. 4 show some interesting phenomena. should be pointed out that the characteristic of
First, when displacer (phytic acid) concentration displacement chromatography is that there is an
increased from 10 mM to 40 mM in carrier (CAB), isotachic train or there is a plateau concentration in
the isotachic trains are gradually formed. The forma- displacement chromatogram. In displacement chro-
tion of an isotachic train is very important, as this matography, it often occurs that the concentration of
gives the highest recovery yield, although it does not some of the feed components in the isotachic train is
permit the highest possible production rate [17]. higher than their concentration in the feed. This is in
Second, when the displacer concentration is in- contrast with overload elution chromatography,
creased, the elution properties are changed from where dilution of the feed always occurs [19]. From
overload isocratic elution in Fig. 4a to displacement this viewpoint, overload elution chromatography is
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Table 2shown in Fig. 4a because of the dilution of the feed
Yields and recoveries of b-lactoglobulins A and B purified bycomponents; displacement chromatography is shown
displacement with a purity of 100%in Fig. 4(b and c), due to the concentration increase
Displacement conditions Yield Recoveryin the feed components.

(mg) (%)The results for the 10 mM displacer concentration
b-Lactoglobulin Aare not shown in Fig. 4 because at this displacer
as in Fig. 4a 6.64 53.6concentration, b-lactoglobulins A and B cannot be
as in Fig. 4b 10.8 87.1eluted or stay in the column. When carrier pH is 7.5, as in Fig. 4c 6.80 55.0

phytic acid has about eight net charges (Fig. 1). b-Lactoglobulin B
Ionic strength is calculated according to the equation, as in Fig. 4a 6.11 49.4

as in Fig. 4b 8.23 66.51 2 as in Fig. 4c 7.39 59.7]I5 Oc z (1)i i2 i

where I is ionic strength, c is ion concentration, andi
placer concentration (30 mM), in which the yieldz is the charge number of the ions. For phytic acid,i
and recovery are highest. When phytic acid con-when c510 mM and z58, I50.32 M. From the
centration is less than 30 mM, it seems that there isstep-gradient elution data [18], if NaCl is used as
protein left in the column perhaps due to theelution salt, the needed ionic strength is only 0.23 M
formation of dimer. There is a stronger interactioneven for b-lactoglobulin A, which means that
between protein dimer and adsorbent because thephytate cannot be simply considered as the common
interaction sites in dimers are almost two-times thatsalt.
of monomers. b-Lactoglobulins prefer to form di-Generally, b-lactoglobulins A and B cannot be
mers when ionic strength is high, protein concen-separated by isocratic elution if a common salt like
tration is high, and pH is equal or less than 7.5 [27].NaCl is used. However, when a low concentration of
When phytic acid concentration is 40 mM, the yieldphytic acid was used in displacement chromatog-
and recovery are also low. As the displacer con-raphy, b-lactoglobulins A and B can be separated
centration increases, the hydrophobic interactionunder overload elution. In displacement chromatog-
between protein and adsorbent also increases. Theraphy, the mobile phase flow-rate is much lower than
low yield and recovery may result from protein beingthat in isocratic elution chromatography, which itself
retained in the column due to hydrophobic inter-seems to contribute to separation resolution because
action, increase in higher displacer concentrations,the mass transfer resistance is greatly reduced
and relatively higher hydrophobicity of protein b-through the decrease in mobile phase flow-rate.
lactoglobulins [28].Cysewski et al. [26] modeled multivalent ion-ex-

change for mass overload conditions. Their simula-
tion results predicted that peak tailing due to column

4. Conclusionsoverloading may be reduced using a counter ion of
higher valence; they thought that this conclusion may

Phytic acid has been evaluated as an efficientbe useful for optimizing separations in preparative
displacer for anion-exchange displacement chroma-chromatography. Phytate is a counter ion with high
tography. Phytic acid as a small molecular massvalence (at least eight), so phytic acid also made
displacer has its own intrinsic elution property andcontributions to separation resolution in isocratic
displacement properties. When the phytic acid con-overload elution chromatography of proteins. Further
centration in the carrier is increased, the elutionresearch is needed in this respect.
properties are changed from isocratic elution to
displacement separation. The yields and recoveries3.3.2. Yield and recovery
of the displacement chromatographic process alsoTable 2 shows yields and recoveries of the pro-
depend on the displacer concentrations. There is ancess. The yields and recoveries depend on the
optimum displacer concentration, at which the yielddisplacer concentrations. There is an optimum dis-
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