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Abstract

An experimental study on the interplay of sorbent structure and fluid phase conditions (pH) has been carried out examining adsorption
and transport of bovine serum albumin (BSA) and a monoclonal antibody (IgG 2a) on SP SepharoseTM Fast Flow and SP SepharoseTM

XL. SP SepharoseTM Fast Flow is characterised by a relatively open pore network, while SP SepharoseTM XL is a composite structure with
ligand-carrying dextran chains filling the pore space. Both adsorbents have similar ionic capacity. Protein transport and adsorption profiles
were evaluated using confocal laser scanning microscopy. Under all investigated conditions, BSA uptake could be adequately explained by a
pore diffusion mechanism. The adsorption profiles obtained for IgG 2a, however, indicated that changes in fluid phase conditions as well as a
change in the solid phase structure could result in a more complex uptake mechanism as compared to pore diffusion alone. This mechanism
results in a fast transport of proteins into the adsorbent, followed by an overshoot of protein in the center of the sorbent and a setback towards
a homogeneous adsorption profile.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Confocal laser scanning microscopy; Adsorption profile; Composite media; Protein transport; Proteins

1. Introduction

Ion exchange chromatography has historically been one
of the most commonly employed techniques in the down-
stream processing of biological molecules within the phar-
maceutical and biotech industry[1]. In order to optimise
its performance for a given task a wide variety of different
chromatographic resins is currently commercially available
ranging from high-resolution media for analytical HPLC to
preparative media allowing the application of highly com-
plex feed solutions. These adsorbents differ in size, porous
structure and surface architecture leading to significant
changes in protein uptake rate, accessibility of the pores for
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molecules of different size and available capacity for a given
target[2].

Recently there is an increasing interest in the design
of more advanced adsorbent structures, trying to achieve
different mass transfer characteristics and optimise the
available surface area for protein binding and thus tailoring
the solid phase for specific applications. Among these new
adsorbent types are the so-called composite media. These
adsorbents consist of a rigid porous base matrix filled with
a ligand-carrying phase consisting of organic polymers.
The porous base structure provides the stability required for
packed bed applications, while the polymer phase yields a
binding space of high ligand density and accessibility. In a
detailed study investigating the protein adsorption charac-
teristics of a composite resin consisting of a porous silica
base matrix filled with polyacrylamide it was found that this
adsorbent structure provides a significant higher capacity
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than conventional supports. Furthermore, the intra-particle
transport rates were determined to be higher than predicted
for transport based on pore diffusion mechanisms[3–6].
The high capacity of these adsorbents was predominantly
due to protein binding in the polymer gel phase. A corre-
lation of the surface area exhibited by the base matrix of
such a sorbent and the surface area required to accommo-
date the protein bound at equilibrium revealed that most
of the adsorption takes place within the functionalised hy-
drogel [5]. The fast intra-particle transport was explained
by a shift from a pore diffusion mechanism as found for
macro-porous adsorbents to a transport mode based on a
so-called homogeneous diffusion[5].

Data on protein adsorption and transport are traditionally
limited to kinetic adsorption studies employing finite bath
or frontal analysis where the amount of adsorbed protein is
measured indirectly by the depletion of protein in the fluid
phase followed by an interpretation of the obtained depen-
dencies employing a multiplicity of mathematical models
[6–9]. It was, however, pointed out by Chang and Lenhoff
[10] that reasonable fits to a single experimental data-set
could be obtained by using both pore diffusion as well as
homogeneous diffusion models. Therefore the actual physi-
cal events within the adsorbent cannot be discriminated. The
experimental verification of the real events—mode of trans-
port and adsorption profiles—within the porous resin for a
given set of conditions is therefore an inevitable prerequisite
for understanding, modelling, and utilisation of adsorption
and transport phenomena.

A solution to this lack of information is currently arising
in a method employing confocal laser scanning microscopy
(CLSM), allowing the detection of proteins labelled with
fluorescent dyes within porous adsorbents. The feasibility of
this technique to examine adsorption processes has already
been shown in studies examining adsorption profiles of Pro-
tein A on IgG SepharoseTM 6 Fast Flow or lysozyme and
human IgG on cation exchangers[11,12]. By combining this
method with batch uptake experiments traditionally used for
adsorption studies it is now possible to obtain not only the
classical fluid phase information but also simultaneously to
detect the intra-particle adsorption profile over time[12,13].

In earlier studies, the adsorption of BSA and monoclonal
IgG on SP SepharoseTM Fast Flow under various conditions
has been particularly investigated[14]. It was found that
at low ionic strength BSA adsorption could be described
well by the classical ‘shrinking core’ behaviour. The pro-
tein molecules first saturated the outer shell of the sup-
port resulting in a sharp adsorption profile moving towards
the center of the support. At low ionic strength, i.e. strong
protein–matrix interactions, protein adsorption resulted in a
sharp adsorption profile and molecules bound to the matrix
remained at their initial binding place, while newly arriv-
ing proteins were transported past the adsorbed protein layer
saturating the adsorbent shell by shell. With increasing ionic
strength, i.e. weaker protein–matrix interactions, desorption
of initially bound protein molecules occurred and further

transport towards the particle center could be observed. Fur-
thermore, during IgG adsorption, a significant change in ad-
sorption pattern could be detected with a change in fluid
phase conditions, i.e. a shift of pH from 4.5 to 5.0. The re-
sulting shift in protein surface properties led to a situation
where initially bound protein is further transported towards
the center of the support, while newly arriving molecules
bind to the outer rim of the support. These experimental con-
ditions resulted further in a drastic increase of the overall
uptake rate and faster saturation of the support as compared
to classical pore diffusion observed for BSA. During investi-
gations employing a micro-column—which allows detailed
studies of dynamic processes within an adsorbent particle—
it was possible to resolve the adsorption profiles associated
with these high uptake rates.[15]. The resulting adsorption
profiles resemble a wave of molecules building up towards
the centre, thus leading to an overshoot of adsorbed protein,
followed by a return towards a homogeneous protein distri-
bution over the cross sectional area of the support. Mecha-
nistic explanations of these phenomena have been given by
Liapis et al.[16], Grimes and Liapis[17] and Dziennik et al.
[18]. In another approach, it was shown by Martin et al.[19]
that a similar adsorption pattern could be obtained with ex-
isting model descriptions when accounting for impurities in
the investigated protein solutions. During the experimental
studies mentioned above, the fast saturation of the support
could be linked to a change of protein surface properties re-
sulting from a change of mobile phase conditions. In this
paper, we extend the above studies investigating the effect
of the stationary phase by a detailed analysis of the adsorp-
tion behaviour of BSA and IgG on SP SepharoseTM XL and
SepharoseTM FF. SepharoseTM XL is a composite adsorbent,
where dextran chains are grafted to the agarose backbone
and derivatised with sulfo propyl groups[20]. This adsor-
bent architecture results in a substantially increase of the
accessibility of the ligand-carrying layer, and thus might re-
sult in a possible impact of matrix surface properties on the
transport mode.

2. Material and methods

2.1. Adsorbents, proteins and chemicals

Bovine Serum Albumin (BSA) with a purity of >98%
was ordered from Sigma Aldrich (Deisenhofen, Germany).
The IgG 2a was a gift from Boehringer Ingelheim Pharma
(Ingelheim, Germany). Mono-functional dyes Cy3 and Cy5
were obtained from Amersham Biosciences (Uppsala, Swe-
den) and Alexa 488TM from Molecular Probes (Leiden, The
Netherlands). The chromatographic resins SP SepharoseTM

Fast Flow and SP SepharoseTM XL and all other chromato-
graphic resins employed during this work were obtained
from Amersham Biosciences (Uppsala, Sweden). The resins
were size fractionated for confocal studies with a lower
and upper limit of 80 and 100�m, respectively. Dextran
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standards of various molecular weights were purchased from
Pharmacosmos (Viby, Denmark). Sodium acetate (p.a.),
sodium chloride (p.a.) and sodium hydrogen carbonate
(p.a.) were purchased from Merck (Darmstadt, Germany);
all other chemicals from Roth (Karlsruhe, Germany).

2.2. Finite bath experiments

Adsorbent capacity for various fluid phase conditions was
determined employing finite bath adsorption experiments.
All experiments were carried out using 50 mM acetate buffer
at pH 4.5 and 5.0. A known amount of adsorbent (suction
dried) was added to the respective buffer solutions resulting
in an 1:10 w/w slurry. Known volumes of this slurry were
added to several tubes containing a protein solution of de-
fined concentration and volume. The protein-adsorbent sus-
pension was than incubated for 24 h in an over-head shaker.
The remaining protein concentration in the liquid phase was
then determined employing UV 280 measurements. The
data obtained from these finite bath adsorption experiments
was evaluated employing the Langmuir isotherm given
in Eq. (1):

Q∗ = Qmax
C∗

kd + C∗ (1)

WhereQ∗ represents the amount adsorbed to the support
at equilibrium with the fluid phase having a concentration
C∗. Qmax is the maximum capacity of the support for the
conditions investigated andkd the dissociation constant.

Studies of adsorption kinetics were then carried out in a
batch adsorption reactor equipped with an overhead mixing
device. Fifty microlitres of a defined protein/adsorber sus-
pension (0.94 mg/ml/0.15 g) were incubated at room tem-
perature. The decrease of protein concentration in the liquid
phase was determined at regular intervals by taking samples
of 120�l from the reactor followed by centrifugation of the
adsorbent in the liquid phase and evaluation of the protein
concentration in the liquid phase using UV 280 measure-
ments.

All adsorption studies have been determined with native
(unlabelled) protein. In previous studies no significant influ-
ence of the labelling procedure or the label itself has been
detected for the systems studied in this work[26].

2.3. Labelling and preparation of protein solutions

Labelling of the protein was carried out according to the
standard procedures recommended by the manufacturers.
The degree of labelling (DOL) was determined as 0.6–0.8
for BSA and 0.4 for IgG 2a. The obtained protein solutions
were further diluted by a factor 1:20 with un-labelled pro-
tein. This procedure enables us to clearly differentiate be-
tween signals of the highly diluted labelled protein in the
bulk solution and the high intensity of the emitted light from
highly accumulated (liquid phase) or adsorbed (solid phase)
and therefore concentrated proteins.

2.4. Determination of size exclusion distribution
coefficients

The determination of the distribution coefficient was car-
ried out in an appropriately packed XK 16/70 column em-
ploying an FPLCTM system equipped with an UV-1 monitor
(Amersham Biosciences, Uppsala) and a Shimazu RID-6A
refractive index detector. The experimental procedure was
carried out according to Hagel[21]. Prior to a chromato-
graphic run, more than 2 column volumes (CV) of the mo-
bile phase (50 mM sodium acetate pH 4.5) were used for
equilibration. In experiments investigating the distribution
coefficient of the adsorbents previously saturated with BSA,
we employed a 10 mg/ml BSA solution (in equilibration
buffer) until a breakthrough of 90% was reached. The dis-
tribution coefficients,KD, were determined using dextran
standards of different molecular mass ranging from 1.08 to
401.3 kg/mole. The distribution coefficients were calculated
according toEq. (2) [21,22]:

KD = (VR − V0)

VP
= (VR − V0)

(Vt − V0)
(2)

whereVR is the retention volume,V0 the void volume,VP the
pore volume andVt the total liquid volume of the column.

2.5. Detection of confocal images

Confocal images were detected employing a LSM510
Zeiss confocal laser scanning microscope. The micro-
scope was equipped with separate pinholes for the inves-
tigated emission wavelengths and the two objective lenses
Plan-Neofluar 40x/1.3 Oil and C-Apochromat 63x/1.2Wcorr
were used. Multi-component scans were carried out in a
sequential scan mode employing the following wavelength
settings: Alexa 488TM (Ex.: 488 nm; Em.: 505–530 nm),
Cy3 (Ex.: 543 nm; Em.: 560–615 nm) and Cy5 (Ex.: 633 nm;
Em.: LP 650 nm). Suitable laser intensity has been chosen
in order to reduce effects resulting from photo-bleaching,
i.e. less than 5%[15]. The scans over the cross sectional
area of the supports within the micro-column were carried
out along the opticalx–y axis, i.e. horizontally. A prereq-
uisite for a correct evaluation of the amount of adsorbed
protein within a support is that the analysed scan repre-
sents the cross sectional area (CSA) through the centre
point of the adsorbent. For supports with known diameter,
this prerequisite can be easily fulfilled by focussing on the
CSA with the respective diameter. For commercially avail-
able supports, which exhibit a certain size distribution, the
middle plane was found by a simple procedure prior to an
experimental run[15]. The integrity of the signal over the
cross sectional area—reflection of light due to the adsorbent
material–has been checked prior to an experimental run by
z-scans through a saturated adsorbent. In order to account
for the intensity scattering on the outer rim of the support—
which might influence the correct estimation of the overall
intensity—the following procedure was followed. Prior to
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Fig. 1. Principles of the multi-dye method during finite bath and micro-column experiments. (a) Adsorber are incubated with differently labelled but
otherwise identical protein solutions in three finite bath reactors. At timet1 and t2 the respective supernatants are switched according to the arrows
indicated in the figure. (b) The feed to the column is switched from differently labelled but otherwise identical protein solutions at timet1 and t2.

the respective adsorption studies a picture of the empty
adsorbent was taken to determine its exact size. When
analysing the respective intensity profiles, the exact particle
dimensions where determined by simply overlaying the pic-
ture of the ‘empty adsorbent’ with the fluorescent profiles.

2.6. Multi-dye method

The change of protein positioning over time during the
adsorption process was evaluated using the methodology of
a multi-dye method developed by Linden et al.[14] for batch
incubations. The method is based on the consecutive incu-
bation of adsorbent particles with differently labelled but
otherwise identical protein solutions. To ensure a continuity
of the fluid phase conditions during batch adsorption stud-
ies three finite bath incubations with differently labelled but
otherwise identical protein composition are performed si-
multaneously (seeFig. 1). In detail, three 2 ml tubes were
each filled with 1.5 ml of protein solution with a total protein
concentration of∼2.5 mg/ml and each solution consisting of
a 1:10 ratio of labelled protein conjugate and the unlabelled
species. A defined volume of an 1:3 (w/w) slurry was added.
For confocal analysis samples of 0.007 ml were taken from
the tubes. After defined incubation times the batches were
centrifuged (30 s; 14,000× g) and the supernatant quanti-
tatively exchanged employing a pattern which ensures that
each supernatant is used only one single time for a specific
tube (see arrows inFig. 1) [14]. Employing such a sequential
exchange pattern of the supernatants of the three incubators
ensures a consistent protein concentration in the incubation
reactor and allows conclusions about a change of adsorp-
tion sites over time of the respective protein fractions while

the sum of the fluorescence intensities representing the net
adsorption profiles.

During our study it became evident, however, that a
detailed investigation of rapid changes within the adsor-
bent requires a method with a lower or no time delay
caused by experimental handling. In the present study, in-
vestigations where experimental handling showed to be
a limiting factor were therefore carried out employing a
micro-column [15] and simply switching between three
differently labelled-Cy3, Cy5 and AlexaTM 488— but oth-
erwise identical feedstocks of BSA or IgG 2a during a
chromatographic breakthrough experiment (seeFig. 1).

3. Results and discussion

3.1. Structural characterisation

The two adsorbents investigated in this study (i.e. SP
SepharoseTM Fast Flow and SP SepharoseTM XL) are based
on porous 6% cross-linked agarose (average diameter 9×
10−5 m), and have the same ionic capacity (∼200�mol
Na+/ml). SP SepharoseTM Fast Flow is characterised by a
relatively open pore network with the ligands attached to
the pore walls. On SP SepharoseTM XL, dextran has been
grafted to the agarose backbone before coupling of sulpho-
propyl groups. This procedure basically fills the pores of the
agarose with a ligand-carrying network.

A comparison of the distribution coefficientsKD for
various molecular weight standards obtained for SP
SepharoseTM Fast Flow and SP SepharoseTM XL shows dis-
tinct differences between the two adsorbents. FromFig. 2a
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Fig. 2. Distribution coefficientsKD for various molecular weight standards
obtained for SP SepharoseTM FF and SP SepharoseTM XL. Dextran
standards ranging from 1.08 to 401.3 kg/mole were used. Key: (a) (�)
SP SepharoseTM FF; (�) SP SepharoseTM XL; (�) SP SepharoseTM

XL (1 M NaCl); (b) SP SepharoseTM FF prior (�) and after (�) BSA
saturation; SP SepharoseTM XL prior (�) and after (�) BSA saturation.

it is evident that the pore accessibility of SP SepharoseTM

XL is under non-binding conditions considerably smaller
for high molecular weight dextran standards when com-
pared to SP SepharoseTM Fast Flow. This is attributed to
the network of flexible dextran chains present within the

Table 1
Adsorption capacity and observed adsorption pattern for the examined conditions

Adsorbent SP SepharoseTM FF SP SepharoseTM XL

pH 4.5 5.0 4.5 5.0

BSA Qmax (mg/ml) 172± 8.8 137± 7.6 200± 41.4 132± 24.3
kd × 105 (mM) 0.06 ± 0.021 6.57± 1.94 2.24± 0.57 26.87± 18.36
Transport mechanism PDa PDa PD PD

IgG 2a Qmax (mg/ml) 193± 15.5 192± 38.4 322± 30.6 260± 38.7
kd × 105 (mM) 0.81 ± 0.34 1.15± 0.20 0.24± 0.11 0.66± 0.47
Transport mechanism PDa NDa ND ND

IgG 2a vs. BSA Qmax,IgG (mol)/Qmax,BSA (mol) 0.51 0.63 0.73 0.89

PD: pore-diffusive transport mechanism dominant; ND: non-diffusive transport mechanism dominant.
a Taken from[14]. The adsorption isotherms have been determined with native (unlabelled) protein.

pores[21]. The conformation and properties of the ‘pore
phase’ is a complex interplay between the flexibility of the
ligand-carrying polymers, the mobile phase, and thus of the
repulsion effects arising from neighbouring ion exchange
groups. At low ionic strength and thus high Debye length
it can be envisaged that the strong interactions between the
unshielded sulfopropyl groups might lead to a rather stiff
network conformation which is difficult to penetrate for
large molecules. When shielding the charges by applying
a 1 M NaCl buffer prior to the measurements the obtained
KD values show an increase of pore accessibility for the
SP SepharoseTM XL adsorbents indicating a change in the
conformation of the ligand-carrying network (seeFig. 2a).
The latter might be explained by a higher flexibility of the
network due to a lower degree of interaction between the
charge carrying chains. The influence of BSA adsorbed
prior to the determination of theKD values is shown in
Fig. 2b. During this study, a significant decrease in pore
accessibility for the SP SepharoseTM Fast Flow adsorbent
could be observed while the pore accessibility of the SP
SepharoseTM XL adsorbent was mostly unaffected. The
latter might be directly connected to the fact that for the
SP SepharoseTM Fast Flow adsorbent BSA binding is re-
stricted to the pore surfaces leading to stiff layer of adsorbed
molecules and thus reduced but still accessible pore size
while the SP SepharoseTM XL—as a result of the dextran
chains filling the pore volume—offers flexible adsorption
sites and a significantly increased volumetric space for the
adsorbed molecules. When comparing the experimentalKD
values for the investigated proteins with the actual capacity
of the adsorbent for the respective molecules it has to be
noted that the decrease in the pore accessibility for larger
solutes is not mirrored by the measured maximum binding
capacities for the respective proteins (seeTable 1). The
viscosity radii for the investigated proteins in this study,
BSA and IgG 2a, can be calculated to 3.2 and 4.3 nm,
respectively[22]. The solute radius for IgG 2a results in
a significant change in the distribution coefficient or sta-
tistical average pore accessibility of SP SepharoseTM XL
(KD ∼ 0.05) when compared to SP SepharoseTM Fast Flow
(KD ∼ 0.55). Simultaneously we find a significantly higher



98 J. Hubbuch et al. / Journal of Chromatography A, 1021 (2003) 93–104

IgG 2a capacity for the SP SepharoseTM XL adsorbent when
compared to SP SepharoseTM Fast Flow (seeTable 1). This
discrepancy might be explained by the fact thatKD values
do not reflect the actual effective pore volume available for
a solute under retaining conditions using a composite sup-
port. This is further consistent with a study carried out with
StreamlineTM Q XL and StreamlineTM SP XL and a variety
of different proteins. These results indicate that the most
important parameter influencing the apparent diffusivity in
the XL media was not the size of the respective proteins but
rather the properties of the proteins with the matrix surface
or ‘pore phase’[20].

3.2. Finite bath studies

When investigating BSA adsorption in finite bath stud-
ies at pH 4.5 an increase in adsorbent capacity from
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Fig. 3. Adsorption isotherms of (a) BSA and (b) IgG 2a on SP SepharoseTM FF (�, �) and SP SepharoseTM XL (�, �). Key: (�, �) pH 4.5;
(�, �) pH 5.0.

172 to 200 mg/ml could be detected when comparing SP
SepharoseTM Fast Flow and SP SepharoseTM XL (see
Table 1 and Fig. 3). At pH 5.0 both adsorbents showed
a significantly lower but similar capacity. The higher ad-
sorption capacity of the SP SepharoseTM XL adsorbents
at pH 4.5 might result from a better accessibility of the
sulfopropyl groups in SP SepharoseTM XL as compared
to SP SepharoseTM Fast Flow. At pH 5.0, however, a shift
of the net charge of the BSA molecule (pI∼ 4.8) from
positive to negative leads to a reduction of this effect. Even
though BSA binding to a cation exchanger is reported for
this pH value[23,24], binding sites are now restricted to
few patches on the protein surface, and the binding capacity
is approximately equal on both adsorbents. For the IgG 2a
(pI ∼ 6.0) similar capacities of 193 mg/ml and 192 mg/ml
were obtained for SP SepharoseTM FF at both pH val-
ues. When changing from SP SepharoseTM Fast Flow to
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SP SepharoseTM XL we, however, found an increase in
the sorbent capacity of 67% and 35% at pH 4.5 and 5.0,
respectively (seeTable 1andFig. 3).

This finding is in agreement with studies on a compos-
ite resin consisting of a porous silica base matrix filled
with polyacrylamide exhibiting a significantly higher capac-
ity than conventional supports[3,4]. A possible explanation
for the higher capacities of the SP SepharoseTM XL adsor-
bent lies in the better accessibility of the ligands. A com-
parison of the molar capacity—expressed by the ratio of the
obtained molar capacities of IgG 2a and BSA—for the in-
vestigated supports and the two proteins shows an overall
lower capacity for the larger IgG 2a molecule than for BSA
(seeTable 1). The largest difference in molar capacities was
detected for SP SepharoseTM Fast Flow where the molar ca-
pacity of IgG 2a was found to be 51% of the molar capacity
for BSA at pH 4.5. For SP SepharoseTM Fast Flow pH 5.0
and SP SepharoseTM XL pH 4.5 the ratio reached 63% and
73%, while a surprisingly small difference of only 11% was
obtained for SP SepharoseTM XL at pH 5.0.

The saturation kinetics of BSA and IgG 2a for the dif-
ferent systems are shown inFig. 4. The saturation rate for
BSA is different for the two adsorbents. The open pore
structure of SP SepharoseTM Fast Flow results in fast uptake
kinetics resulting in 90% saturation at approximately 378
and 287 min for pH 4.5 and 5.0, respectively. It is shown
in Fig. 2b that the adsorption of BSA leads to a signifi-
cant decrease in theKD value of the Fast Flow adsorbent.
It can be expected that this effect might be closely linked
to the amount of BSA adsorbed. The faster transport and
faster saturation at pH 5.0 might therefore be connected to
a better pore accessibility due to a lower steric hindrance
of molecules being transported into the adsorbent and an
overall lower adsorbent capacity when compared to pH
4.5 (seeTable 1 and Fig. 3). The SP SepharoseTM XL
adsorbent with significantly lowerKD values reached 90%
BSA saturation after 880 min and 1245 for pH 4.5 and 5.0,
respectively. In contrast to data for the SP SepharoseTM

Fast Flow adsorbent, theKD value for solutes on SP
SepharoseTM XL adsorbent is rather independent of BSA
adsorbed to the support, in the tested size range (Fig. 2b).
The actual conformation of the ligand-carrying layer of
the SP SepharoseTM XL adsorbent can, however, be ex-
pected to depend on fluid phase conditions or a change of
the interactions—binding strength, binding sites—between
the ligand-carrying dextran chains and the respective
proteins.

The fastest saturation of the support is observed for IgG
2a adsorption on SP SepharoseTM XL at pH 5.0 (90% at
∼85 min) (seeFig. 4). This finding further indicates an ac-
celerated overall transport of IgG 2a when compared to the
results obtained with BSA, especially considering that the
maximum binding capacities for this adsorbent are compa-
rable. Furthermore, it can be seen fromFig. 4bthat the ob-
tained sorption kinetics can be divided into three groups.
The fastest saturation was found for SP SepharoseTM XL
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Fig. 4. Kinetic evaluation of (a) BSA and (b) IgG 2a adsorption on SP
SepharoseTM FF (� ), and SP SepharoseTM XL (�, ) employing a
1 mg/ml protein solution. Key: (�, �) pH 4.5; ( , �) pH 5.0.

at pH 5.0, while near identical saturation kinetics are ob-
served for both SP SepharoseTM Fast Flow at pH 5.0 and SP
SepharoseTM XL at pH 4.5 with an 90% saturation at 364
and 396 min, respectively. The slowest saturation is found
for SP SepharoseTM Fast Flow at pH 4.5 with 932 min for
90% saturation. While the results obtained for BSA might
be explained by simple considerations of pore accessibility,
the complex interplay between mobile and stationary phase
conditions clearly points towards a dominating protein trans-
port mechanism for IgG 2a, which is different to that of BSA
under the experimental conditions studied.

3.3. Adsorption profiles

Adsorption profiles of the single component systems were
evaluated employing confocal laser scanning microscopy
paired with a multi-dye method developed by Linden et al.
[14]. This procedure does not only provide the net adsorption
profiles as previously shown[12,13]but allows conclusions
about further desorption and transport of initially adsorbed
proteins. From previous studies[14,15] and results pre-
sented in the present paper (Figs. 5–7) different dominating
transport mechanism can be noted regarding the examined
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Fig. 5. Adsorption profiles for BSA on SP SepharoseTM XL at near support saturation employing a multi-dye method (batch mode). The adsorbent was
incubated with the differently labelled proteins in the following order: / / and the sum of the respective fluorescent intensities shown as a
grey line ( ). Conditions: (a) pH 4.5, (b) pH 5.0. The adsorption profiles were smoothed over 10 data points using an FFT function.

systems (seeTable 1). Linden et al.[14] investigated the ad-
sorption mechanism of BSA and IgG 2a on SP SepharoseTM

Fast Flow at pH 4.5 and 5.0. At an ionic strength identical
to the present study, it was found by the authors[14] that
BSA adsorption could be described as a gradual filling of
the adsorbent from the outmost region towards the center of
the support with pore diffusion as the governing transport
mechanism. Similar concentration profile development was
found for BSA and SP SepharoseTM XL during the present

study.Fig. 5 shows the obtained adsorption profiles during
BSA adsorption. At pH 4.5 it can be clearly seen that the
sorbent has been saturated from the outer rim towards the
center exhibiting a sharp adsorption front and that adsorbed
protein remained at its initial adsorption site while newly
arriving molecules have to be transported past the adsorbed
layer to the inner part of the adsorbent. This transport and
adsorption behaviour might thus be described by the pore
diffusion mechanism occurring under favourable binding
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Fig. 6. Adsorption profiles for IgG 2a on SP SepharoseTM XL at pH 4.5 evaluated with the multi-dye method (Column mode). The dynamic profile
development was detected employing the micro-column. The supports were incubated in the following order (a) IgG-Cy5; (b) IgG-Alex 488TM; (c)
IgG-Cy3. A switch from black to grey symbols indicates a switch to the next feed solution, i.e. further adsorption profiles (grey symbols) describe
transport of initially adsorbed protein. The adsorption profiles were smoothed over 10 data points using an FFT function.

conditions producing a self-sharpening effect of adsorbing
front inside the particle. The more shallow adsorption front
at pH 5.0 reflects the higher dissociation constant found for
these conditions (seeTable 1) and is consistent with studies
carried out under mobile phase conditions with higher ionic
strength and thus lower binding strength[14]. Generally,
an increase in protein desorption and further transport with
a decrease in binding strength of a protein species to the
respective solid phase sorbent has been detected for both
adsorbents investigated in this study.

During the evaluation of IgG 2a adsorption the behaviour
described above could only be observed for adsorption at
pH 4.5 on SP SepharoseTM Fast Flow. It was shown in a
previous study[14] that a change in the mobile phase con-
ditions from pH 4.5–5.0 leads to a significant change in the
transport behaviour detected for IgG 2a on SP SepharoseTM

Fast Flow. The dynamics of protein adsorption and trans-
port under these conditions could be described as a ‘wave’
of molecules building up towards the inner section of the
support and leading to an overshoot in the centre of the par-
ticle. The accumulation is only temporary as it is followed

by a return to equilibrium, where a homogeneous sorption
profile of the differently labelled protein fractions was estab-
lished[15]. While this overshoot behaviour was not shown
in the previous work[14], the homogeneous distribution of
the different dye fractions at saturation obtained when using
the multi-dye method corresponds to the profile develop-
ment found when the overshoot behaviour has been detected
in the present study. Somewhat, similar concentration pro-
file development has earlier been reported by Ljunglöf[25],
Linden[26] and Dziennik[18] during their investigations of
protein adsorption on cation exchange adsorbents.

The adsorption profiles obtained for SP SepharoseTM XL
at pH 4.5 resembles the transport dynamics found for SP
SepharoseTM Fast Flow at pH 5.0 as described above (i.e.
[15]) (seeFig. 6a–c). The respective evaluation employing
the multi-dye method (see Section 2.9) has been carried
out in a microcolumn by switching the feed solution from
IgG-Cy5 to IgG-Alexa 488TM and IgG-Cy3. In order to
resolve the dynamics of protein uptake we plotted the devel-
opment of the intensity profiles of the differently labelled
fractions detected within a single support particle beneath
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Fig. 7. Adsorption profiles for IgG 2a on SP SepharoseTM XL at pH 5.0 evaluated with the multi-dye method (Column mode). The dynamic profile
development was detected employing the micro-column. The supports were incubated in the following order (a) IgG-Cy5; (b) IgG-Alex 480TM; (c)
IgG-Cy3. A switch from black to grey symbols indicates a switch to the next feed solution, i.e. further adsorption profiles (grey symbols) describe
transport of initially adsorbed protein. The adsorption profiles were smoothed over 10 data points using an FFT function.

each other. The symbols inFig. 6a–cfurther change from
closed (black) to open (grey) symbols after the feed has
been switched to the next feedstock. The new feed fractions
adsorb to the support, i.e. the development of the graphs
with open symbols in the respective plots (a–c) inFig. 6
represents the transport of initially accumulated or adsorbed
protein only. Initially the adsorption front of IgG-Cy5 is
building up leading to a saturation of the outer shells of the
support (Fig. 6a). In the meantime the feed has been switched
from IgG-Cy5 to IgG-Alexa 488TM and initial binding of
IgG-Alexa 488TM was detected after 90 min. Any additional
development of the IgG-Cy5 adsorption profile is there-
fore based on further transport and adsorption of IgG-Cy5
molecules initially accumulated and adsorbed during the
first ∼60 min (Fig. 6a). It is evident that part of IgG-Cy5
bound at the outer rim of the support is transported to the
inner part of the sorbent. This behaviour leads to a decrease
of the intensity at the outer shell and the development of a
‘wave’-like profile at the inner section of the support before

resulting in an overshoot in the center of the support after
210 min. As the IgG-Cy5 is transported to the inner part of
the adsorbent particle, the newly arriving IgG-Alexa 488TM

is binding to the outside of the support (90, 120 min). Mean-
while, a second change of the feed has been carried out and
Fig. 6c shows again that newly arriving protein (IgG-Cy3)
initially binds at the outer rim of the support (210 min). The
adsorbed IgG-Alexa 488TM is now—similar to the IgG-Cy5
adsorption front—transported to the centre of the support as
seen for IgG-Cy5. The overshoot developed after 210 min
is, however, smaller than detected with IgG-Cy5. At equi-
librium, the overshoot is set back to an equilibrium level
resembling approximately the intensity found inFig. 6aaf-
ter the first 60 min (data not shown). The latter is consistent
with the adsorption front development found for IgG 2a
adsorption on SP SepharoseTM Fast Flow at pH 5.0[15].

The same methodology was used to investigate IgG 2a
adsorption on SepharoseTM XL at pH 5.0 and the respective
plots are shown inFig. 7a–c. The change of mobile phase
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conditions from pH 4.5–5.0 did not lead to a ‘wave’ like for-
mation but resulted in a homogeneous adsorption front over
the whole particle radius within 50 min (seeFig. 7a). After
65 min the initial adsorption front of IgG-Alexa 488TM is
detected inFig. 7band it becomes evident that this adsorp-
tion front is immediately spread over the cross sectional area
of the support. The pictures taken at 90, 125 and 150 min
show that the homogeneous adsorption front of IgG-Cy5 is
indicating some sort of overshoot. The relative magnitude
is greatly reduced when compared to the adsorption pro-
files found at pH 4.5. The adsorption profiles obtained with
the third feed fraction IgG-Cy3 show again that newly ap-
proaching molecules are initially bound at the outside of the
sorbent before covering the whole cross sectional area of the
support.

4. Summary and conclusions

A detailed experimental study of protein transport has
been carried out, including different adsorbent structures,
proteins and mobile phase conditions. The data obtained by
traditional fluid phase measurements (adsorbent capacity,
saturation kinetic) were supplemented by the evaluation of
adsorption profiles in single component systems employing
confocal laser scanning microscopy. For the investigated sys-
tems, transport and adsorption of BSA to SP SepharoseTM

XL could be approximated by the pore diffusion mecha-
nism occurring under conditions of favourable adsorption
isotherm and showed consistent behaviour found for BSA
adsorption on SP SepharoseTM Fast Flow during earlier stud-
ies [14]. This conclusion was drawn based on the adsorp-
tion profiles obtained with the multi-dye method. For IgG
2a adsorption to SepharoseTM XL, a more complex trans-
port/adsorption behaviour has been noticed. Regardless of
the low KD values found for IgG 2a and SP SepharoseTM

XL, we detected high capacities and the overall fastest sat-
uration of the sorbent, which indicates a significant con-
tribution of a possibly non-diffusive mechanism to protein
transport.

The results obtained in this study and in the earlier work
[14] indicate that the governing/predominant mechanism
behind protein transport in ion exchange adsorbents depends
on mobile phase composition, protein properties and, also,
on adsorbent intraparticle structure. Under certain condi-
tions, the predominant mechanism will have non-diffusive
character and may result in a significantly faster transport
and therefore saturation of the sorbent. Furthermore, under
certain conditions a phenomena of a protein overshoot inside
adsorbent particle can be observed. Liapis et al.[16] gave
a mechanistic explanation for the ‘overshoot’ behaviour by
considering electrostatic potential distribution within pore of
the adsorbent particles and its effects on mass transfer by dif-
fusion, electrophoretic migration and adsorption of protein
as well as the supporting electrolyte. This was further out-
lined by Grimes and Liapis[17] who showed how the inter-

play of diffusive and electrophoretic transport mechanisms
will affect functioning of the electrical double layer present
inside pores of charged adsorbent particles that could con-
tribute to the ‘overshoot’ behaviour. Recently, Dziennik et al.
[18] discussed an electrokinetic contribution to the trans-
port in ion exchange particle and found that the ‘overshoot’
effect could be correlated to high adsorbent surface charge
densities. The results presented in this work showed that
a detailed understanding of the parameters describing the
mobile and stationary phases might be utilized for optimiza-
tion of chromatographic separations based on the governing
mass transport mechanism. First implications for chro-
matographic protein separation based on the forementioned
principle will be evaluated and discussed in a following
paper.
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