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Abstract
The separation and purification of proteins is often carried out by chromatography. Mixed-mode adsorbents are interesting 
as they may combine favorable features of different chromatographic methods, such as ion-exchange chromatography (IEC) 
and hydrophobic interaction chromatography (HIC). Systematic experimental studies and models of adsorption isotherms of 
proteins on mixed-mode resins covering a wide range of parameters are still rare, which hampers both the scientific analysis 
of the complex processes that occur upon the adsorption of proteins on these resins as well as the practical separation design. 
Therefore, such studies were carried out in the present work for a model system: the adsorption of bovine serum albumin 
(BSA) on the mixed-mode resin Toyopearl MX-Trp-650M, which combines features of IEC and HIC resins. Adsorption iso-
therms were measured using sodium chloride, sodium sulfate, ammonium chloride, and ammonium sulfate at ionic strengths 
up to 3000 mM and for pH 4.0, 4.7, and 7.0 at 25 ◦ C. In the studied pH ranges, BSA exhibits strongly varying net charges and 
undergoes a conformational change. At pH 4.0 and 4.7, an exponential decay of the BSA adsorption with increasing ionic 
strength was found at ionic strengths up to approximately 1000 mM, while a rather linear increase was observed at higher 
ionic strengths for all studied salts; for all salts and ionic strengths, decreasing adsorption with increasing pH value was 
found. Moreover, a mathematical model was developed, which enables the prediction of equilibrium adsorption isotherms 
of BSA on Toyopearl MX-Trp-650M for any ionic strength of the studied salts.

Keywords  Chromatography · Proteins · Ionic strength · Adsorption isotherms · Modeling

1  Introduction

Mixed-mode chromatography (MMC) is an attractive chro-
matographic method, in particular for challenging protein 
separation and purification processes [1, 2]. The combina-
tion of ligands with different interaction mechanisms on 
mixed-mode resins, most commonly ligands used in ion 
exchange chromatography (IEC) and ones used in hydropho-
bic interaction chromatography (HIC), may offer advantages 
compared to traditional single-mode resins; when we talk 

about mixed-mode resins in the following, we always refer 
to this combination of types of ligands. For instance, mixed-
mode resins usually provide higher protein loading capaci-
ties compared to HIC resins [3], in particular at low ionic 
strengths, where protein adsorption is dominated by ionic 
interactions [4, 5]. IEC resins, on the other hand, usually 
have low binding capacities at high ionic strengths due to 
shielding effects of the ions present in solution. In contrast, 
MMC resins exhibit a higher salt tolerance and therefore 
wider operating ranges [1, 6], since protein adsorption is 
facilitated at high ionic strengths by hydrophobic interac-
tions on the HIC part of the mixed-mode resin. Furthermore, 
different interaction modes in MMC enable separations even 
of very similar proteins [7, 8], e.g., conjugates.

Protein adsorption is a complex process and many param-
eters, such as the presence of salts in solution, pH value, 
and temperature, need to be considered for understanding 
and describing the process, even if only single-mode resins 
are considered; the situation becomes more complicated if 
mixed-mode resins are studied. For instance, the addition of 
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salts to the mobile phase can have opposing effects on the 
adsorption equilibrium in MMC. On the one hand, ions in 
solution shield electric charges on the surface of the protein 
molecules and of the ionic ligands [9], which leads to lower 
protein adsorption on the IEC sites of the resin with increas-
ing ionic strength. On the other hand, ions interact with the 
water molecules in solution, which, depending on the type 
of ions, may result in a weakening of the proteins’ hydrate 
shells [10]; the resulting salting-out effect leads to favored 
hydrophobic interactions between the protein molecules and 
the HIC ligands of the mixed-mode resin [11] and therefore 
to an increased adsorption with increasing ionic strength.

The adsorption in MMC is also strongly influenced by the 
pH value. IEC adsorption is based on the attraction of oppo-
site surface charges of resin and protein [12], which in turn 
depend on the pH value via the dissociation equilibria of the 
proteins and the ligands. There are two points of zero charge: 
the isoionic point (IIP), for which exclusively the zwitte-
rion is regarded, and the isoelectric point (IEP), for which 
also the ions that are strongly bound to the surface charges 
of the zwitterion and therefore are arranged closely around 
the zwitterion are considered [13]. Both points are depend-
ent on the ionic strength: the IIP of bovine serum albumin 
(BSA) has been observed to increase with increasing ionic 
strength, while the IEP of BSA decreases with increasing 
ionic strength [13]. In the following, only the IEP of BSA 
is considered since, from a technical point of view, also the 
influence of ions closely surrounding the BSA molecules 
should be taken into account for describing the adsorption 
of BSA. At pH values below the IEP of the protein, the pro-
tein’s net charge is positive, while it is negative for pH values 
above the IEP [14, 15]. The protein’s net charge, and hence 
the pH value, have a significant impact on the adsorption 
mechanisms of the mixed-mode resin: larger opposing net 
charges of protein and IEC ligands lead to stronger attrac-
tive ionic interactions on the IEC part of the resin, whereas 
large absolute net charges of the protein in general hamper 
a closer packing of protein molecules due to electrostatic 
repulsion  [11].

Moreover, not only the proteins’ net charge, but also the 
proteins’ conformation can change as a function of the pH 
value. BSA is a prominent example for such a protein as it 
undergoes several confirmation changes with varying pH 
value. In total five isomers of BSA are known: at pH values 
around its IEP (at approximately pH 4.7 [16], which, how-
ever, can vary slightly with varying ionic strength [13]), 
BSA is present in the so-called "normal" (N) conforma-
tion, also called "heart-shaped" conformation, in solution 
[17]. Below pH 4.0, the so-called "fast migrating" (F) 
shape, also called "cigar-shaped" conformation, occurs, 
which transitions to the denatured "expanded" (E) con-
formation at very low pH values [17]. Above pH 8.0, the 
so-called "basic" (B) shape is found, which transitions 

to the "aged" (A) conformation at even higher pH values 
[17]. The conformation in which BSA is present in solu-
tion significantly influences both the size and the nature of 
the protein’s surface area that is accessible for adsorption; 
for instance, the expanded F-BSA exhibits a larger hydro-
phobic surface area than the more globular N-BSA [18].

Systematic experimental studies of the adsorption of pro-
teins on mixed-mode resins that cover broad value ranges of 
the multiple parameters that are important for the adsorp-
tion process are still lacking to date. The comparatively few 
available experimental studies on adsorption isotherms of 
proteins on MMC resins are mainly restricted to solutions 
containing sodium chloride and low ionic strengths, e.g., 
[19–22]; [23, 24] additionally consider solutions containing 
ammonium sulfate for ionic strengths up to 1500 mM. As 
a consequence, also suitable models for comprehensively 
describing the adsorption of proteins on mixed-mode res-
ins are not available at present; the few existing modeling 
approaches, e.g., [4, 25, 26], are limited to solutions contain-
ing sodium chloride.

To close this gap, we have recently developed a model 
for describing the adsorption of the model protein lysozyme 
on Toyopearl-Mx-Trp-650M for four salts (sodium chloride, 
sodium sulfate, ammonium chloride, and ammonium sulfate) 
at ionic strengths up to 3000 mM and pH values between 
5.0 and 8.0 [27, 28]. It is based on an approach from ear-
lier work of our group for modeling adsorption equilibria 
in HIC [29–33] and does not only reproduce the adsorption 
data for a wide range of the studied conditions well, but also 
enables the prediction of adsorption isotherms that were not 
included in the training set of the model.

In the present study, we have have transferred that mod-
eling approach to the description of the adsorption of BSA. 
To obtain a basis for this work, we have systematically stud-
ied the influence of sodium chloride, sodium sulfate, ammo-
nium chloride, and ammonium sulfate for ionic strengths 
between 0 mM and 3000 mM and of the pH value on the 
adsorption of BSA on Toyopearl MX-Trp-650M in equilib-
rium adsorption experiments. The pH values were chosen 
as follows: pH 4.0, where BSA carries a positive net charge 
but is, in contrast to smaller pH values [18], still stable in 
the F-conformation in solution; pH 4.7, where BSA carries 
approximately zero net charge and is present in the N-con-
formation; and pH 7.0, where BSA is still in the N-confor-
mation but carries a negative net charge. The temperature 
was always 25 ◦ C. The adsorption data was used for devel-
oping and training a model that describes the adsorption 
of BSA as a function of the studied parameters. The model 
can for example be used for the conceptual process design 
of MMC processes.
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2 � Materials and methods

2.1 � Materials

Bovine serum albumin (BSA, M = 66.4 kDa ) with a purity 
over 98% was obtained from Sigma-Aldrich. The mixed-
mode resin Toyopearl MX-Trp-650M, whose tryptophan 
ligands possess weak carboxyl cation exchange as well 
as indole hydrophobic functional groups, was obtained 
from Tosoh Bioscience. All salts used for buffer prepara-
tions were of analytical grade: citric acid ( C6H8O7 ) and 
trisodium citrate dihydrate ( Na3C6H5O7 ⋅ 2H2O ) were 
used for the preparation of 25 mM sodium citrate buffers 
with pH 4.0 or 4.7; sodiumdihydrogen phosphate dihy-
drate ( NaH2PO4 ⋅ 2H2O ) and disodiumhydrogen phosphate 
dihydrate ( Na2HPO4 ⋅ 2H2O ) were used for the preparation 
of a 25 mM sodium phosphate buffer with pH 7.0. As 
additional salts, sodium chloride (NaCl), sodium sulfate 
( Na2SO4 ), ammonium chloride ( NH4Cl ), and ammonium 
sulfate ( (NH4)2SO4 ) were used. 1 N sodium hydroxide 
(NaOH) and 1 N hydrochloric acid (HCl) were used for 
the adjustment of the pH value of the buffer solutions. 
Trisodium citrate dihydrate was obtained from Sigma-
Aldrich and ammonium chloride from Bernd Kraft. All 
other chemicals used for buffer preparations were obtained 
from Carl-Roth. The ultrapure water used as solvent for 
all buffers was produced with a Milli-Q water purification 
system from Merck Millipore.

2.2 � Batch adsorption experiments

Batch adsorption experiments were performed with a fully 
automated liquid handling station Freedom EVO 200 from 
Tecan. The adsorption equilibrium measurements were 
carried out as described by [28], so that in the follow-
ing only a brief overview is given. For the experiments at 
pH 4.0 and 4.7, a 25 mM sodium citrate buffer with the 
respective pH value was used. Each studied salt (sodium 
chloride, sodium sulfate, ammonium chloride, and ammo-
nium sulfate) was added gravimetrically to the respective 
buffer yielding different ionic strengths I up to 3000 mM. 
For the experiments at pH 7.0, a 25 mM sodium phosphate 
buffer was used; at this pH value, again all four salts were 
studied but only at two ionic strengths: I = 250 mM and 
I = 3000 mM. In each case, the pH value of the resulting 
salt solution was adjusted to the desired value with 1 N 
sodium hydroxide or 1 N hydrochloric acid after dissolv-
ing the salt in the respective buffer. Subsequently, BSA 
stock solutions were prepared by adding BSA gravimetri-
cally to the respective final salt solutions and dissolving it.

All experiments were carried out in 96-well Riplate 
plates from Ritter. In each well, 500 μl BSA solution and 
50.9 μl of the mixed-mode adsorbent were dispensed for 
the equilibrium adsorption experiments. After the equili-
bration time (6 h at 25 °C), the BSA concentration in the 
liquid phase was measured by UV absorption at 280 nm. 
BSA-free solutions were measured as blank values for 
each batch adsorption experiment, i.e., for each studied 
salt, ionic strength, and pH value. We adopt here the esti-
mate of the relative uncertainty of the equilibrium loading 
of the resin of 10% from [34], who carried out similar 
experiments with the same equipment, though for very 
small loadings lager uncertainties may occur.

2.3 � Data processing

The adsorption data obtained from the batch experiments 
were correlated with the semi-empirical approach of [35] 
and [36]:

where cBSA is the free BSA concentration in solution and 
qBSA denotes the BSA loading of the resin. The adsorp-
tion equilibrium constant Kads describes the initial slope 
of the correlated adsorption isotherm (at cBSA → 0 ), while 
the lumped fitting parameters � and � , which were made 
dimensionless by introducing q(m)

0
= 1 mg/ml, characterize 

the overall isotherm shape. Equation (1) was used for cor-
relating the data from the batch adsorption experiments only, 
i.e., to fit the individual equilibrium isotherms, which was 
subsequently the basis for developing a predictive model 
as described in the following. Generally, any other math-
ematical function that is flexible enough for describing the 
experimental data could have been used instead of Eq. (1) 
without substantially affecting the modeling results.

All data processing and modeling steps were carried out 
with MATLAB. As the four studied salts (sodium chloride, 
sodium sulfate, ammonium chloride, and ammonium sul-
fate) possess different ion valences, results are discussed 
in terms of ionic strength I, calculated using ion concentra-
tions ci , in the following:

where zi denotes the charge number of the respective ion i. 
The small concentration of buffer salts ( c = 25 mM) present 
in all solutions was neglected in this calculation.
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Fig. 1   Equilibrium adsorption isotherms of BSA on Toyopearl MX-Trp-650M at pH 4.0 and 25 °C for four salts at different ionic strengths I. 
Symbols: experimental data; lines: model
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3 � Results and discussion

3.1 � Experimental adsorption isotherms

In Fig.  1, the results of the batch adsorption experi-
ments with the four studied salts at pH 4.0 are shown. 
Data for sodium sulfate (a) and ammonium chloride (b) 
are displayed in separate diagrams for low and high ionic 
strengths for improved clarity. The symbols denote the 
experimental data whereas the lines show the results of 
the model developed in this work, which is described in 
detail below, cf. Sections 3.2 - 3.3. For the sake of com-
pleteness, the corresponding correlations of the individual 
experimental isotherms at pH 4.0 with Eq. (1) are shown 
together with the experimental data in Figure S.1 in the 
Supporting Information.

In general, the adsorption of BSA on the mixed-mode 
resin can be divided into two regions depending on the 
predominant adsorption mechanism: the region at rather 
low ionic strengths, where adsorption is mainly caused by 
ionic interactions, will be called IEC region in the follow-
ing, and the region at rather high ionic strengths, where 
hydrophobic interactions are dominant, will subsequently 
be called HIC region. The results show that the protein 
adsorption is stronger in the IEC region than in the HIC 
region, which indicates, as expected, that the ionic interac-
tions are stronger than the hydrophobic interactions.

In the IEC region up to approximately I = 1000 mM, 
the BSA loading decreases with increasing ionic strength 
for all studied salts at pH 4.0, where BSA carries a positive 
net charge. The highest BSA loading is found at I = 0 mM, 
i.e., for the salt-free solution. The decrease of the BSA 
loading with increasing ionic strength is mainly caused 
by the shielding effect of the ions, which hamper the ionic 
interactions between BSA and the cation exchange ligands, 
and by the cations competing with the BSA molecules for 
the adsorption sites.

At ionic strengths above about I = 1000 mM the situ-
ation changes. Depending on the type of salt, the BSA 
loading increases with increasing ionic strength (sodium 
sulfate and ammonium chloride, cf. Figure  1(a),(b), 
respectively) or remains rather constant (sodium chloride 
and ammonium sulfate, cf. Figure 1(c),(d), respectively). 
This observation is explained by an increasing salting-out 
effect, which enhances hydrophobic interactions between 
BSA and the HIC sites of the resin with increasing ionic 
strength and at some point outweighs the decreasing 
adsorption on the IEC sites.

In Fig. 2, the experimental adsorption data of BSA at 
pH 4.7 as well as the model results for the presence of the 
four studied salts are shown. The corresponding correla-
tions of the individual isotherms with Eq. (1) at pH 4.7 are 

shown together with the experimental data in Figure S.2 
in the Supporting Information.

The influence of the ionic strength on the BSA adsorp-
tion at pH 4.7 is similar to the one found at pH 4.0. At 
pH 4.7, the adsorption decreases with increasing ionic 
strength in the IEC region and increases with increasing 
ionic strength in the HIC region for all studied salts as 
well. However, the adsorption in the IEC region (with 
the exception of the adsorption at I = 0 mM) is at a simi-
lar level as in the HIC region. At I = 0 mM, i.e., without 
the addition of salts, the IEP is at approx. pH 4.7 [13]; 
with increasing ionic strength, the IEP of BSA slightly 
decreases [13], so that BSA is slightly negatively charged 
at pH 4.7 and I > 0 mM, leading to little ionic interactions 
there. In contrast to pH 4.0, at pH 4.7 for all salts a similar 
but rather small increase of the adsorption with increasing 
ionic strength is found in the HIC region.

The results for the adsorption of BSA at pH 7.0 in the 
presence of the four studied salts are shown in Figure S.3 
in the Supporting Information. For both ionic strengths 
studied at pH 7.0, namely, I = 250 mM and I = 3000 mM, 
the adsorption of BSA is only weak. Especially in the IEC 
region at I = 250 mM, there is almost no BSA adsorption, 
except for sodium chloride. Due to the negative net charge 
of both the BSA molecules and the cation exchange ligands 
of the mixed-mode resin at pH 7.0, repulsive ionic forces 
are strongly predominant. The slightly higher adsorption 
of BSA in the presence of sodium chloride compared to 
the other salts at pH 7.0 and I = 250 mM can be attributed 
to its rather strong shielding effect of the repulsive nega-
tive surface charges of BSA and the IEC ligands due to the 
small sodium and chloride ions. The adsorption of BSA at 
I = 3000 mM is very similar for all salts and higher than at 
I = 250 mM for all salts (except for sodium chloride), which 
can be explained by the increasing salting-out effect in the 
HIC region.

Since the negative net charge of BSA at pH 7.0 is in gen-
eral unfavorable for an adsorption on a mixed-mode resin 
that contains IEC ligands, no experiments at other ionic 
strengths than I = 250 mM and I = 3000 mM were carried 
out. Firstly, the results for these conditions are less relevant 
for practical applications and secondly, the rather low level 
of adsorption leads to large experimental uncertainties of 
the adsorption data. Therefore, the results obtained at pH 7.0 
were not included in the model development and fitting pro-
cess described below, cf. Sections  3.2 - 3.3.

To further study the influence of the salts on the different 
interaction mechanisms of the mixed-mode resin, a com-
parison of the BSA loading of the studied mixed-mode resin 
Toyopearl MX-Trp-650M and the single-mode HIC resin 
PPG-600M [30] is given in Figure S.4 in the Supporting 
Information for all studied salts. At I = 1500 mM, i.e., in 
the transition region (between the IEC and the HIC region) 
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of the mixed-mode resin, the type of salt influences whether 
the adsorption on the mixed-mode or the single-mode resin 
is higher. Salts containing sulfate ions (especially ammo-
nium sulfate) lead to higher BSA loadings of the mixed-
mode resin indicating strong ionic interactions for these two 
salts, while salts containing chloride ions (especially sodium 
chloride) lead to lower loadings on the mixed-mode than on 
the single-mode resin, which indicates a dominance of the 
hydrophobic interactions and, hence, weaker ionic interac-
tions for these two salts.

For assessing the influence of the pH value in more 
detail, Fig. 3 shows the adsorption isotherms of BSA for 
solutions containing sodium sulfate and ammonium chlo-
ride, respectively, for two ionic strengths that were chosen 
as examples ( I = 250 mM and I = 3000 mM) for all studied 
pH values (pH 4.0, 4.7, and 7.0). The two salts were chosen 
here as they exhibit the strongest influence on the adsorp-
tion in the HIC region, cf. Figures 1 and 2, and the ionic 
strengths were chosen to show results for the two interac-
tion regions: at I = 250 mM adsorption is mainly caused 

by the cation exchange mechanism and at I = 3000 mM by 
hydrophobic interactions. Figure 3 also includes the results 
of the developed model for pH 4.0 and 4.7 (lines), whereas 
at pH 7.0 the experimental results are shown together with 
the corresponding individual correlations, cf. Equation (1). 
The respective results of the batch adsorption experiments 
with the two other studied salts, namely, sodium chloride 
and ammonium sulfate, are shown in Figure S.5 in the Sup-
porting Information.

At I = 250 mM, the adsorption decreases significantly 
with increasing pH value, which agrees well with the expec-
tation. Adsorption is dominated by ionic interactions at this 
ionic strength. At pH 4.0, where BSA carries a positive net 
charge, the highest loadings are observed for all salts, cf. 
also Figure S.5 in the Supporting Information; at pH 4.7, i.e., 
close to the IEP of BSA, adsorption is significantly smaller 
for all salts; at pH 7.0, adsorption is weak due to the negative 
net charge of both BSA and the ionic ligands of the mixed-
mode resin. The pH value can in general not only have an 
influence on the net charge of the protein, but also on the 

Fig. 2   Equilibrium adsorption isotherms of BSA on Toyopearl MX-Trp-650M at pH 4.7 and 25 °C for four salts at different ionic strengths I. 
Symbols: experimental data; lines: model
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dissociation equilibrium of the acid cation exchange ligands 
of the mixed-mode resin and therefore on the net charge of 
the resin. An experimental investigation of the dissociation 
of the used resin is out of the scope of the present work, so 
that only qualitative statements are made here. An increas-
ing pH value enhances the dissociation, which, however, 
seems to be outweighed by the dependence of the protein’s 
net charge on the pH value leading to the higher adsorption 
at pH 4.0 than at 4.7. At pH 7.0, the higher degree of dis-
sociation of the ionic ligands additionally strengthens the 
repulsion between protein molecules and ligands.

At I = 3000 mM, i.e., in the HIC region, the highest 
adsorption is also found at pH 4.0 for all salts, cf. also Fig-
ure S.5 in the Supporting Information. The expanded F-BSA 
present at pH 4.0 exhibits a larger surface area that is acces-
sible for hydrophobic interactions with the HIC ligands 
compared to the more globular N-BSA present at pH 4.7 
and 7.0 [18], which in turn leads to a stronger adsorption at 
pH 4.0 compared to the other pH values. The adsorption of 

BSA at pH 4.7 and 7.0 is similar for all studied salts, i.e., 
there is no significant difference in the adsorption for these 
two pH values here. This supports the assumption that the 
conformation of BSA in solution is the main influencing 
factor for the adsorption at high ionic strengths. However, 
the repulsing net charges of the protein and the resin at  
pH 7.0 are potentially slightly weakening the adsorption 
even at high ionic strengths, i.e., where many ions for shield-
ing the ionic repulsion are present, which is why slightly 
higher adsorption is found at pH 4.7 than at 7.0 for all stud-
ied salts. Also here the results for sodium chloride differ 
from those of the other salts: the low adsorption at high ionic 
strengths of sodium chloride at pH 4.0 can be explained by a 
low salting-out effect of the chaotropic salt sodium chloride 
according to the Hofmeister series [37].

3.2 � Model development

The semi-empirical function of Oberholzer and Lenhoff, cf. 
Eq. (1), is not suitable for generalizing over conditions or 

Fig. 3   Equilibrium adsorption isotherms of BSA on Toyopearl MX-Trp-650M at pH 4.0, 4.7, and 7.0 and 25 °C for (a) sodium sulfate and (b) 
ammonium chloride. Symbols: experimental data; lines: model for pH 4.0 and 4.7, and individual correlations for pH 7.0, cf. Equation (1)
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even to predict adsorption isotherms for unstudied condi-
tions, since the fitting parameters of the individual correla-
tions do not show any dependence on the studied process 
parameters, cf. Tables S.1 - S.3 in the Supporting Informa-
tion. Therefore, in the following, we describe the develop-
ment of a new model of the adsorption of BSA on the mixed-
mode resin Toyopearl MX-Trp-650M, which describes the 
influence of the ionic strength of the four studied salts for 
different pH values. The model is based on an approach 
introduced for describing the adsorption of lysozyme on 
Toyopearl MX-Trp-650M from our previous work [27, 28]. 
In this prior work and in contrast to the present work, no 
significant increase of the protein (i.e., lysozyme) adsorption 
with increasing ionic strength in the HIC region was found, 
which is why we have extended the approach in the present 
work to improve the description of the BSA loading in the 
HIC region at high ionic strengths.

3.2.1 � Dependence of the loading on the ionic strength

In a first step, the individual adsorption isotherms for pH 4.0 
and 4.7 fitted with Eq. (1) were discretized. Therefore, the 
BSA loading was calculated from the individual correla-
tions for a defined concentration of BSA in the liquid phase 
cBSA . This was done in increments of 0.01 mM starting from 
cBSA = 0.01 mM up to cBSA = 0.1 mM. As an example, Fig. 4 
shows results for cBSA = 0.09 mM; this concentration is also 
indicated in the presentation of the individual correlations 
in Figures S.1 and S.2 in the Supporting Information by 
vertical dashed lines, but the respective diagrams for other 
concentrations of BSA are very similar, cf. Figure S.6  in the 
Supporting Information.

For all salts and both pH values, an exponential decay of 
the adsorption with increasing ionic strength is observed in 
the IEC region (up to approximately I = 1000 mM). Hence, 
the influence of the addition of salt on the adsorption is pro-
portional to the amount of salt already present in solution 

in this region. This behaviour was already observed for the 
adsorption of lysozyme on the same mixed-mode resin at 
pH 5.0, 6.0, and 7.0 [27, 28]. Moreover, results from other 
studies, e.g., for the adsorption of BSA and plasma-derived 
human serum albumin (pHSA) on a mixed-mode resin sup-
port this observation [23, 24].

At pH 4.0, adsorption is especially strong in the IEC 
region if ammonium sulfate is present, while it is lower and 
rather similar for the other studied salts at the same ionic 
strength. We can explain this by considering the size of the 
ions: the large ammonium and sulfate ions exhibit, compared 
to the smaller ions, a rather weak shielding effect leading 
to the smallest exponential decay found for this salt. The 
presence of rather strong ionic interactions if ammonium 
sulfate is present in comparison to the other studied salts (at 
the same ionic strength) was also observed when comparing 
the adsorption on the mixed-mode resin to the one on the 
single-mode HIC resin as discussed for Figure S.4 (a) in the 
Supporting Information.

At pH 4.7 and low ionic strengths, the adsorption is 
stronger if sulfate ions are present than this is the case for 
chloride ions. This implies that the type of anion is more 
decisive than the type of cation. The greater exponential 
decay of the BSA loading with increasing ionic strength at 
low ionic strengths for the addition of sodium chloride in 
comparison to ammonium sulfate also agrees with reports 
in the literature [23].

In the HIC region above about I = 1000 mM, the adsorp-
tion increases at some point with increasing ionic strength 
for all four salts and both pH values (though the extent of the 
increase strongly differs), which demonstrates the salt-toler-
ant nature of the mixed-mode resin. However, the loading of 
BSA at the highest studied ionic strength, i.e., I = 3000 mM, 
is still lower than the adsorption measured at I = 0 mM, i.e., 
in the IEC region, for all four salts, as the ionic interactions 
are generally stronger than the hydrophobic interactions.

Fig. 4   BSA loading q
BSA

 of Toyopearl MX-Trp-650M at a liquid phase concentration c
BSA

= 0.09 mM at 25 °C for all studied salts as a function 
of the ionic strength I at (a) pH 4.0 and (b) pH 4.7. Symbols: experimental results (correlated with Eq. (1)); lines: model, cf. Eq. (3)
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At pH 4.0, the linear increase with increasing ionic 
strength is especially noticeable with the addition of 
sodium sulfate and ammonium chloride. In contrast, the 
increase is much weaker (and the adsorption remains 
almost constant) upon the addition of the other two salts, 
namely, sodium chloride and ammonium sulfate. The 
combination of a small and a large ion, as it is the case 
for sodium sulfate and ammonium chloride, seems to be 
particularly attractive for a strong adsorption of F-BSA.

In contrast, at pH 4.7, the adsorption only slightly 
increases with increasing ionic strength for I > 1000 mM 
for all four studied salts. Furthermore, in this region, 
no significant influence of the type of salt is observed. 
Hence, the smaller accessible surface area of N-BSA 
seems to limit the amount of hydrophobic interactions 
regardless of the additional salt present in solution.

For modeling the dependence of the BSA loading qBSA 
at a constant BSA concentration in the liquid phase cBSA 
on the ionic strength I for a given salt S, cf. Figures 4 and 
S.6  in the Supporting Information, a superposition of two 
functions was chosen: one that describes the exponential 
decay with increasing ionic strength (which dominates 
in the IEC region and is similar to the one used in our 
previous work [27, 28]), and a second one that describes 
the linear increase with ionic strength (which dominates 
in the HIC region):

where k(IEC)
0

 describes the adsorption in salt-free solution (at 
I = 0 mM, qBSA(cBSA = const.) equals k(IEC)

0
 ), whereas k(IEC)

S
 

and k(HIC)
S

 are salt-specific parameters that describe the influ-
ence of the respective salt on the cation exchange adsorption 
mechanism and on the hydrophobic adsorption mechanism, 
respectively.

The resulting model fits with Eq. (3) are in excellent 
agreement with the data from the individual adsorption 
isotherms as shown in Figs. 4 and S.6  in the Supporting 
Information. The description of the BSA loading correctly 
represents the exponential decay at low ionic strengths 
and the linear increase at high ionic strengths for all four 
studied salts and both pH values.

3.2.2 � Dependence of model parameters on the BSA 
concentration

To obtain a model that can describe complete adsorption 
isotherms, the dependence of the parameters of Eq. (3), 
namely, k(IEC)

0
 , k(IEC)

S
 , and k(HIC)

S
 , on the BSA concentration 

in the liquid phase needs to be considered, this dependence 

(3)

qBSA(cBSA = const.)

mM

= k
(IEC)

0
⋅ exp

(
−k

(IEC)

S
⋅

I

1000 mM

)
+ k

(HIC)

S
⋅

I

1000 mM

is shown in Fig. 5 for the four studied salts at pH 4.0 and 4.7; 
respectively. Simple trends are observed, which support the 
model assumptions.

The dependence of the parameter for salt-free adsorption 
k
(IEC)

0
 on the BSA concentration describes the equilibrium 

adsorption isotherm in the salt-free solution. As expected, 
values for k(IEC)

0
 for pH 4.0 are always higher than for pH 4.7. 

The dependence of k(IEC)
0

 on cBSA was obtained in the same 
way as in our previous work [27, 28], using the semi-empir-
ical function of Oberholzer and Lenhoff, which was already 
used in Eq. (1) for correlating the individual isotherms and 
reads here as shown in Eq. (4):

where the parameters a(IEC)
0

 , b(IEC)
0

 , and d(IEC)
0

 correspond to 
the parameters Kads , � , and � from Eq. (1), respectively, but 
molar concentrations are used instead of mass concentra-
tions here.

The dependence of the salt-specific parameter for low 
ionic strengths k(IEC)

S
 on the BSA concentration is different 

for the various salts, especially at pH 4.7. However, at both 
pH values, the parameter for ammonium sulfate shows the 
lowest absolute values, which matches the expectations; the 
large ammonium and sulfate ions exhibit the weakest shield-
ing effects. The dependence of k(IEC)

S
 on cBSA , describing how 

strong a specific salt S affects the adsorption in the exponen-
tial decay of the BSA loading, was modeled with a function 
adopted from our previous work [27, 28]:

where the salt-dependent parameters a(IEC)
S

 , b(IEC)
S

 , and d(IEC)
S

 
describe the influence of the salts on the IEC mechanism of 
the adsorption.

The salt-specific parameter for high ionic strengths k(HIC)
S

 
clearly increases with the BSA concentration for all stud-
ied salts. At pH 4.0, a distinct order regarding the type of 
salt can be determined. For sodium sulfate and ammonium 
chloride the highest values for k(HIC)

S
 are obtained, leading to 

the strongest increase of adsorption at high ionic strengths, 
cf. also Fig. 4. The results for k(HIC)

S
 at pH 4.7 for the dif-

ferent salts have similar values, which is in line with the 
finding that the type of salt has no significant influence on 
the adsorption here, cf. Figure 4(b). For modeling k(HIC)

S
 as 

a function of cBSA , a new model equation was introduced:

(4)
cBSA

mM
=

k
(IEC)

0

a
(IEC)

0

⋅ exp

⎡
⎢⎢⎢⎣
b
(IEC)

0
⋅

�
k
(IEC)

0
⋅ exp

−d
(IEC)

0�
k
(IEC)

0

⎤
⎥⎥⎥⎦

(5)k
(IEC)

S
= a

(IEC)

S
− b

(IEC)

S
+ b

(IEC)

S
⋅ exp

(
−d

(IEC)

S
⋅

cBSA

mM

)

(6)k
(HIC)

S
= a

(HIC)

S
⋅

(cBSA
mM

)b
(HIC)

S
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where the salt-dependent parameters a(HIC)
S

 and b(HIC)
S

 
describe the influence of the salts on the HIC mechanism 
of the adsorption.

As shown by the lines in Fig. 5, Eqs. (4–6) allow an 
excellent description of the dependence of the param-
eters k(IEC)

0
 , k(IEC)

S
 , and k(HIC)

S
 on cBSA . The resulting model 

parameters ai , bi , and di are summarized in Table 1.

3.3 � Prediction of equilibrium adsorption isotherms

By inserting Eqs. (4–6) in Eq. (3), a final model equation 
for the description of equilibrium adsorption isotherms of 
BSA on Toyopearl MX-Trp-650M at 25 ◦C is obtained. 
The model can be used for predicting adsorption isotherms 
for all studied salts at any ionic strength. There are two 
sets of parameters, one for pH 4.0 and one for pH 4.7, see 

Table 1. We have refrained from reporting a model for the 
dependence of the parameters on the pH value to enable 
predictions at other pH values, as we have only two sup-
porting points, between which we could only interpolate 
linearly. Furthermore, we know from our data at pH 7.0 
using such a linear function is over-simplistic and does not 
capture the complex physics of the pH dependence (involv-
ing, e.g., conformation changes of BSA) adequately. The 
agreement of the model results with the experimental data 
is very good as shown in Figs. 1 and 2. The model cor-
rectly describes the influence of the different salts and the 
ionic strength for both considered pH values.

The proposed model can be used for the prediction of 
adsorption isotherms within the trained condition range, 
e.g., at other ionic strengths, as applied for the comparison 
of MMC and HIC data in Figure S.4 (a) in the Supporting 

Fig. 5   Parameters k(IEC)
0

 , k(IEC)
S

 , and k(HIC)
S

 of Eq.  (3) for describing 
the dependence of the BSA loading on the ionic strength plotted over 
the BSA concentration in the liquid phase c

BSA
 for all studied salts 

at (a) pH 4.0 and (b) pH 4.7. Symbols: results at constant c
BSA

 from 
Eq. (3); lines: model of the concentration-dependence of the param-
eters, cf. Eqs. (4), (5), or (6). Left panel: parameters describing IEC 
interactions; right panel: parameters describing HIC interactions
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Information. Also extrapolations to conditions outside but 
not too far from the training conditions might be possible, 
cf. also [27] where extrapolations for a similar type of 
model were analyzed.

3.4 � Comparison of BSA and lysozyme loadings

It is interesting to compare the results of BSA obtained in the 
present work with those obtained for lysozyme in our previ-
ous work [27, 28], as both studies were carried out with the 
same resin, the same salts, and for similar pH values. Results 
of the comparison are shown in Fig. 6, where the protein 

loading is reported as a function of the ionic strength for 
pH 4.7 for all studied salts. The comparison is carried out for 
a fixed protein concentration in the solutions cP = 0.09 mM, 
which was already used previously, cf. Figure 4. The results 
for BSA stem from the model developed in this work, cf. 
Eqs. (3–6), those for lysozyme were obtained by extrapola-
tions with the model developed in our prior work [27, 28].

Figure  6 reveals important differences between the 
adsorption of both proteins. In the largest part of the stud-
ied range of the ionic strength, the adsorption of lysozyme 
is much stronger than that of BSA at the studied pH value. 
This is related to the higher net charge of lysozyme at the 
studied pH value, which leads to stronger ionic interactions 
between lysozyme and the mixed-mode resin compared to 
BSA. Similar results can be found at pH 7.0 as well, cf. 
Figure S.7 in the Supporting Information.

Only at very high ionic strengths, i.e., in the HIC region, 
an inverse trend is observed for most of the salts, see also 
the enlarged representation in Fig. 6 (right): the adsorp-
tion of BSA is stronger than that of lysozyme, albeit on an 
overall low level. As observed previously, the BSA loading 
increases with increasing ionic strength, which can not be 
observed for lysozyme, cf. [27] and [28], indicating only 
little hydrophobic interactions of lysozyme with the mixed-
mode resin. Lysozyme is a rather "hard" protein [38, 39], 
which retains its secondary structure also during adsorp-
tion [40], while BSA is a rather "soft" protein [38, 39]. The 
more flexible BSA can therefore change its confirmation, 
allowing stronger hydrophobic interactions with the mixed-
mode resin due to the varying solvent-accessible surface 
areas. We thus speculate that at even higher ionic strengths 
than 3000 mM, an even stronger adsorption of BSA can be 
expected for all salts and pH values.

The shown comparison of the loading of BSA and 
lysozyme can be considered as an example that demonstrates 
the usefulness of the presented modeling approach, e.g., 
for the conceptual design of protein separation processes. 

Table 1   Model parameters of Eqs.  (4–6) for the prediction of entire 
equilibrium adsorption isotherms of BSA on Toyopearl MX-Trp-
650M at 25 °C at pH 4.0 and 4.7

pH Mechanism Salt i a
i

b
i

d
i

4.0 IEC None ("0") 42.421 3.636 0.539
NaCl 1.202 −0.534 33.464
Na

2
SO

4
0.926 −1.258 36.571

NH
4
Cl 1.337 −0.512 36.130

(NH
4
)
2
SO

4
0.803 −0.125 43.608

HIC NaCl 0.117 0.495 -
Na

2
SO

4
0.349 0.382 -

NH
4
Cl 0.197 0.267 -

(NH
4
)
2
SO

4
0.128 0.274 -

4.7 IEC None ("0") 29.008 10.807 0.974
NaCl 5.935 2.660 17.465
Na

2
SO

4
3.322 1.438 15.380

NH
4
Cl 3.581 −2.308 29.131

(NH
4
)
2
SO

4
2.069 7.063 0.027

HIC NaCl 0.497 0.994 -
Na

2
SO

4
0.149 0.498 -

NH
4
Cl 0.421 0.996 -

(NH
4
)
2
SO

4
0.171 0.667 -

Fig. 6   Comparison of BSA and lysozyme loading of Toyopearl MX-
Trp-650M at cP = 0.09  mM ( P ={BSA,lysozyme}) at pH  4.7 and 
25 °C for all studied salts as a function of the ionic strength I. Solid 

lines: BSA loading, cf. Eqs.  (3–6); dashed lines: lysozyme loading, 
cf. [27] and [28]. The right panel shows a zoomed-in representation 
of the left panel and was included for improved clarity
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Model interpretations always dependent on protein and resin 
properties. Salts can have various influences on the adsorp-
tion of proteins. E.g., BSA has been observed to follow the 
Hofmeister series while lysozyme was described to follow 
the Hofmeister series only at high ionic strengths [41-44] 
However, the results of this work as well as our previous 
study on lysozyme with the same resin [27] did not show an 
adsorption behavior of any of the two proteins that can be 
explained by the Hofmeister series. Nevertheless, the pre-
sented modeling approach is generic so that is can be applied 
to different combinations of proteins and resins and, thus, 
could be used for finding optimized process conditions with 
a reduced experimental effort.

The fact that a similar type of model could be used for the 
successful description of adsorption isotherms of lysozyme 
in our previous work [27, 28] indicates that this modeling 
approach is also applicable for other systems, namely, other 
combinations of proteins and mixed-mode resins.

4 � Conclusion

In the present work, a systematic experimental study of the 
adsorption of BSA on the mixed-mode resin Toyopearl MX-
Trp-650M was carried out at 25 °C. The influence of dif-
ferent salts (sodium chloride, sodium sulfate, ammonium 
chloride, and ammonium sulfate), the ionic strength (0 to 
3000 mM), and the pH value (4.0, 4.7, and 7.0) was studied. 
At pH 4.0 and 4.7, where BSA carries a positive net charge 
or almost no net charge, respectively, the adsorption of BSA 
can be divided into two regions for all studied salts. In the 
IEC region up to approximately I = 1000 mM, the adsorp-
tion is dominated by ionic interactions between the protein 
and the cation exchange ligands or the resin, and the loading 
decreases exponentially with increasing ionic strength. Ions 
shield both, the negatively charged cation exchange ligands 
as well as the charged amino acids on the BSA surface. Par-
ticularly effective shielding effects were found for salts con-
taining small ions (sodium and chloride). In the HIC region 
at higher ionic strengths, the adsorption is mainly caused by 
hydrophobic interactions and increases nearly linearly with 
increasing ionic strength, which is due to the salting-out 
effect of the salts present in solution. The strongest salting-
out effects were observed for sodium sulfate and ammonium 
chloride at pH 4.0.

In all cases, the BSA loading decreases with increasing 
pH value, which is mainly caused by the dependence of the 
net charge of BSA on the pH value. The strongest adsorp-
tion was found at pH 4.0 and the lowest at pH 7.0, where 
adsorption was very low due to the negative net charge 
of both the BSA and the cation exchange ligands of the 
resin. The strongest hydrophobic interactions were found 
at pH 4.0, which can be explained by the expanded F-BSA 

conformation, in which BSA is present at this condition, 
whereas the more globular N-BSA conformation is present 
at pH 4.7 and 7.0. In future work, also the properties of the 
proteins and pure resins should be studied, particularly the 
dissociation equilibria and the related surface charges as a 
function of pH value and ionic strength of different salts.

Furthermore, we have developed a mathematical model 
of the adsorption of BSA on Toyopearl MX-Trp-650M. The 
model describes the influence of the salt type, the ionic 
strength, and the pH value on the BSA loading; equilibrium 
adsorption isotherms that are predicted with the model are 
in very good agreement with the experimental data. Since 
the model can predict equilibrium adsorption isotherms for 
a wide range of relevant process parameters, it is a valuable 
tool for the simulation, conceptual design, and optimization 
of separation processes of proteins with mixed-mode chro-
matography. The modeling approach is generic and can be 
transferred to other systems, e.g., proteins and resins.
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