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Abstract

Streamline Direct HST is a new kind of mixed-mode adsorbent with cation exchange ligand, especially developed for the expanded bed adsorption
process, which can capture target protein directly from the moderate ionic strength feedstock without the need of dilution or other additives. In
this study, the isotherm adsorption behaviors and the isocratic retention factors of bovine serum albumin (BSA) on Streamline Direct HST were
measured, and the corresponding adsorption mechanisms were also described. The results indicated that Streamline Direct HST shows the typical
property of salt-independent adsorption and the maximum binding capacity of BSA occurs near the isoelectric point of BSA. When there are some
amounts of electrostatic repulsion protein—adsorbent interactions, the multilayer adsorption could be found, and high salt concentration does not
favor the adsorption of protein. A patch-controlled adsorption process and an oriented adsorption model are proposed for describing the adsorption

behaviors under electrostatic repulsion condition.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed-mode interaction chromatography is a special chro-
matographic technology that combines more than one mode
of adsorption, most commonly hydrophobic and ion exchange
adsorptions [1]. With the multifunctional chromatographic
matrix, such as silica gel with silanol groups [2], mixed-mode
chromatography can often provide multiple types of inter-
actions. The target molecule can be adsorbed either at low
conductivity in the ion-exchange mode or at high conductiv-
ity in the hydrophobic interaction mode, and the elution can be
achieved at the moderate conductivity. Burton et al. [3] reported
a kind of mixed-mode adsorbent based on the cellulose matrix
combining hydrophobic and electrostatic interactions with high
ligand density for separation of chymosin, which showed a
specific property of salt-independent adsorption. The charged
groups of the ligand at low ionic strength perform the ion-
exchange adsorption of target protein. As the ionic strength
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increases the aromatic ring of ligand allows the hydrophobic
interaction to target protein for salt-tolerant adsorption. There-
fore, high binding capacities can usually be achieved at the
moderate conductivity (10-30mS/cm). The desorption of the
target protein can be induced with the electrostatic charge repul-
sion and accomplished by changing the pH of mobile phase
across the isoelectric point of protein. This technique is espe-
cially suitable for expanded bed adsorption (EBA) to capture
target protein directly from the moderate ionic strength feed-
stock without the need of dilution or other additives [4,5]. It
was found that the literature on mixed-mode chromatography
has been largely focused on the applications [3,5,6]. Hamil-
ton et al. [6] reported the direct product sequestration of an
extracellular protease from a microbial batch culture with the
mixed-mode EBA process, which had the potential to sig-
nificantly cut costs and process time. Lu et al. [5] used the
mixed-mode EBA adsorbent of Fastline PRO to capture nat-
tokinase directly from Bacillus subtilis fermentation broth. The
purification factor could reach 12.3, which demonstrated the
advantage of mixed-mode EBA in enzyme separation.
Streamline Direct HST, a new kind of mixed-mode adsorbent
with cation exchange ligand, was developed for the EBA process
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by GE Healthcare. The ligand is a multimodal functional group,
which can bind proteins with a high capacity even in high ionic
strength feedstocks. Li et al. [7] reported the protein adsorp-
tion and desorption with Streamline Direct HST. Charoenrat
et al. [8] reported the equilibrium capacity and the dissocia-
tion of B-glucosidase with Streamline Direct HST. However,
no detailed adsorption behaviors under different conditions and
the corresponding mechanisms with this new adsorbent have
been reported. The limitation of the understanding of adsorption
mechanisms certainly impedes the applications of new mixed-
mode adsorbent Streamline Direct HST.

The aim of this work is to investigate the protein adsorption
behaviors with Streamline Direct HST under different salt con-
centration and pH. Bovine serum albumin (BSA) will be used
as the model protein for adsorption. The adsorption mechanism
under different conditions would be discussed in detail, too.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA) (A-7030), with a MW of
67 kDa and a theoretical p/ of 4.9, was obtained from Sigma
(Milwaukee, WI, USA). Streamline Direct HST was a kind gift
from GE Healthcare (Uppsala, Sweden). The ligand structure of
Streamline Direct HST adsorbent is shown in Fig. 1, and some
properties given by the manufacturer are listed in Table 1. Other
reagents were of analytical reagent grade and purchased from
local suppliers.

2.2. Adsorption isotherms

For the adsorption equilibrium experiments, the drained
adsorbents of different mass were added to 15 ml BSA solution
in the appropriate buffer containing different NaCl concentra-

NH

H

Fig. 1. Structure of the mixed-mode ligand in the Streamline Direct HST adsor-
bent.

Table 1
Some properties of Streamline Direct HST adsorbent

Matrix structure Macroporous cross-linked 4% agarose containing
stainless steel materials

Multi-modal weak cation exchanger

High salt-tolerant

0.07-0.09 mmol H*/ml medium

Spherical, 80-165 pm

135 wm

1.8 g/ml

Functional group
Type of exchanger
Total ionic capacity®
Particle form

Mean particle size
Mean particle density

# The parameter is from the packed bed adsorbent Capto MMC with the same
ligand as Streamline Direct HST from GE healthcare.

tions. The adsorption experiments were conducted at 25 °C for
10h in a shaking incubator. After adsorption equilibrium, the
solid-phase was separated, and the supernatant was analyzed
for protein concentration. The adsorbed mass of protein was
calculated from the mass balance. The following buffers were
used at a concentration of 0.02 M: phosphate—citric acid, pH 2.4
and 3.0; citric acid—citrate, pH 4.0—6.0; phosphate, pH 7.0.

2.3. Retention experiments

All retention experiments were conducted with the AKTA
Explorer 100 chromatographic system from Amersham Bio-
sciences (Uppsala, Sweden). 1 cm x 10 cm column with about
4 ml adsorbent was used. The flow rate was set at 1.0 ml/min. Fol-
lowing the equilibration of column with the appropriate buffer,
0.5 ml protein samples were injected into the column. The fluid
effluent was monitored at 280 nm for peak detection. The column
void volume was obtained by measuring the protein retention
volume under pH 10.0 and 2 M sodium chloride. The retention
factor (k') was calculated using the equation as following

_ R —Wo
=~

where VR is the retention volume for the solute corrected by the
system delay, and V) is the column void volume.

K 6]

2.4. Measurement of hydrodynamic diameter of protein

The hydrodynamic diameter of BSA was measured by Zeta-
sizer Nano ZS (Malvern Instruments, UK). BSA was dissolved
in the appropriate buffer to the concentration of 1 mg/ml. The
buffer was filtrated using a 0.22 um filter. Measurements were
carried out in triplicate at 25°C and the average value was
reported. The following buffers were used at a concentration of
0.02 M: phosphate—citric acid, pH 2.4 and 3.0; citric acid—citrate,
pH 4.0-6.0; phosphate, pH 7.0; glycine-NaOH, pH 9.0-10.0;
carbonate—-NaOH, pH 10.5 and 11.0.

3. Results and discussion
3.1. Effect of pH on the BSA adsorption

The adsorption behaviors of BSA on Streamline Direct HST
were investigated at different pHs of 0.02 M appropriate buffer
(pH2.4,3.0,4.0,4.4,5.0 and 5.4) with 0.2 M NaCl. The isotherm
adsorption data were shown in Fig. 2. The data were correlated
with the Langmuir equation as follows

OmC
Kq+C

where Q is the protein adsorption capacity and C is the pro-
tein concentration in the bulk solution. The apparent Langmuir
parameters, maximum binding capacity (Qp,) and dissociation
coefficient (Ky), were obtained by fitting the experimental data
and shown in Fig. 3.

The isoelectric point of BSA is about 4.9. As pH values
changes from 5.0 to 2.4, the net positive charges on the surface of
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Fig. 2. Effect of pH on the adsorption equilibrium of BSA onto Streamline
Direct HST at 25°C: () pH 2.4; (@) pH 3.0; (o) pH 4.0; (V) pH 4.4; (#) pH
5.0; (») pH 5.4. Symbols represent experimental data, and solid lines represent
the correlated results with Langmuir equation.

BSA increase obviously, so it seems that the maximum binding
capacity (QOm) should be obtained at pH 2.4. However, as shown
in Figs. 2 and 3, the maximum binding capacity could be found
around the isoelectric point of the protein. This phenomenon
might be contributed by several reasons. The interaction forces
between protein molecules and Streamline Direct HST can be
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Fig. 3. Effect of pH on the maximum binding capacity O, (a) and apparent
dissociation coefficient Kq (b) at 25 °C correlated with Langmuir equation: (H)
0.05M NaCl; (A) 0.20 M NaCl; (v) 0.50 M NaCl.

classified as the hydrophobic interaction, electrostatic interac-
tion and hydrogen bonding interaction. Hydrogen bonds are
formed between hydroxyl-carbonyl or hydroxyl-amide radi-
cals. When the pH value of solution is below 4.0, Streamline
Direct HST will show a combination of hydrophobic interaction,
hydrogen-bonding interaction and weak electrostatic interaction
with BSA. With the decrease of pH the electrostatic attrac-
tive interaction between BSA and the adsorbent is obviously
decreased due to the reducing numbers of dissociated carboxyl
groups on the adsorbent below pH 4.0, which will not favor the
electrostatic adsorption of BSA onto Streamline Direct HST. On
the other hand, the conformational change of protein could also
influence the adsorption process. BSA exists in a compact form
between pH 4.3 and 10.5 [9]. The decrease of pH resulted in the
transition of BSA conformation from heart-shape (N form) to
cigar-shape (F form) at pH 4.5 and the conformation changes
were nonreversible when pH <4.0 [10]. Such transition always
involves an expansion of the molecule. Dzhafarov [11] found
that the surface area accessible to solvent increased from 39,000
t0 70,400 A? during the N—F transition of BSA. In order to verify
the analysis mentioned above, the hydrodynamic diameter (Dy,)
of BSA with the function of pH at constant ionic strength (0.2 M
NaCl) was measured. As shown in Fig. 4, the results indicated
strongly the same tendency reported by Martenson [12]: when
the pH values change from 5.0 to 2.4, the hydrodynamic diam-
eter of BSA increases from about 7.0 to 9.2 nm, and the relative
increase of molecular volume is from about 180 to 408 nm?.
It implies that the decrease of the adsorption capacity with the
decrease of pH could be considered as a result of the increase of
the molecular volume of BSA. Similar results were also reported
in the literature [13].

3.2. Effect of salt concentration on BSA adsorption

Salt concentration is another important factor relative to
mixed-mode adsorption behavior. Fig. 5 shows the isotherm
adsorption curves under different salt concentrations with vary-
ing pH values. The apparent maximum binding capacity and
apparent dissociation coefficient were also shown in Fig. 3. As
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Fig. 4. Variation of hydrodynamic diameter (D) with pH at constant ionic
strength: 0.02 M buffer plus 0.2 M NaCl.



D. Gao et al. / J. Chromatogr. B 859 (2007) 16-23 19

80

604 v

40+ - 4 B

Q (mg/ml gel)

20+

00 05 10 15 20 25 3.0
C,..(mg/ml)

80

60

40+

Q(mg/ml gel)

20+

0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Cyea(mg/ml)

100

80

60

40

Q (mg/ml gel)

20

0 * T - T . T " T » T N
00 05 1.0 15 20 25 30
Cosa(mg/ml)

Fig. 5. Effect of salt concentration on the adsorption equilibrium of BSA onto
Streamline Direct HST at 25°C and different pH values: (a) pH 2.4; (b) pH
3.0; (c) pH 5.0. (M) 0.05 M NaCl; (A) 0.20 M NaCl; (¥) 0.50 M NaCl. Symbols
represent experimental data, and solid lines represent the correlated results with
Langmuir equation.

mentioned above, when the pH value of solution is below 4.0,
the dominant interactions are hydrogen bonding and hydropho-
bic interactions, which control the protein adsorption. The
increasing salt concentrations could reinforce the hydrophobic
interaction between protein molecule and adsorbent, resulting
in the increase of adsorption capacity. In addition, the molecular
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Fig. 6. Variation of hydrodynamic diameter (D) with NaCl concentration in
20 mM buffer: (A) pH 2.4 and (V) pH 5.0.

volume of BSA changes with the salt concentration in solu-
tion. As shown in Fig. 6, when the salt concentration increases
from 0 to 0.5 M, the hydrodynamic diameter of BSA decreases
from about 9.8 to 8.8 nm in 20 mM citrate buffer at pH 2.4, and
the relative decrease of molecular volume is found from 493 to
357 nm3. At pH 5.0 the molecular size of BSA keeps relatively
constant under different salt concentrations. The results are con-
sistent with Martenson’s report [12]. Therefore, the decrease
in molecular volume with the increasing salt concentration is
another factor for the increase of adsorption capacity, and the
most significant change of adsorption capacity on salt concen-
tration could be found at pH 2.4, as can be seen from Fig. 5.
From Fig. 3b, it is also evident that the apparent dissociation
coefficient K4 decreases with increasing pH value and decreas-
ing salt concentration. This behavior suggests that the maximal
affinity between protein and adsorbent is around the isoelectric
point of BSA and at the low salt concentration.

3.3. Adsorption behaviors under the electrostatic repulsion
conditions

When the solution pH value is above the p/ of BSA (pH >4.9),
the electrostatic repulsion interaction between the apparent neg-
atively charged protein and the dissociated carboxyl groups will
occur, and certainly this does not favor the adsorption of protein
onto the adsorbent. Fig. 7 shows the isotherm curves under the
electrostatic repulsion conditions. Three tendencies can be sum-
marized as follows: the net negatively charged protein molecules
may also adsorb onto the negatively charged adsorbent; the
adsorption curves might illustrate a multilayer adsorption pro-
cess; high salt concentration does not favor the adsorption of
protein. The adsorption behaviors would be analyzed step by
step in the following section.

Itis well known that chromatographic behavior is determined
by the functional groups located in the contact regions [14]. That
is, for the binding of protein onto the adsorbent with ionic lig-
and, the counter-ions on the adsorbent were displaced by only a
fraction of charged amino acid residues on the protein surface.
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Fig. 7. Effect of salt concentration on the adsorption equilibrium of BSA onto
Streamline Direct HST at 25 °C and different pH values: (a) pH 6.0 and (b) pH
7.0. (W) 0.05M NaCl; (a) 0.20M NaCl; (V) 0.50 M NaCl. Symbols represent
experimental data.

The three-dimensional structure of human serum albumin (HSA)
was used for the analysis, which is almost identical with that
of BSA [10]. The PDB file (ID: 1A06) containing the molec-
ular structure information of HSA was downloaded from the
public resource of Protein Data Bank (PDB) [15]. The Delphi
V4.0 program based on the linearized Poisson—Boltzmann equa-
tion with a finite difference algorithm was used to calculate the
electrostatic potential around protein [16]. The surface poten-
tials distribution and electrostatic potential isocurves of HSA
molecule at pH 7.0 could be observed with PyMOL program,
and the results are illustrated in Fig. 8. It can be seen that more
negative charges are located in the domains I and II whereas
positive charges are mainly distributed in the domain III. This
asymmetrical charge distribution strongly suggests an oriented
side-on adsorption site as indicated by the double-headed arrow
in Fig. 8d. That is the regions with positive charge groups on
the protein surface are more favorable to interact with the neg-
atively charged adsorbent. Therefore, some amount of protein
adsorption can also be found under the apparent electrostatic
repulsion conditions. This process is similar with the patch-
controlled adsorption process of BSA on mixed-mode adsorbent
with benzylamine as functional ligand [17].

It can also be seen from Fig. 7, the adsorption isotherm is
a typical multilayer adsorption isotherm. The binding capacity
increases with the increasing protein concentration. This might
be as the result of an oriented adsorption process under the elec-
trostatic repulsion condition as mentioned above. The interaction
forces in the protein—adsorbent system can be classified as the
protein/adsorbent interaction and the protein/protein interaction,
and all interaction forces are the function of pH value and salt
concentration. The proposed adsorption mechanism under the
electrostatic repulsion conditions is illustrated in Fig. 9. For the
initial phase, BSA molecules can orientatively array on the sur-
face of adsorbent during the patch-controlled adsorption process
as mentioned above (Fig. 9a). When the protein/adsorbent inter-
action is the same order of magnitude as the protein/protein
interaction under a specific condition, with increasing protein
concentration, BSA molecules might adsorb onto the oriented
monolayer and form dimers on the surface (Fig. 9b). As illus-
trated in Figs. 8 and 9, after the orientated side-on adsorption
of BSA onto the surface of the adsorbent, the region indicated
by the single-headed arrow in Fig. 8d would still be accessible
to bind a second BSA through the dimer docking sites. There-
fore, it could be concluded that the multilayer adsorption of BSA
occurs mainly through the protein/protein interactions, and the
oriented adsorption should be very important for this process.
De Boer and Zwikker [18] attributed the multilayer adsorption to
the electrical polarization initiated at a solid polar surface, which
induced the dipoles in the first layer of molecules which in turn
induced the dipoles in the next layer and so on. This polarized
process may be the same as the oriented adsorption process of
BSA on Streamline Direct HST under the electrostatic repul-
sion condition. The similar multilayer adsorption process was
also reported in the literature [19].

The ionic strength affects the protein adsorption by adjust-
ing the electrostatic interaction between protein and protein and
the hydrophobic interaction and locally electrostatic interac-
tion between protein and adsorbent. With the increase of salt
concentration, the hydrophobic interaction would be strength-
ened, while the electrostatic (attractive and repulsive) interaction
would be shielded. Since the multilayer adsorption under the
repulsion condition is mainly due to the protein/protein electro-
static interactions, the adsorption capacity will decrease under
high salt concentration.

In order to understand better the adsorption tendency under
the electrostatic repulsion conditions, the retention behav-
iors in the chromatographic column were investigated at the
corresponding conditions. Fig. 10 shows the plots of the dimen-
sionless retention factor (k') versus salt concentration for BSA at
different pHs. The retention factor decreases with the increasing
salt concentration. It also indicates that high salt concentration
does not favor for the protein adsorption. So it seems that the
electrostatic interaction is an important contributor to the pro-
tein adsorption for BSA/Streamline Direct HST system under
repulsion condition, which is consonant with the results above.
Fig. 11 shows the plots of k¥’ versus pH for BSA at different salt
concentrations. As can be seen, the retention factor decreases
with the increasing pH value. The patch with net positive charge
on protein surface is reduced at high pH value, and the repulsion
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Fig. 8. Surface potentials (a and b) and electrostatic potential isocurves (c and d) (blue: 0.5kT/e; red: —2.5kT/e) of HSA at pH 7.0. The double-headed arrow
symbolizes the hypothesized side-on adsorption site and also indicates a docking site for dimer formation. The single-headed arrow indicates where a second BSA
molecule binds into the dimer-docking site and forms a dimer. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

Fig. 9. Proposed adsorption model for BSA on Streamline Direct HST under
electrostatic repulsion conditions. During the first adsorption phase (left) the
side-on monolayer is being formed. Subsequently, in the second adsorption phase
(right), dimers are formed through the dimmer-docking site with the protein
molecules that are already adsorbed.

interaction between protein and negatively charged adsorbent
surface will be strengthened. Elution occurs when the electro-
static repulsive force between the protein and the adsorbent
overcomes the hydrophobic interactions. Scopes [20] shows that
the pH of the microenvironment of ion exchanger is not the same
as that measured in solution. This behavior is known as the Don-
nan effect that can attract or repulse the protons in the matrices
of the adsorbent. In general, the pH in the matrices of a cation
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Fig. 10. Plots of k' vs. salt concentration for BSA adsorption on Streamline

Direct HST under different pH values: () pH 6.0; (®) pH 6.5; (A) pH 7.0; (V)
pH 8.0; (¢) pH 9.5; (») pH 10.5.
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Fig. 11. Plots of k' vs. pH for BSA adsorption on Streamline Direct HST under
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exchange adsorbent is one unit lower than that in the solution
around. This means that the real pH value in the microenvi-
ronment of the adsorbent may be unfavorable for the elution
process.

4. Discussion

Streamline Direct HST is a new type of mixed-mode adsor-
bent for use in EBA process—the technique that captures
biomolecules directly from crude, unclarified feedstocks in a
single operation unit, without the need of prior clarification.
The mixed-mode ligand of Streamline Direct HST is salt-
tolerant, so the need to dilute the feedstock to reduce high
ionic strength is eliminated. Some mixed-mode ligands were
designed for achieving the salt-independent adsorption prop-
erty [21,22]. However, the recovery was often found to be low
due to various intermolecular forces [8,22]. Ligand density may
be the first important factor [23]. Typically, the adsorbents of
hydrophobic interaction chromatography (HIC) have a relative
low ligand density (e.g. 40 wmol/ml) to facilitate the protein
recovery by decreasing salt concentration [24]. For higher ligand
density, the harsh elution conditions would be necessary for HIC.
Mixed-mode chromatographic adsorbents, most commonly con-
taining hydrophobic and ionic groups, have arelative high ligand
density (>80 p.mol/ml), which is necessary for achieving the salt-
independent adsorption property, meanwhile the ionic group is
used for the electrostatic repulsion to improve elution process.
High ligand density could achieve a high binding capacity, while
a stronger desorption condition would be required in the elu-
tion process [25]. Streamline Direct HST is a type of cation
exchanger with multi-modal functional groups, and has also
been found that the recovery was relatively lower than the clas-
sical ion exchanger [8,26]. Sometimes the rigorous pH and high
salt concentration should be necessary for getting higher elution
recovery for target protein.

It was found that the literature has mainly focused on the
applications of mixed-mode chromatography [3,5,6], and there
is quite few researches dealing with the adsorption mechanism of
mixed-mode adsorbent. Li et al. [7] reported the protein adsorp-
tion and desorption with Streamline Direct HST. The results

showed that the maximum binding capacity occurs near the
isoelectric point of BSA, and high salt concentration did not
favor the adsorption of protein under the electrostatic repulsion
condition. The monolayer adsorption isotherm under the electro-
static repulsion condition was concluded, but the corresponding
adsorption mechanisms were not explained. Based on present
work mentioned above, the multilayer adsorption isotherm was
found and thus the oriented adsorption mechanism was pro-
posed, which can describe the adsorption behavior well.
Charoenrat et al. [8] reported the dissociation of -
glucosidase from Streamline Direct HST. The results showed
there was a suitable conductivity required for the maximum dis-
sociation of (3-glucosidase from Streamline Direct HST. At low
salt concentration the electrostatic change can be applied to dis-
sociation, however, the hydrophobic interaction was increased
at high salt concentration while the dissociation ratio decreased
and B-glucosidase was bound to the adsorbent again. Based on
the present work of BSA adsorption, it seems that different pro-
tein could show different adsorption behaviors with Streamline
Direct HST, which might be as the result of difference charge
distribution on the protein surface. In addition, the present results
showed the similar adsorption behavior of BSA on mixed-mode
adsorbent with benzylamine as functional ligand [25].

5. Conclusions

In the present work, the effects of liquid phase conditions,
pH and salt concentration, on the adsorption behaviors of
BSA on mixed-mode adsorbent Streamline Direct HST were
studied and the corresponding adsorption mechanisms were
also discussed. The results indicate that the maximum binding
capacity of BSA on Streamline Direct HST occurs near the iso-
electric point of BSA. The conformational change of protein
molecule could influence the adsorption process. The adsorp-
tion isotherm obeys the Langmuir adsorption equation when
the electrostatic attractive interactions exist between protein and
adsorbent. When there are some amounts of electrostatic repul-
sion protein—adsorbent interactions, the multilayer adsorption
process could be found, which might be due to the oriented
adsorption through the protein/protein interactions. High salt
concentration does not favor the protein adsorption under the
electrostatic repulsion condition. Different protein results the
different adsorption behaviors, and the charge distribution on the
protein surface might be main contributor to this phenomenon.
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