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Abstract 
The biopharmaceutical industry is constantly developing biological drugs, resulting in 
increased levels of product related impurities having similar characteristics as the target. The 
aim of the ligand project was to address future challenging purifications by developing new 
ligands for future resins for the biopharmaceutical industry. The purpose of this study was to 
develop a high-throughput screening method and use it to compare 15 novel multimodal 
anionic exchange ligand analogues with two reference ligands, for future polishing steps in 
the downstream process. The protein binding behavior of the ligands were studied with 
alkaline phosphatase, human serum albumin, α-chymotrypsinogen A and a monoclonal 
antibody as model proteins, at various pH values and salt concentrations. The selection 
process of the model proteins was based on stability studies, a study of their adsorption to the 
96 well plate, and their binding behavior on three of the ligand analogues and one reference 
ligand. The percent protein bound to the ligands at the various conditions was calculated and 
presented in plots in order to study their binding behaviors. The calculated values were also 
used in order to evaluate the results in principal component analysis, creating 
chromatographic diversity maps. The maps were used to get an overview of the differences 
and similarities of the ligand analogues compared to the reference resins, which can be used 
for selecting ligands for future research and biomanufacturing. Four analogues and one 
reference ligand were also studied in a column format where different gradients were used, 
which confirmed the obtained results in the plate experiments.  
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1. Introduction 
The biopharmaceutical industry is constantly developing biological drugs for diagnostic 
purposes and therapeutic applications [1]. Today, both bi- and multispecific antibodies are 
being developed [1, 2], enabling further functions and pharmacological properties compared 
to monospecific antibodies [1]. However, bi- and multispecific antibodies are prone to result 
in increased levels of product related impurities that are very similar in their physicochemical 
properties, including the hydrophobicity and net charge of their surfaces [3, 4]. This leads to 
the biopharmaceutical industry facing increased purification challenges while remaining 
strictly regulated by different authorities [Personal communication G Malmquist 04 Sep 
2020]. 
 
The production process of biological drugs contains different steps, where the purification 
process is a vital part [5]. The first step in the production chain is the production of the desired 
protein through a cell culture in vitro [6, 7, 8]. Since the protein is extracted from the cells, it 
will contain several impurities in addition to the desired protein [7, 9]. When purifying 
biological drugs, there are multiple steps required in order to achieve sufficiently high purity 
in accordance with regulatory requirements, including multiple chromatographic steps. The 
first two chromatographic steps are known as the capture- and intermediate purification steps, 
where the desired protein is captured and concentrated while several impurities are removed. 
However, small amounts of different impurities remain [9, 10], such as process related 
impurities [6, 7, 8, 10] such as host cell proteins (HCP) [6, 7, 11, 12, 13] and DNA together 
with leached ligands from the capture step [6, 7], as well as product related impurities [6, 7, 
10] like aggregates and fragments. Therefore, it is important to add one or more polishing 
steps [6, 7, 14]. The polishing steps are many times performed by Cytiva’s various agarose 
base resins. The resins consist of ligands coupled to bead matrices, made of agarose. The 
ligands consist of different molecular compositions, which enables different interactions to 
the desired protein target. Today, there are multiple resins available, such as affinity resins, 
ion exchange resins for both cat- and anion-exchange, hydrophobic interaction 
chromatography resins as well as resins where no interaction with the ligand, but only 
separation according to the size of the target and impurities. There are also resins with ligands 
enabling more than one type of interaction, the so-called multimodal ligands. Multimodal 
ligands has the ability to solve purification problems which are challenging [15].  
 
Anion exchange chromatography (AIEX) is commonly used in one of the purification steps 
when purifying monoclonal antibodies (mAbs) [7, 12, 16]. CaptoTM adhere ImpRes is one of 
Cytiva’s resins and it has a multimodal AIEX ligand bound to a base matrix of agarose with 
the bead size of approximately 40 μm, where an illustration of the ligand can be seen in figure 
1.  

 
Fig. 1: The multimodal ligand of Capto adhere ImpRes which is attached to a bead matrix. Three of 
the different interaction possibilities are (A), (B), and (C). (A) enables ionic interactions, (B) enables 

hydrophobic interactions, and (C) enables hydrogen bonding interactions [6]. 
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Capto adhere ImpRes is a product that has been further developed from Capto adhere, which 
has a larger bead size (75 μm). The main reason for this development is that higher resolution 
is obtained. However, the ligand structure of the two products remains the same. Different 
functional groups are included in the ligand in order to generate different interactions with the 
target molecule, where the separation of the target molecule from the impurities [6] is based 
on the charge, isoelectric point (pI), hydrophobicity, and hydrogen bonding possibilities of the 
target [9]. However, there is a challenging combination of the increasing molecular diversity 
among biological drugs which provide more product related contaminants that must be 
removed. Therefore, the importance of the polishing step in the future downstream processing 
will be increasing [Personal communication G Malmquist 04 Sep 2020]. 
 
The project is a part of Cytiva’s ligand project, where the aim is to increase the selectivity of 
multimodal AIEX by developing a set of novel multimodal AIEX ligands for future polishing 
steps. A screening process for novel multimodal AIEX ligands will be designed including 
identification a set of model proteins and conditions that can be used to characterize the 
chromatographic diversity. To enable screening of several ligands, proteins and conditions in 
a short time, a parallel format was chosen, 96-well filter plates. These plates are commercially 
available from Cytiva, prefilled with resin and called PreDictorTM plates [17]. The resins that 
were evaluated have been dispensed in the plates as a part of the study. The overarching aim 
for this study is to find ligands that differ in properties, which can be used in future polishing 
steps in the purification process of biological drugs. The chromatographic diversity of the 
ligand analogues was described by calculating percent bound protein for each condition for 
each resin analog and compared the values with each other by principal component analysis 
(PCA). An additional aim is to perform column scale studies in order to verify that the results 
from the plate studies can be used to predict chromatographic column behavior.  

2. Experimental 
2.1. Chemicals 
The chemicals that were used was disodium hydrogen phosphate dihydrate (Na2HPO4), 
sodium dihydrogen phosphate monohydrate (NaH2PO4), acetic acid (glacial) 100% anhydrous 
for analysis, sodium acetate, tris(hydroxymethyl)aminomethane hydrochloride, 
tris(hydroxymethyl)aminomethane, sodium chloride (NaCl) and sodum hydroxide (NaOH) 
from Merck KGaA, Darmstadt, Germany. Absolute ethanol was also used, from VWR 
International, Pennsylvania, USA. 

Proteins were used in this study. α-chymotrypsinogen A (CHY) from bovine pancreas, 
essentially salt-free, lyophilized powder. α-lactalbumine (LAC) from bovine milk, type I 
³85% (PAGE), hydrophilized powder. Alkaline phosphatase (ALK) from bovine intestinal 
mucosa, ³10 DEA units/mg solid, lyophilized powder. Serum albumin (HSA) from human, 
³97% (agarose gel electrophoresis), lyophilized powder. Lipase (LIP) from pseudomonas 
cepacia ³30 U/mg (lot: 40.7 U/mg), powder light beige. Hyaluronidase (HYA) from bovine 
testes, 999 units/mg solid, lyophilized powder. All proteins came from from Sigma-Aldrich, 
Saint Louis, USA. The monoclonal antibody (mAb1) and lactoferrin (FER) came from 
Cytiva’s Research and Development department. 

2.2. Equipment 
The equipment used during this project was a pH meter, model SevenEasy from Mettler 
Toledo, Ohio, USA. Digital microtiter plate shaker, model MTS 2/4 digital, from IKA, 
Staufen, Germany. Magnetic stirrer, model LD-746 from Labino manufacturing in the 
Netherlands. Analysis scale, model XS603S from Mettler Toledo GmbH, Griefense, 
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Switzerland. Centrifuge, model 5810R centrifuge bundle from Eppendorf, Hamburg, 
Germany. Different pipettes were also used, an 50-1200 µL 8-channel pipette, model 
Eppendorf Research pro 1200 from Eppendorf, Hamburg, Germany, and three pipettes, 0.5-2 
µl, 100-1000 µL and 500-5000 µL, model pipet-lite from Mettler-Toledo Rainin, Ohio, USA. 
The UV spectrophotometer used was of the model Spectra Max Plus 384, from Molecular 
Devices, California, USA. HiPrepTM 26/10 desalting column, ÄKTATM pure and the fast 
liquid chromatography system ÄKTA Explorer together with TricornTM 5/100 columns were 
used which came from Cytiva, Uppsala, Sweden. A TECANTM robot was used from Tecan 
Group Ltd, Männedorft, Switzerland. A liquid handling robot was also used from Gilson, 
Middleton, USA. The software program SIMCATM was used, from Sartorius, Göttingen, 
Germany. 

2.3. Method 
2.3.1. The model proteins 
The model proteins were selected based on their pI values and molecular weights (Mw). The 
study started off with 8 proteins with various pI values and Mw, which are listed in tab. 1 
together with their source and any information found about their characteristics. A selection 
process of the model proteins was performed, including stability studies, a study of their 
adsorption to the PreDictor plates, and their binding behavior to the reference resin and three 
of the ligand analogues.  

Tab. 1: The 8 model proteins α-lactalbumin (LAC), albumin (HSA), alkaline phosphatase (ALK), 
hyaluronidase (HYA), lactoferrin (FER), lipase (LIP), a monoclonal antibody (mAb1) and α-

chymotrypsinogen A (CHY), their pI values, Mw, source and the character of the protein. 

Protein pI Mw (kD) Source Protein character 

LAC 4.5 14.18 Bovine milk An earlier hydrophobic interaction 
chromatography (HIC) study by C.L. 
Bilodeau, N.A. Vecchiarello and S. Altern 
et al. [18] showed that when a gradient was 
used with 1500-0 mM ammonium sulfate, 
LAC eluted at 85.5%. Therefore, LAC is 
shown to be more hydrophobic than CHY 
and FER, which were also included in the 
study. 

HSA 4.7 66.4 Human 
serum 

The largest proportion of the surface is 
negatively charged [19, 20]. There is also a 
pocket of positive charge. The other side of 
the protein is mainly uncharged [20]. 

ALK 4.4-
5.8 

140-160 Bovine 
intestal 
mucosa 

The largest proportion of the surface is 
negatively charged. There is also a small 
domain which is positively charged [20]. 

LIP 5.1 36.5 Pseudomonas 
cepacia 

More hydrophobic than conventional 
proteins [21]. 

HYA 5.3 55 Bovine testes  

FER 6.0 77 Bovine milk An earlier HIC study by C.L. Bilodeau, 
N.A. Vecchiarello and S. Altern et al. [18] 
showed that when a gradient was used with 
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1500-0 mM ammonium sulfate, FER eluted 
at 65.9%. Therefore, FER is shown to be 
less hydrophobic than ALK and CHY, 
which were also included in the study.  

mAb1 8.6 150 Chinese 
hamster 
ovary 

An earlier study by Kornher, O. [22] has 
shown that mAb1 has been able to bind 
hydrophobically to multimodal cationic 
ligands. 

CHY 8.97 25.6 Bovine 
pancreas 

An earlier HIC study by C.L. Bilodeau, 
N.A. Vecchiarello and S. Altern et al. [18] 
showed that when a gradient was used with 
1500-0 mM ammonium sulfate, CHY 
eluted at 66.3%. Therefore, CHY is shown 
to be slightly more hydrophobic than FER, 
but less than LAC. One side of the protein 
is mainly hydrophobic, containing few 
negative patches. The other side is mainly 
positively charged (20). Also, a common 
model protein used when working with HIC 
resins at Cytiva due to its high 
hydrophobicity [Personal communication G 
Malmquist 07 Dec 2020]. 

 
2.3.2. Preparation of PreDictor plates 
In order to study the binding behavior of the different ligand analogues, PreDictor plates were 
prepared where each well, in total 96 wells, was filled with 6 μL resin where each plate 
consisted of one resin. In order to fill the plates, a slurry was prepared, consisting of 5% resin. 
The resins were provided in falcon tubes, also containing 20% (v/v) ethanol (EtOH) (aq). The 
resin was sedimented and the volume of 20% EtOH was possibly adjusted in order to obtain 
approximately 50% resin and 50% of 20% EtOH prior to preparation of the slurry. When 
preparing a 5% slurry, an exact volume of resin was needed. Thus, a so-called cube, Cytiva 
in-house design, was used. The preparation of the resin was carried out according to 
Appendix 1. 

When filling the plates, the robot from Gilson was used. Three glass vials were filled with 8 
mL slurry where the slurry was shaken and vortexed before and in-between filling the vials in 
order to minimize the risk of sedimentation of the resin, assuring an even concentration 
throughout the entire volume. The vials were placed in the robot and stirring devices was 
mounted, stirring the three vials individually due to a magnetic field. A pre-made worklist 
was used in the software Trilution LH, and the PreDictor plate was placed in the result zone 
of the Gilson robot. Each well was filled with 120 μL of 5% slurry, corresponding 6 μL resin. 
Plastic foil was used in order to seal the plates and was stored in a refrigerator.  

2.3.3. Preparation of the solutions 
Buffers, protein solutions and a salt solution were prepared for both the selection process of 
the final model proteins and the ligand screening process to be carried out.  
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2.3.3.1. Preparation of the conditions 
The storage buffer of the proteins was 5 mM phosphate buffer pH 7, where the recipe was 
received from BufferMate, an in-house developed buffer program. Buffers used for the 
screening process were prepared using a TECAN robotic system. The in-house developed 
buffer program for this format, BufferWand, was used to calculate the buffer recipes, where 
adjustments for salt concentration was included in the program. Prior to the preparation of the 
different conditions by the robot, different stock solutions were made. The three pH values 
which were included in the study was aimed to be pH 5, 6.7 and 8, where 50 mM acetate 
buffer, 20 mM phosphate buffer and 52 mM tris buffer were used respectively. An additional 
stock solution for NaCl was also prepared. The procedure of preparing the storage buffer and 
screening conditions can be seen in Appendix 3. 

2.3.3.2. Preparation of the protein solutions 
The protein solutions had a concentration of 0.9 mg/mL. The solutions were prepared by 
weighing 45 mg of ALK, LIP, HYA, FER and CHY into 50 mL measuring flasks 
respectively, then adding the storage buffer to the measuring flask. Since bubbles appeared 
when the solutions were stirred, the flasks were placed in the refrigerator overnight for the 
bubbles to settle, assuring a more even meniscus. The rest of buffer was then added, and 50 
mL of the protein solution was received. HSA and LIP was prepared according to the same 
procedure but adding 452 mg to 50 mL measuring flasks instead, corresponding to 9 mg/mL. 
These solutions were then diluted 1:10 with the storage buffer, receiving a concentration of 
0.9 mg/mL. The preparation of the mAb1 and FER solutions can be seen in Appendix 2. 
When preparing the final samples consisting of the proteins and the conditions to be used, 300 
μL of the protein solutions were added to the 96-welled AxygenTM plate already consisting of 
600 μL of 1.5 times higher concentrations of the conditions. Thus, the obtained protein 
concentrations were 0.3 mg/mL (corresponding to 10 mg protein per mL resin) and the 
conditions were diluted. 

2.3.4. Protein stability studies 
Stability studies were performed for the protein solutions using the storage buffer, the 
conditions used for the screening method and the incubation process. When performing the 
stability studies, 0.9 mg/mL solution of the proteins were used. However, for the study using 
the storage buffer, only the proteins ALK, HYA, FER, LIP and CHY were studied, where the 
samples were diluted to 1:3 with the storage buffer. The samples were then analyzed at both 
280 and 600 nm in order to be used as the initial time point. Thereafter, a small volume of the 
same protein solutions with the concentration of 0.9 mg/mL was placed into separate falcon 
tubes in duplicates, where one of the tubes were placed in room temperature as the other was 
placed in the refrigerator for 24 hours. These samples were then further diluted to 1:3 with the 
storage buffer and their UV absorbance was analyzed at both 280 and 600 nm. Thereafter, a 
comparison was made between the results obtained from the initial time point, and after 24 
hours. The stability study which was performed based on the conditions used had a similar 
procedure as the previous one - however, all protein solutions were measured, being diluted in 
various conditions (see fig. 2). A volume of 200 µL of each solution were transferred to two 
UV-transparent microplates, where one of them was analyzed at both 280 and 600 nm in 
order to be used as the initial time point, as it was then placed in room temperature. The 
second plate was placed in the refrigerator. The plates were left for the weekend as they were 
then analyzed at 280 and 600 nm, as a comparison was made of the results obtained together 
with the results from the initial time point. A third stability study was performed where 200 
µL of each protein solution with the concentration 0.3 mg/mL with corresponding conditions 
were placed in an UV-transparent microplate, corresponding to the initial time point. Then 
600 µL of each protein solution was shaken at 1100 rpm for 60 minutes, and 200 μL of the 
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protein solutions were then analyzed at 280 and 600 nm and the obtained results were 
compared with the results from the initial time point. 

2.3.4.1. Studying the 8 model proteins 
The model proteins were studied on Capto adhere ImpRes, the ligand analogues A02, A03, 
A10, and an empty PreDictor plate. The procedure when working with the plates started with 
removing the bottom foil of the plate as it was then placed on a collection plate. All plates, 
except for the empty PreDictor plate, was vacuum filtered as they contained 20% EtOH, 
which had to be removed. The resins were then equilibrated three times with the chosen 
condition, where the equilibration was performed by adding 200 μL of the chosen condition to 
each well. The plates were then shaken at 1100 rpm for 1 minute and the wells were then 
vacuum filtered. This procedure was performed three times, but during the third time, the 
plate was centrifuged at 500 g for 1 minute instead of being vacuum filtered. Thereafter, 200 
μL of the 0.3 mg/mL protein solution were added to each well according to the plate design in 
fig. 2. The PreDictor plates were then incubated for 60 minutes, except for the empty 
PreDictor plate during the selection of the model proteins, where its incubation time was 15 
minutes.  

During the incubation, two separate UV-transparent microplates were prepared, where the 
first was prepared by adding 200 μL of each protein and condition solution to each well in 
order to be used as a reference. The second microplate was prepared by adding 200 μL of 
each condition, in order to be used as a blank. When the incubation was done, the plates were 
placed on a UV-transparent microtiter plate before they were centrifuged for 1 minute. The 
flow through was now collected into the microplate, which corresponds to the largest 
proportion of proteins that have not bound to the ligands. The flow through, reference and 
blank plates were analyzed at 280 nm with an UV spectrophotometer. If any bubbles or foam 
was observed in the wells, they were either ruptured with a needle or a maximum of 2 μL 
absolute EtOH was added. The workflow can be seen in fig. 13.  

During the analysis, the spectrophotometer had an in-built shaker, which shook the plates for 
10 seconds prior to the analysis. Since the wells did not correspond to 1 cm in length, the 
pathlength was normalized by the software program. This was performed by the UV 
spectrophotometer measuring the absorbance at 900 nm, where it also calculated the 
pathlength. This technique improved the precision of the absorbance values obtained for the 
protein solutions, improving the calculation of their concentrations. Therefore, the UV 
spectrophotometer had the ability to compensate for any differences in the volumes of the 
protein solutions the wells. All protein solutions were measured at 280 nm and the absorbance 
values were transferred to an Excel document in order to be evaluated. 

 
Fig. 2: An illustration of the workflow when working with the Predictor plates, adapted from Cytiva 

[17]. 

centrifugation
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During the experiments, the protein concentration loaded into each well (cload) was calculated 
for each preparation of proteins to be loaded. The calculation of the protein solutions was 
performed by Lambert-Beer’s law, where the obtained ε was used from the calibration curves 
for each protein. The absorbance values for each protein was averaged across all conditions 
and was used as the reference absorbance value (Areference). b was 1 cm. See eq. 1. 

𝑐!"#$ =
𝐴%&'&%&()& − 𝐴*!#(+

𝜀 ∙ 𝑏 																(1) 
 
The percent protein bound to each resin at each condition (%boundprotein) was calculated based 
on the protein solution, which was incubated for 60 minutes, and then centrifugated into the 
UV-microtiter plate. Several parameters were calculated in order to obtain %boundprotein. The 
parameters were the amount protein loaded to each well (mload), amount protein in the flow 
through in each well of the microtiter plate (mFT), amount protein that is remained in the 
resins but has not bound to the ligand (mretained) and the percent protein bound to the empty 
PreDictor plate (%boundempty). See eq. 2. 

%𝑏𝑜𝑢𝑛𝑑,%"-&.( = 1
𝑚!"#$ − (𝑚/0 +𝑚%&-#.(&$)

𝑚!"#$
4 −	%𝑏𝑜𝑢𝑛𝑑&1,-2									(2)							 

In order to calculate percent protein bound to each ligand, the parameters included in eq. 2 
had to be calculated first. mload was calculated based on the volume protein solution added to 
each well (Vload), corresponding 200 μL. See eq. 3. 

𝑚!"#$ = 𝑐!"#$ ∙ 𝑉!"#$ 																					(3) 

In order to calculate mFT, the protein concentration in each well of the flow through plate (cFT) 
was calculated in an equation which combined Lambert-Beer’s law with the same principle as 
eq. 1, where the absorbance value from the flow through plate was used (AFT). mFT was 
calculated according to eq. 4. 

𝑚/0 =
𝑉!"#$ ∙ (𝐴/0 − 𝐴*!#(+)

𝜀 ∙ 𝑏 																				(4) 

cFT represents the concentration of protein which did not bind to the ligand and just passed the 
resins with the flow through. However, since there will be a small volume of proteins left in 
the filter of the PreDictor plate and in the pore volume of the resin after the last centrifugation 
step (Vretained), the corresponding amount of protein (mretained) must be considered in the 
calculations. Studies performed at Cytiva’s Research and Development department has shown 
that Vretained is approximately 6 μL and additional 60% of the resin volume [17], here being 6 
μL. See eq. 5. 

𝑚%&-#.(&$ =
𝑚/0 ∙ (6 + 0.6 ∙ 𝑉%&3.()

𝑉%&3.(
												(5)					 

In order to evaluate the results from the empty PreDictor plate study (Vresin = 0 mL), the 
percent protein bound to the empty plate (%boundempty) was calculated based on mload, mFT 
and mretained. See eq. 6. 

%𝑏𝑜𝑢𝑛𝑑&1,-2 =
𝑚!"#$ − (𝑚/0 +𝑚%&-#.(&$)

𝑚!"#$
										(6) 

In order to estimate the variety of the behavior of the proteins, correlation values were 
calculated for the candidate set of model proteins, where the correlation between one model 
protein and each of the other model proteins was calculated. The correlation value was then 
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summed for each protein, and the values obtained was compared for the candidate set of 
model proteins.  

2.3.4.2. Calibration curves 
A calibration curve for each model protein was prepared consisting of 5 different 
concentrations which were prepared from the protein stock solutions, containing 0.9 mg/mL 
protein. The concentrations used for the calibration curve were 0.9, 0.68, 0.45, 0.30 and 0.23 
mg/mL. The dilutions were made in duplicates and the values used for the calibration curves 
were based on the mean. A blank sample was also analyzed in order to be subtracted from the 
absorbance values obtained by the dilutions. When creating the calibration curve, the intercept 
was set to pass through the origin. The slope obtained for each calibration curve corresponded 
to the mass absorptivity coefficient (ε) according to Lambert-Beer’s law, as b was equal to 1 
cm. ε was then used in order to calculate cload in each well of the reference plates, and the 
protein concentration in each well of the flow through plate. 

2.3.5. The screening of the ligand analogues 
The conditions used during the screening process of the ligand analogues using the final 
model proteins differed from the ones used when selecting the model proteins. The 
concentration of NaCl used in the screening process were 0, 50, 135, 260, 480, 650, 1250 and 
1750 mM. The plate design can be seen in fig. 3. The number of plates studied each day 
differed between three to six, where one 48-well and 96-well Axygen buffer plate was enough 
to study 3 plates including a reference and a blank UV-microtiter plate. The stock solutions of 
model proteins were also prepared once again in order to be used during the screening of 
ligands. 

 
Fig. 3: The plate design of the PreDictor plate including the selected 4 model proteins with the various 

buffers and salt concentrations during the screening study of the model proteins. 

The ligand analogues studied were A01 to A05 and A10 to A13, being strong AIEX, as well 
as B01, B02 and B05 being weak AIEX. The ligand analogues C01, C02 and C03 were also 
studied, being very different from the other ligand analogues as their molecular structures are 
polymeric. Their molecular structure is based on poly allylamine (PAA) where each of the 
analogues are modified with different functional groups with different degrees of substitution. 
The reference for C01, C02 and C03 was PAA (C00). All analogues were coupled to the same 
base matrix as Capto adhere ImpRes. An empty PreDictor plate was also studied together with 
Capto adhere ImpRes, which was studied three times with a time interval of approximately 1 
week. Additionally, Capto Q ImpRes was also studied, which consists of a strong AIEX 
ligand with the same base matrix as Capto adhere ImpRes. 
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2.3.6. Principal Component Analysis 
The principal component analysis (PCA) was created in SIMCA software program [23]. The 
calculated values for percent protein bound for each of the proteins with each of the 
conditions were gathered in an Excel document. The name of each ligand analog, the salt 
concentrations, pH values, name of the protein were also included in the document, and each 
ligand analog generated 96 variables. The file was then exported to SIMCA. The result zone 
contained the calculated percent protein bound to each ligand analog. When the import was 
performed, two of the three Capto adhere ImpRes references were excluded from the model. 
The scaling selected for all variables was centering, as the measuring range is similar for all 
variables and this type of scaling allows comparison between the variables without over-
emphasis on low variability data. The significant number of principal components was 
calculated by the software program and the first few components explaining most of the 
variance in data was chosen manually. Thereafter, PCA score plots were obtained. 

2.3.7. Column studies 
The columns used for these studies were 2 mL Tricorn 5/100 columns. The packing procedure 
of the Tricorn columns can be seen in Appendix 4. Three gradients were used, where the A 
solution used for the first gradient was 52 mM tris buffer pH 8 containing 1.5 M NaCl, as the 
B solution was 52 mM tris buffer pH 8 containing no salt, and finishing off with 0.5 M NaOH 
as a cleaning-in-place (CIP) procedure. The first buffer mentioned was prepared by adding 
1.79 g of tris base, 5.87 g of tris-HCl and 87.66 g NaCl to a 1 L measuring flask, which was 
then filled with MilliQ. The second buffer was prepared by adding 2.33 g tris base and 5.16 g 
tris-HCl to a 1 L measuring flask. The 0.5 M NaOH solution was premade. The A solution 
used for the second gradient was 52 mM tris buffer pH 8 containing no salt, and the B 
solution was 50 mM acetate buffer pH 5 containing no salt, which was prepared by adding 
0.96 mL acetic acid and 4.51 g Na-acetate. The A solution used for the third gradient was 50 
mM acetic acid pH 5 containing 1.5 M NaCl, which was prepared by adding 0.65 mL acetic 
acid, 5.25 g Na-acetate, 87.66 g NaCl to a 1 L measuring flask, and the B solution was 50 mM 
acetate buffer pH 5 with no salt. 

The column study was performed with a flow rate of 0.5 mL/min and was monitored at 215 
and 280 nm. The proteins studied on column scale was mAb1, HSA and CHY. The column 
was first equilibrated with 3 column volumes (CV) of the A solution, as 50 μL of the protein 
sample was injected. One additional CV of the buffer was added, as the gradient started when 
solution B was added. The gradient increased from 0% to 100% during 10 CV, where it also 
retained 100% solution B during 3 CV. Thereafter, the CIP procedure was performed during 5 
CV, as the system was then re-equilibrated with 13 CV of solution A. 

3. Results and discussion 
3.1. The proteins binding behavior 
Proteins are built from at least 20 amino acids [24], having different characteristics as they 
have either basic, acidic or neutral/hydrophobic side chains [25]. Therefore, different proteins 
will have different characteristics. The amino acids on the proteins surface can create different 
“patches” depending on their characteristics. Depending on the amino acids included in the 
patch, the patches could be positively charged if they consist of basic amino acids or 
negatively charged if they consist of acidic amino acids. The patches could also be 
hydrophobic if they consist of hydrophobic amino acids. Each protein has a pI value, which 
corresponds to the pH value where the net charge of the protein is 0. However, although the 
net charge is 0, the proteins still contains charged patches. The difference is that there are as 
many positively as negatively charged amino acids. When the pH is below the pI value, the 
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net charge of the protein is positive, while pH above the pI, the net charge of the protein is 
negative [26].  
 
When studying the model proteins on the AIEX ligands, a pH value above the pI would be 
desirable as the proteins net charge would be negative and would therefore bind to the AIEX 
ligand to a greater extent. However, there will still be negatively charged patches when the pH 
is below the pI value, although the net charge is positive. This means that proteins will still be 
able to bind to the AIEX ligand, but it will not bind to the same extent as if its net charge was 
negative. Also, since the ligand is multimodal, there are still hydrogen bonding and 
hydrophobic interaction possibilities between the ligand and the protein. The proteins will still 
be able to bind to the ligand to greater extent when using pH values below the pI value, if the 
protein has hydrophobic patches and depending on the extent of hydrogen donors and 
acceptors included in the molecular structure of the protein.  The influence of the hydrophobic 
patches will also be enhanced when increasing the salt concentration, which will be discussed 
further. Therefore, there are differences in the behavior of the proteins due to pH and salt 
concentration. 
 
The multimodal effect of Capto adhere ImpRes is observed when studying some of the model 
proteins, and therefore the comparison between the theoretical and practical binding behavior 
will be made for this resin (see fig. 4). Regarding the pH values, a general pattern can be 
observed where higher percent protein is bound to the ligand at 0 mM NaCl when using the 
higher pH values. However, the majority of the proteins bind equally at higher salt 
concentrations regardless of the pH value due to the interactions between the ligand and 
protein being more independent of the pH values in the solution. This is because the 
interactions between the ligand and the protein are mainly hydrophobic during higher salt 
concentrations, rather than ionic. 

 
Fig. 4: The reference resin (Capto adhere ImpRes, A00_1) to which (A) ALK, (B) mAb1, (C) HSA 

and (D) CHY binds. The multimodal effect is seen for (A), (B) and (D). 

During pH 4.96, HSA and possibly ALK was are mainly negatively charged due to their pI 
values (4.7 and 4.4-5.8 respectively). However, although their overall charge may be mostly 
negative, HSA and ALK bound to the ligands with significantly higher percentage during the 
higher pH values when no salt was added, compared to the lowest pH value (see fig. 4 A and 
C). This can be explained by the overall charge of the protein, where the overall surface 
charge might be mainly negative when using pH above the pI value – but the higher the pH 
value, the more negative the overall charge becomes. Therefore, although the lowest pH value 
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is above the pI of HSA and ALK, their overall charge still becomes more negative with the 
higher pH values, and therefore will bind more to the positively charged ligands compared to 
the lowest pH value used. The same principle is applicable to mAb1 and CHY at pH 4.96. 
However, neither mAb1 nor CHY had a negative net charge at any of the pH values studied 
due to their pI values being too high. Therefore, it is rather a question regarding the extent of 
overall positive charge of the proteins. During the lowest pH value, the overall charge would 
be the most positive compared to the protein charge at the higher pH values. The proteins 
would therefore bind the least to the positively charged ligand during 0 mM NaCl, which can 
also be observed in fig. 4 B for mAb1 and fig. 4 D for CHY. 
 
When adding NaCl, mainly two things will occur which will affect the binding between the 
model proteins and the ligands. First, its corresponding anion (Cl-) will compete with the 
proteins for the positively charged binding sites on the ligand. Therefore, when increasing the 
salt concentration, the anions will increase, leading to an increased competition. Thus, the 
percent protein bound to the ligands will decrease with increasing salt concentration, which 
can be seen for all model proteins in fig. 4. Potentially, the corresponding anions from the 
buffer salts could also affect the interaction between the proteins and the ligands. However, 
the reason for using the specific concentrations of the buffers (52 mM tris, 20 mM phosphate 
and 50 mM acetate buffer) was due to matching their ionic strength. The ionic strength for all 
the buffers were 33.23±0.51 mM, where a low ionic strength was desirable for the salts from 
the buffer not to interfere with the ligand studies, while still maintaining their buffer capacity. 
 
The second parameter affecting the percent protein bound to the ligands due to increasing salt 
concentrations, regards the “salting-out” effect. When increasing the salt concentration, the 
water molecules which are surrounding the protein will move into the bulk solution in order to 
dissolve the salts. This will increase the exposure of the hydrophobic patches of the protein, 
which therefore will attract neighboring hydrophobic molecules, which in this case would be 
the hydrophobic parts of the ligand analogues. If a protein only has a few hydrophobic 
patches on its surface, its binding behavior tends to not become very affected by the increase 
of salt concentrations in this aspect. The increase of percent protein bound after a certain salt 
concentration can be observed for mAb1 (fig. 4 B) and CHY (fig. 4 D), and only for pH 4.96 
for ALK (fig. 4 A), creating a characteristic U-shaped binding curve. The U-shape includes 
the initial decrease in protein binding when increasing the salt concentration due to the 
competition by the corresponding anion from the salt, as well as the later increase in protein 
binding due to the exposure of the hydrophobic patches of the proteins. However, no 
characteristic U-shape was observed for HSA (fig. 4 C), where the reason would be that the 
protein does not have enough hydrophobic patches. Since the proteins also could bind to the 
ligands through other interactions, such as hydrogen bonding, it would affect the binding 
behavior regardless of salt concentration. 
 
3.2. The selection of the model proteins 
Model proteins are used in order to study and compare the ligand analogues. Therefore, it was 
of great importance that the ligand analogues would be tested with a wide variety of model 
proteins in order to get an estimation of their binding behaviors. Multiple studies were 
performed with the initial 8 model proteins in order to exclude any proteins that were not 
suitable for the study. The selection process was performed to exclude proteins that were not 
stable, which adsorbed to the PreDictor plate to a greater extent or showed similar behaviors. 
The aim was to study all ligand analogues with model proteins which described their 
differences. All protein solutions were measured at 280 nm, as the amino acids containing 
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aromatic sidechains (tryptophan, tyrosine and phenylalanine) absorb light at this wavelength 
[27]. 

3.2.1. The stability studies 
Earlier studies had been performed on 0.9 mg/mL of LAC, HSA and mAb1, diluted in 5 mM 
phosphate buffer pH 7 [22]. However, no earlier studies were found where 5 mM phosphate 
buffer pH 7 had been used as a storage buffer for ALK, HYA, FER, LIP and CHY. Therefore, 
a stability study was performed of these proteins in the storage buffer. The results showed that 
none of the protein solutions showed absorbance at 600 nm within the linear range of the UV 
detector during the stability studies, where both the storage buffer and the different conditions 
had been used. The wavelength of 600 nm was used in order to detect scattered lights from 
any precipitate. Since none of the absorbance values were below the linear range of the UV 
detector, the results indicated that none of the proteins precipitated in neither the storage 
buffer nor the selected conditions. However, LIP did not absorb light within the linear range 
of the UV spectrophotometer at 280 nm either. Therefore, additional wavelengths between 
214-440 nm was studied for LIP, but still no absorbance was detected. Therefore, it was 
assumed that LIP did not have particularly many amino acids with aromatic side chains, and 
thus did not absorb enough UV light. Therefore, LIP was excluded from the study as there 
would be further problems with its detection. 

3.2.2. The calibration curves 
The calibration curves of the remaining candidate set of model proteins (LAC, ALK, HYA, 
FER, HSA, mAb1 and CHY) was constructed, where the r2 value of the curves varied 
between 0.98-1.00, indicating that the dilutions were linear in correlation to each other and the 
intercept. The obtained ε for each calibration curve is listed in tab. 2. 

Tab. 2: The obtained ε values for each protein, calculated from their calibration curves. 

Protein ε (mL/g*cm) 

LAC 1.729 

ALK 0.371 

HYA 0.748 

FER 1.397 

HSA 0.367 

mAb1 1.632 

CHY 1.709 

 

The obtained ε values in tab. 2 were compared with the values from a study by Kornher, O. at 
Cytiva Research and Development [22], where the ε values of LAC, HSA and mAb1 was 
1.748, 0.523 and 1.58 respectively. The values for LAC and mAb1 were similar, while the 
values for HSA was not. The ε values were used in order to calculate the cload by Lambert-
Beer’s law. cload was mainly used to ensure that the protein solutions were approximately 0.3 
mg/mL over time and thus ensuring that there was no degradation. The cload in each well was 
approximately 0.3 mg/mL for all protein solutions when using the obtained ε values, except 
for HSA. The calculated concentration for HSA was approximately 0.45 mg/mL, which 
differed from the theoretical concentration. However, when calculating the cload for HSA with 
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the ε from Kornher, O., the obtained value was approximately 0.3 mg/mL. This indicated that 
the calibration curve obtained for HSA was not entirely correct, and therefore the ε used 
during the calculations of HSA was 0.523. Since the obtained cload values were similar to the 
expected concentrations, the ε values obtained were considered accurate with the correction of 
HSA as described above. 

Since proteins have different behaviors in different conditions, as previously stated in section 
3.1, separate calibration curves for each condition would have been desired. Thus, a ε value 
had been obtained for each condition in order to obtain more accurate assessments of cload in 
each well. However, the absorbance values in the reference plates, including all conditions, 
indicated that no significant difference was obtained for the absorbance values of each protein 
in-between the conditions used, as the values differed less than 0.04 units for each of them. 
Also, since the calculated cload for each protein was approximately 0.3 mg/mL, it indicated 
that the ε values obtained by having the storage buffer as a solvent for the calibration curve 
was acceptable. Since 0.3 mg/mL is within the linear range of the Langmuir adsorption 
isotherm, minor differences in the concentration would not have any impact on the results 
obtained [17]. For further information, see Appendix 5. 

3.2.3. Studying the model proteins on PreDictor plates 
The candidate set of model proteins was studied on an empty PreDictor plate, where a large 
proportion of HYA and FER were adsorbed to the plate. Therefore, both HYA and FER were 
excluded. The rest of the model proteins (mAb1, CHY, LAC, HSA and ALK) were studied on 
Capto adhere ImpRes, A02, A03 and A10, using 4 salt conditions and 3 pH values. The plate 
design, including the pH values and salt concentrations, were chosen based on the conditions 
used in a study by Kornher, O. [22], where a screening method for multimodal cation 
exchanger ligands was developed. These conditions also made it possible to study the 
differences between the proteins’ ability to bind to the multimodal anion exchange ligands 
with different interaction possibilities. For Capto adhere ImpRes, both ionic and hydrophobic 
interactions was seen. This was demonstrated by the characteristic U-shape for the two higher 
pH values for some of the model proteins, but not always for the lowest one. Therefore, the 3 
pH values studied were considered sufficient. However, additional salt concentrations were 
added prior to the studies with the final model proteins with the purpose of studying the U-
shape further. More salt concentrations were added in the beginning of the interval in order to 
study the ionic interactions. The results obtained for each protein with each ligand was useful 
when selecting the final model proteins. The results showed that LAC and HSA had similar 
binding behaviors, where they mainly bound to the ligands with ionic interactions. mAb1 and 
CHY were shown to be distinctive in their behaviors where they bound to the ligands both via 
ionic and hydrophobic interactions. ALK bound to the reference resin both via ionic and 
hydrophobic interactions, while it mainly bound to A02 and A03 by ionic interactions. 
Therefore, the final model proteins included mAb1, CHY and ALK according to this study. 

3.2.4. Correlation matrixes 
The candidate set of model proteins (mAb1, CHY, LAC, HSA and ALK) was further studied 
as the sum of their mutual correlation values was compared. It was noticed that mAb1 had the 
lowest sum of the model proteins, which indicated that it had the lowest correlation to the rest 
of the model proteins. This meant that mAb1 was the most different from the other model 
proteins in its behavior and was thus confirmed to be a good candidate to move forward with. 
When comparing the sums of the correlation values of HSA and LAC, no significant 
difference could be observed. Therefore, it was concluded to only proceed with one of them 
as their similarities were too great. The final factor that determined which of the two proteins 
belonged to the final model proteins was the molecular weight, as their pI values also were 
relatively similar (4.5 for LAC and 4.7 for HSA according to tab. 1). Their sizes do however 
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differ, as LAC weighs 14.18 kD and HSA weighs 66.4 kD. Since CHY was already relatively 
small in its size (25.6 kD), it was therefore more desirable to include HSA due to its larger 
Mw. In this way, a wider range of Mw was included in the final model protein selection, thus 
giving insight into the reality where the future biological drugs will vary in pI and Mw. Thus 
the 4 final model proteins were ALK, mAb1, CHY and HSA. 

3.3. Screening of the ligand analogues 
The 4 final model proteins were studied at a total of 24 different conditions by a high 
throughput method, enabling a comparison of many ligand analogues in short time. Results 
were obtained for a total of 15 ligand analogues, an empty PreDictor plate, Capto adhere 
ImpRes (performed in triplicate), PAA and Capto Q ImpRes. 
 
The results obtained showed that the model proteins were behaving similarly for A01, A05, 
A12 and Capto adhere ImpRes (A00). The characteristic U-shape was achieved for mAb1 and 
CHY, where both ionic and hydrophobic interactions was observed. HSA and CHY bound 
with slightly higher percentage to the ligand analogues compared to the reference, but this did 
not apply for mAb1 or ALK. These ligand analogues may be suitable for future purification of 
biological drugs, as the proteins will be able to both bind to the ligands, and elute when using 
an appropriate elution gradient, as for e.g. mAb1, the percent protein bound was significantly 
lower using pH 5 compared to pH 8 when no salt was used. Therefore, a decreasing pH 
gradient from pH 8 to 5 using no salt could possibly be used as an elution gradient (see fig. 4 
B). Depending on the surface characteristics of the target protein, a “flow through mode” 
could also be applicable as a purification method. The flow through mode is based on using 
such conditions where the target does not bind to the ligand, and therefore passes with the 
flow through. Meanwhile, the impurities bind to the ligand, enabling a separation between the 
target and the impurities. However, since the obtained results are showing that A01, A05 and 
A12 are similar to Capto adhere ImpRes, it may be relevant to carry out further studies on the 
analogues in order to decide whether they are too similar to the reference and thus not 
relevant to proceed with.  
 
The characteristic U-shape was also observed for ALK, HSA and CHY with B01 and B02 
(see the obtained results from B01 in fig. 5), but as they are weak AIEX, they were not fully 
charged during all three pH values charged (pKa for B01 was 7.8 and for B02 was 8.6). 
Therefore, slightly greater variations in the binding behaviors of the protein was observed, as 
the percent protein bound to the ligands with ionic interactions depended on the number of 
ligands being charged, and the overall charge of the proteins. However, it can be observed 
that the overall charge of the protein is a bigger factor than the proportion of charged ligand, 
as more percent proteins bind to the ligands when increasing the pH value. This can especially 
be observed for mAb1 and CHY (see fig. 5 B and D). These ligands may also be suitable for 
future purification of biological drugs, as the proteins will be able to both bind to the ligands 
and elute when using an appropriate elution gradient. Also, a flow through mode could be 
applicable depending on the characteristics of the target protein and its impurities. 
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Fig. 5: The obtained plots for B05 with (A) ALK, (B) mAb1, (C) HSA and (D) CHY. The results 

shows that the characteristic U-shape is obtained with ALK, HSA and CHY. 

A02, A04 and A13 had a different behavior, which were similar to Capto Q ImpRes, which is 
not a multimodal resin as it only contains a strong AIEX ligand, where only ALK and HSA 
bound to these ligands with ionic interactions (see fig. 6 A and C), while mAb1 and CHY 
only bound slightly (see fig. 6 B and D). This should be due to these ligands have the lowest 
logP values (estimated as clogP), and therefore being the least hydrophobic analogues, also 
see section 3.3.1 and Appendix 6 for an overview of the clogP values for the A and B ligands. 
Thus, these ligands would not participate in any extensive hydrophobic interactions with the 
proteins, which was also observed in the obtained results. Therefore, the conclusion can be 
made where A02, A04 and A13 behaved more like AIEX ligands rather than multimodal 
ones. Therefore, based on these results, A02, A04 and A13 would not be suitable for future 
purification of biological drugs as multimodal ligands. However, they might be suitable for 
the purification process as anionic exchange ligands, but to draw such a conclusion, further 
studies should be carried out. The comparison between A04 and Capto Q ImpRes can be seen 
in fig. 6 for all 4 model proteins. 

 
Fig. 6: A comparison between Capto Q ImpRes and A04 for the different model proteins, where (A) 

shows the comparison for ALK, (B) for mAb1, (C) for HSA and (D) for CHY. The results are similar, 
indicating that A04 is more similar to AIEX ligands rather than multimodal ones. 
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A03 and A10 showed a combination of the behaviors that have been discussed so far. The 
multimodal effect was only obtained with mAb1, but also to some extent with CHY for A10. 
However, CHY showed significantly lower binding compared to the reference. No  significant 
hydrophobic interaction were observed for ALK or HSA with A03 and A10. 

A completely different behavior from the other ligand analogues was observed for A11 and 
B05. These ligands had significantly higher clogP values than the other analogues, which 
could also be observed in the obtained results as the model proteins had high binding to the 
ligands, regardless of the salt concentration (see fig. 7). HSA rarely had any hydrophobic 
interactions with the other ligand analogues during high salt concentrations, but with the 
results obtained by A11 and B05, it is possible to confirm that HSA has hydrophobic patches 
due to its high percentage bound (see fig. 7 C). However, the question is whether these 
ligands would be suitable for the purification of biological drugs, as the model proteins have 
such a high binding that the elution could become a problem. The answer to that question is 
that it depends on the molecular characteristics of the target and its impurities, as for mAb1 
and CHY (see fig. 7 B) it would be possible to elute it with a decreasing salt concentration at 
pH 4.99. However, there would be no options for elution for the other half of the model 
proteins, indicating that A11 and B05 is not generally applicable. 

 
Fig. 7: The obtained plots for B05 with (A) ALK, (B) mAb1, (C) HSA and (D) CHY. The results 
shows that ALK and HSA binds strongly to the ligand independent of condition, while mAb1 and 

CHY have different binding behaviours based on the conditions used. 

Since the PAA ligand analogues (C ligands) had polymeric molecular structures, their 
behaviors differed from the A and B ligand analogues. The obtained results for C01 and C02 
showed that HSA had the greatest binding to the ligands. However, when comparing the 
analogues to PAA (C00), the percentage HSA bound to the ligand decreases more with 
increasing salt concentration when using pH 4.98 (see fig. 8). ALK bound to C01 and C02 
with slightly higher percent when no salt was used compared to C00, as the binding decreased 
slightly more than C00 when the salt concentration was increasing. However, neither mAb1 
nor CHY bound to the ligands to any great extent. The reason for these results could be that 
these ligands might not have any great hydrophobic interaction possibilities. This is due to the 
pI values of mAb1 and CHY being above the pH values used, and therefore having a positive 
net charge and therefore not bind to the ligands with ionic interactions to any great extent. 
Instead, they might be more dependent on the hydrophobic interactions. 



 

 21 

  
Fig. 8: HSA bound to (A) C00, (B) C01 and (C) C02. The protein had great binding to the ligands 

during the lower salt concentrations. 

When comparing these results to the ones obtained with Capto Q ImpRes, neither mAb1 nor 
CHY bound to neither C00, C01, C02 nor Capto Q ImpRes to any great extent (see the 
binding between Capto Q ImpRes and mAb1 in fig. 6 B and CHY in fig. 6 D). However, both 
HSA and ALK are binding to C00, C01, C02 and Capto Q ImpRes. The main difference is 
that with Capto Q ImpRes, the proteins are only binding during low salt concentrations as the 
percent protein bound to the ligand decreases significantly with increasing salt concentration 
for HSA (see fig. 6 C). The binding of ALK with Capto Q ImpRes does not decrease as 
significant with increasing salt concentration compared to HSA (see fig. 6 A), which is a 
behavior that can also be observed with C00, C01 and C02. However, ALK has significantly 
higher binding to the C ligands compared to Capto Q ImpRes. When comparing C00 with 
C03, it is found that none of the model proteins bind to the ligand analog to any great extent, 
and C03 would therefore not be suitable for future purification processes. However, C01 and 
C02 may be suitable for future purification of biological drugs, as the proteins will be able to 
both bind to the ligands and elute when using an appropriate elution gradient. Depending on 
the surface characteristics of the target protein, a “flow through mode” could also be 
applicable as a purification method. However, since the obtained results shows that C01 and 
C02 are similar to C00, it may be relevant to carry out further studies on the analogues in 
order to decide whether they are too similar to the reference and thus not relevant to proceed 
with. However, C00 itself is not a product and not yet proven useful at all. 

3.3.1. Principal component analysis 
Principal component analysis (PCA) is used when studying differences and similarities 
between objects described by many variables. First, a score plot was created which only 
included the data from the A and B analogues together with the triplicate of Capto adhere 
ImpRes (A00_1, A00_2 and A00_3, marked in red) and Capto Q ImpRes (Q, marked in blue), 
in order to see how those ligands related to each other. See fig. 9. Only one of the Capto 
adhere ImpRes references were included in the model, where the two remaining references 
together with Capto Q ImpRes were plotted as predictions, meaning that they did not affect 
the principal component analysis. This was important for the analysis not to include too much 
data from the reference or any data from Capto Q ImpRes, which could otherwise have 
affected the model. Three principal components were calculated, where the first principal 
component (PC1) explained 76.3% of the variance data, the second (PC2) explained 12.4% 
and the third (PC3) 7.8%. All three components explained 96.5% of the variance data across 
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15 ligand analogues and 96 conditions. The diversity map in fig. 9 is a result of plotting PC1 
against PC2. PC3 is thus not included in the plot. According to the model, the three values for 
Capto adhere ImpRes were similar, where two of them were on top of each other. This 
indicated that a good reproducibility was maintained throughout the experiment.  

  
Fig. 9: The obtained PCA model for the A and B ligands, where the triplicate of Capto adhere ImpRes 

(A00_1, A00_2, A00_3) is marked in red and Capto Q ImpRes (Q) is marked in blue. 

When the obtained diversity map in fig. 9 is compared with the clogP values of the ligands, a 
general trend can be observed. The clogP values for the A and B ligand analogues, Capto 
adhere ImpRes and Capto Q ImpRes can be seen in appendix 6. The clogP value is increasing 
for the ligands with increasing scores of PC1 (the x axis values), as A04 has the lowest clogP 
value while A11 and B05 has the highest (see fig. 9). However, the clogP values of A12, A01, 
A05 and the references (A00) are similar to A03, indicating that the chromatographic 
behavior as captured by the PCA analysis also is influenced by other factors than clogP, 
which also affects the ligands’ positions in the score plot. When the clogP values of the 
ligands were plotted against the obtained PC1 scores of the respective ligand in the PCA plot, 
fig. 10 was obtained. The plot confirms the hydrophobicity trend - however, it also confirms 
that A12, A01, A05 and the reference are outliers. 

 
Fig. 10: The observed trend between the clogP values of the ligand analogues and the reference 

included in the diversity map in fig. 9. The plot indicates that there is a trend, but that the values for 
A12, A01, A05 and the reference are outliers, marked in red. 
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When creating a model with all ligands (A, B and C) including C00 (marked in red), the 
relation between the A and B ligands is not affected to a greater extent compared to the first 
model of only the A and B analogues (fig. 9). For this model, three components were 
included. PC1 explained 65.2% of the variance in data, PC2 explained 18.2% and PC3 
explained 9.6%. The three components explained a total of 93% of variance in data. The 
percentage for PC1 is lower than the first model where only the A and B ligands were 
included, which would be explained by the larger variance in the model due to the C ligands. 
The diversity map can be seen in fig. 11. 

 
Fig. 11: The (A) PCA plot for all ligands, including A, B and C with respective reference (A00 and 

C00) marked in red, as well as Capto Q ImpRes (Q) marked in blue. 

The model confirms some of the previous discussions regarding the behaviors of the ligand 
analogues, where A01, A05 and A12 have similar behaviors as Capto adhere ImpRes. A02, 
A04 and A13 are also confirmed to be similar to Capto Q ImpRes, and that C01, C02 and C00 
are different from the other ligand analogues. Also, that A11 and B05 were significantly more 
hydrophobic and therefore had another behavior compared to the other ligand analogues. It 
can be stated that the ligand analogues that showed the most multimodal behavior ended up in 
the middle of the plot, as the characteristic U-shape was only observed with those ligands. 
The ligands which bound to the model proteins by mainly AIEX were placed to the left in the 
diversity map, and the ligands which bound to the model proteins by mainly hydrophobic 
interactions were placed to the right (see fig. 11). 

However, the ligand density of the A and B ligand analogues varied between 60-130 
μmol/mL, while the ligand density of the C analogues varied between 290-370 μmol/mL. Due 
to these differences, the results obtained for the ligand analogues are not fully comparable. 
This includes both the comparison between the A and B analogues, and them together with 
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the C analogues. The differences would affect both the % protein bound to the ligand at the 
different conditions used, as well as their overall binding behavior. 

3.4. Column studies 
The aim with the column studies was to confirm that the obtained results from the plate 
studies, where static binding experiments were performed, may also be applied to a column 
format with liquid flow. Since ÄKTA explorer could run up to 5 columns automatically, the 
aim was therefore to perform column studies, and column packing, for 4 of the resin 
analogues and the reference Capto adhere ImpRes. All 4 ligand analogues were chosen based 
on the obtained PCA plot, where the aim for 3 of them, B05, A12 and A13, was to have as 
much variation between the chosen ligands as possible. The fourth ligand analog, A05, was 
chosen to be similar to the reference according to the plate studies (see the comparison 
between Capto adhere ImpRes and A05 for mAb1 in fig. 12 A). This selection was performed 
in order to ensure that the analog and the reference obtained similar results on column scale as 
well. With for e.g. Capto adhere ImpRes and A05, it was expected that mAb1 would elute 
with a decreasing salt concentration at pH 4.96 in the column study, due to the decreasing % 
protein bound when decreasing the salt concentration according to the plate study (see fig. 12 
A). With A13, it was expected that mAb1 would elute with the flow through in the column 
study due to the protein not binding to the ligand, regardless of the condition, according to the 
plate study (see fig. 12 B). 

 
Fig. 12: (A) The binding curve for mAb1 with Capto adhere ImpRes and A05. (B) The binding curve 

for mAb1 with A13. 

The column studies confirmed the obtained plate results, where an overview of the expected 
results based on the PreDictor plate studies and the obtained results from the column studies 
can be seen in tab. 3. 

Tab. 3: An overview of the ligands studied on column scale, the protein that was studied, the gradient 
used, the expected result based on the results from the PreDictor plates and the obtained results.  

Ligand Protein Gradient Expected Obtained 

Capto adhere 
ImpRes 

HSA pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 

A13 mAb1 pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 

A13 HSA pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 
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A13 CHY pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 

A12 HSA pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 

A12 CHY pH 8: 1.5 M 
NaCl to no salt 

Elute in gradient Eluted in 
gradient 

A05 mAb1 pH 8: 1.5 M 
NaCl to no salt 

No elution (CIP) No elution (CIP) 

A05 HSA pH 8: 1.5 M 
NaCl to no salt 

Elute in flow 
through 

Eluted in flow 
through 

Capto adhere 
ImpRes 

mAb1 pH 5: 1.5 M 
NaCl to no salt 

Elute in gradient Eluted in 
gradient 

A05 mAb1 pH 5: 1.5 M 
NaCl to no salt 

Elute in gradient Eluted in 
gradient 

Capto adhere 
ImpRes 

mAb1 pH 8 to pH 5 Elute in gradient Eluted in 
gradient 

A05 mAb1 pH 8 to pH 5 Elute in gradient Eluted in 
gradient 

 

As earlier stated, the obtained results from the column studies confirmed the plate studies, 
where it was for e.g. expected that mAb1 would elute earlier with Capto adhere ImpRes 
compared to A05 during pH 5 with a decreasing salt gradient. This is due to the plate studies 
(fig. 12 A) indicating that mAb1 had a slightly lower binding during higher salt 
concentrations than A05 when comparing 480 and 650 mM NaCl for the two resins. This 
could be confirmed in the column studies, where mAb1 did elute slightly earlier with the 
reference resin rather than A05. See fig. 13. 

 
Fig. 13: The obtained chromatograms when using pH 5 with a decreasing salt concentration, see the 
brown conductivity curve, using mAb1 as the protein and Capto adhere ImpRes and A05 as resins. It 

can be observed that the protein elutes earlier with the reference, which confirms the plate studies. 
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4. Conclusion 
Binding data was measured for 15 multimodal anionic ligand analogues at 3 pH values and 8 
salt concentrations, where many of the ligands differed in their properties. The ligands were 
studied with the final model proteins alkaline phosphatase, human serum albumin, a 
monoclonal antibody and α-chymotrypsinogen A. The selection of the final model proteins 
was made based on different stability studies, background adsorption to an empty PreDictor 
plate and data from 4 resins (3 ligand analogues and Capto adhere ImpRes). In retrospect, it 
turned out to be a good selection process for proteins, as differences between the behaviors of 
the proteins enabled a broad study. It was important to always take the future target molecules 
into account, as they will differ in their properties. The results from the static binding 
experiment with the PreDictor plates could also be applied to a column format with liquid 
flow, studying the dynamic binding and elution. 

PCA models were created based on the calculated percent protein bound to each ligand, where 
the differences between the ligand analogues could be studied. These differences can be 
helpful in future choices of ligands when purifying target molecules, where for e.g. one ligand 
from each group could be tested to find the optimal ligand for the purification of the target. 
When using the ligands, different methods can be used in the separation process of the target 
molecule and its impurities, where the method can be based on a pH or salt gradient or run in 
flow through mode, depending on the molecular characteristics of the target and the 
impurities.  

If this study had been repeated, reduced range of the ligand density for the different analogues 
would be ensured. Thus, ensuring a better comparison between the ligands as the ligand 
density might be critical for the study. In order to obtain more knowledge about the ligand 
analogues and their possibilities to separate target molecules from their impurities, further 
studies should be carried out. These studies should be performed on a column scale in order to 
include the dynamic binding capacity, and purification methods should be developed and 
tested. It would be interesting to study how efficiently the ligands can separate the target from 
product related impurities that are similar to the structure of the target molecule, such as 
dimers or fragments of the protein. In the future, it may also be desirable to study the effect of 
various ligand densities on the results. This study needs to cover the organic synthesis aspect, 
where the aim of the study would be how to ensure a synthesis with a small range of ligand 
densities across different analogues, but also how much deliberate variations in ligand 
densities will affect the binding behavior of the proteins. 
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6. Popular science summary 
The pharmaceutical industry is constantly developing new drugs with new characteristics. In 
recent years, so-called biological drugs have revolutionized the market [1]. The biological 
drugs are produced in biological cells, which means that when the drug will be purified from 
the cell, many steps are required in order to ensure high safety for the patients who will take 
the drug [7]. The biological drugs being developed are becoming more advanced with time, 
making their purification process more difficult. Today, the purification process of biological 
drugs is partly performed chromatographically, where the drug is separated from its impurities 
with the help from resins, containing ligands [15]. The aim of this study is to develop a way to 
study different newly developed ligands (ligand analogues), including their differences and 
similarities, and also to study 15 ligand analogues in order to find any analogues that can 
potentially be used in future purification processes. The ligand analogues are so-called 
multimodal anion exchangers, which means that they can bind to the biological drugs in 
several different ways. The 15 analogues have different properties which have been studied 
with model proteins at different conditions. The results obtained by the 15 analogues were 
then compared with two reference ligands, where one of them is already on the market with 
the product name Capto adhere ImpRes. Using the model proteins, the binding behavior of the 
proteins and the multimodal effect of the ligand analogues could be studied. The ideal ligand 
should be able to bind tightly to the model proteins and future biological drugs, but also 
release the protein when so would be desired. This behavior could be observed for most of the 
ligand analogues, while some bound very tightly to the model proteins to the extent that they 
did not release, while other ligand analogues did not bind the model proteins at all. A general 
comparison between the ligand analogues was then made by a principal component analysis, 
where a diversity map of all analogs was obtained. This map showed the ligands’ similarities 
and differences, which can be used both for further research but also for the 
biopharmaceutical companies. The companies could possibly, based on this map, choose one 
ligand analogue from each group to test the purification of their biological drug, in order to 
select the ligand which is best suited for their target protein. 
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Appendix 1 
The Cytiva in-house cube consisted of 3 different blocks, where the upper part consisted of a 
funnel where the resin mixture could be poured down. The middle part contained a cylindrical 
hole where the void corresponded to 5, 3 or 1.5 mL (exact volume had been pre-determined), 
and the bottom part had a connector which was connected to vacuum. The three parts could be 
assembled and separated manually. The choice of cube depended on the volume resin 
available. Before the three parts were assembled, a 5 μm polypropylene filter was wetted with 
20% EtOH and placed on the bottom part. As the cube was assembled, the falcon tube 
containing the resin and 20% EtOH was shaken thoroughly before it was poured into the 
cube, and the vacuum was turned on to -500 mbar in order to remove the liquid. When the top 
layer of the resin had dried, a timer was set to 2 minutes in order to maintain a repeatable 
resin volume. After 2 minutes, the top and bottom part of the cube was detached as the middle 
part containing an exact amount of resin was transferred into a falcon tube. In order to obtain 
a 5% slurry, a certain amount of 20% EtOH was weighed into the Falcon tube depending on if 
the 5-, 3- or 1.5 mL cube was used. When the 5 mL cube was used, 92.15 ± 0.02 g of 20% 
EtOH was weighed into the Falcon tube, corresponding to approximately 95 mL according to 
its density (ρ = 970 kg/m3). When the 3 mL cube was used, 55.29 ± 0.01 g of 20% EtOH was 
weighed into the Falcon tube, corresponding approximately 57 mL. When the 1.5 mL cube 
was used, 27.645 ± 0.01 g of 20% EtOH was weighed into the Falcon tube, corresponding 
approximately 28.5 mL. 
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Appendix 2 
A stock solution of mAb1 was available, consisting of 51 mg/mL protein. The solution was 
desalted, and the solvent was changed to the storage buffer. The concentration of mAb1 in the 
stock solution was 51 mg/mL where 15 mL of the solution was injected into the HiPrep 
desalting column. The solution received was diluted, where the solvent was 5 mM phosphate 
buffer pH 7. In order to calculate the obtained concentration of mAb1, two dilutions were 
performed. These dilutions corresponded to 1:15 and 1:30. The dilutions were analyzed by 
UV spectroscopy at 280 nm. The concentrations of the diluted samples were calculated by 
Lambert-Beer’s Law, where mass absorption constant (ε) used was 1.58 based on a study by 
Kornher, O. [22]. An average value of the theoretical concentration of the stock solution was 
then calculated based on the concentrations of the diluted solutions. In order to obtain a 
solution of 0.9 mg/mL mAb1, 8.40 mL of the desalted solution was added to a 50 mL 
measuring flask, as the storage buffer was added. This solution was used when screening the 
analogues from the A series. However, when screening the B- and C analogues, mAb1 was 
prepared by the stock solution being diluted twice in order to receive 0.9 mg/mL. It was first 
diluted by 1:10 with storage buffer. Then, 8.82 mL of that solution was added to a 50 mL 
measuring flask, adding the storage buffer. 

FER was available with an unknown concentration at the Research and Development 
department at Cytiva, being diluted in 20 mM phosphate buffer pH 7.2 with 0.02% (w/v) Na-
azide as preservative. The solution was diluted in duplicates, where the first dilution was 1:4 
in order to receive 5 mM phosphate buffer pH 7 as the solvent. This was done by adding 250 
μL of the FER solution to a falcon tube consisting of 750 μL MilliQ. The solutions were then 
diluted further in order to calculate a theoretical concentration of the stock solution according 
to the same principle as mAb1. The dilutions were performed by mixing 100 μL of the diluted 
samples with 1500 μL of buffer, and 200 μL of the same samples with 1350 μL of buffer, 
receiving a total of 6 samples. The samples were analyzed at 280 nm, and their concentrations 
were calculated using ε 1.33, received from the Research and Development department at 
Cytiva. After the calculations, the theoretical concentration of the stock solution was 12.00 
mg/mL. In order to obtain a solution of 0.9 mg/mL FER with 5 mM phosphate buffer pH 7 as 
its solvent, 5 mL of the stock solution was mixed with 15 mL MilliQ. Thereafter, 15 mL of 
the diluted solution was added to a 50 mL measuring flask, adding 5 mM phosphate buffer 
according to the same principle as the preparation of the previous protein solutions.  
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Appendix 3 
The 5 mM phosphate buffer pH 7, used as a storage buffer for the proteins, was prepared by 
adding 356 mg of NaH2PO4 and 429 mg of Na2HPO4 to a 1 L measuring flask, which was 
partly pre-filled with MilliQ water. The weighing boat was rinsed out thoroughly with MilliQ 
to ensure that all salt had been added, as the solution was stirred until all salt was dissolved. 
MilliQ was then was added until 1 L was received. The pH was controlled with a pH meter. 

In order to obtain 52 mM tris buffer pH 8, tris base and tris-HCl stock solutions were made. 
The preparation was made by adding 30.29 g tris base and 39.40 g tris-HCl to separate 1 L 
measuring flasks according to the same principle as the preparation of the storage buffer. The 
stock solutions for the 20 mM phosphate buffer pH 6.7 were prepared by adding 44.50 g 
Na2HPO4 and 34.50 g NaH2PO4 to separate measuring flasks, and for 50 mM acetate buffer 
where 14.35 mL acetic acid and 20.51 g sodium acid was added to separate measuring flasks. 
Each stock solution had the concentration of 250 mM. An additional stock solution consisting 
of 5 M sodium chloride was prepared by adding 292.20 g of NaCl to a beaker pre-filled with 
approximately 950 mL MilliQ. The solution was stirred until all the salt had dissolved and 
was then transferred to a 1 L measuring flask, adding MilliQ until 1 L was received.  

The different conditions used in the PreDictor plate were programmed into BufferWand, 
where a 48-well Axygen plate was filled with a total of 8 mL of each of the desired condition, 
used for the equilibration steps. The pH of the wells with no NaCl was always controlled with 
a pH meter. A 96-well Axygen plate was also prepared, where it was filled with 600 μL of 1.5 
times higher concentration of the desired conditions, as 300 μL of each protein solution was 
then added, diluting the concentration of the conditions. During the selection process of the 
model proteins, the salt concentrations used were 0, 150, 500 and 1800 mM. The plate design, 
including the protein layout, the pH values and the salt concentrations used in the selection 
study of the model proteins, can be seen in fig. 14.  

  
Fig. 14: the plate design of the PreDictor plate including the 8 model proteins with the various buffers 

and salt concentrations during the screening study of the model proteins. 
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Appendix 4 
When packing the Tricorn columns, 10 mM NaCl was used with a flow rate of 7.4 mL/min, 
which was prepared by adding 585 mg NaCl to 1 L MilliQ water. The falcon tubes containing 
the resins were possibly adjusted in order to obtain 50% resin and 50% of 20% EtOH. A 
bottom filter made of polyethylene was then attached to a filter holder, as a second column as 
a second column was attached by a packing connector, used as a reservoir during the packing 
process. The columns were washed with 10 mM NaCl and a stop plug was added to the end 
cap. The resin slurry was added, which had been shaken thoroughly, and an empty filter 
holder and end cap was mounted onto the second column. The NaCl solution was attached to 
the second column, and the resin was left to be sedimented into the first column, while the 
EtOH solution was left in the second column. The resin inside the column was measure with a 
ruler, where the aim was approximately 10.2-10.4 cm. The NaCl solution was detached and a 
stop plug was inserted to the bottom part of the column. The two columns were then separated 
and a small amount of NaCl solution was added to the column in order to make sure that there 
was no air entered the column. A top filter was wetted with NaCl solution and was attached to 
the top part of the column. An adjustable cap with its adapter lock was inserted, and the NaCl 
solution was added for the resin sediment further in order to ensure good packing. The resin 
inside the column was measured with a ruler once again, ensuring that the resin was at least 
10 cm (corresponding approximately 2 mL resin). The NaCl solution was then detached, and 
the adapter plug was removed as the cap was adjusted, where it was pressured down to the 
level of resin. 

In order to study if the packing was correctly performed, the columns were attached to the 
ÄKTA explorer and 40 μL of 0.8 M NaCl was injected to the column. The conductivity was 
studied, where the asymmetry factor of the resulting peak should be within 0.8-1.2 in order to 
be approved according to Cytiva guidelines. A value of 1 means that the packing is ideal, 
while a value beneath 1 indicates that the column is loosely packed as a value above 1 
indicates that the column is packed too hard. The UV detector was then tested, where a bypass 
injection of 50 μL of the 0.9 mg/mL mAb1 solution was made. The flow cell used was 1 cm.  
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Appendix 5 
In order to describe the protein adsorption to ligands, the Langmuir adsorption isotherm is 
commonly used. The adsorption isotherm is based on the capacity (q) obtained in equilibrium 
with various protein concentrations in solution. q is determined experimentally and according 
to the Langmuir isotherm it depends on the maximum capacity (qmax), the concentration at the 
equilibrium (ceq) and the equilibrium dissociation coefficient (Kd). Kd is connected to the 
binding strength between the ligand and the protein, is used. The Langmuir adsorption 
isotherm equation can be seen in eq. 7 [17]. 

𝑞 =
𝑞1#4 ∙ 𝑐&5
𝐾$ + 𝑐&5

								(7) 

qmax is obtained when using high protein concentrations. However, a linear range exists at low 
protein concentrations, where the q is directly proportional to the ceq in the solution (q3 is 
directly proportional to ceq3 according to fig. 15). When working with protein solutions, the 
concentration varies from time to time of natural reasons. Therefore, in this type of study, it is 
important to be within the linear range of the adsorption isotherm as minor differences in the 
protein concentration would not affect the results when calculating the percent protein bound 
to the ligand as opposed to the capacity. As can be seen in fig. 15, differences in the protein 
concentration in liquid would give differences in q. However, the percentage protein bound is 
related to the slope of the isotherm and thus not affected by small variations in the protein 
concentration as long as the concentration is within the linear range of the isotherm. By 
keeping protein concentration low but still at a concentration possible to analyze, it may be 
assumed that one is as close to the linear range as possible. Therefore, the protein 
concentration was chosen to be 0.3 mg/mL, corresponding to 10 mg protein per mL resin. 

 
Fig. 15: Langmuir’s adsorption isotherm. When using different protein starting concentrations (e.g. c1-
c3), different capacities (q1-q3) will be obtained. However, when calculating the percentage bound, the 
value will not be affected by small variations. This is due to it being based on the ratio between ceq and 

the starting concentration which will be constant within the linear range. 
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Appendix 6 
An overview of the clogP values for the A and B ligand analogues studied, together with 
Capto adhere ImpRes and Capto Q ImpRes, can be seen in tab. 4.  

 
Tab. 4: An overview of the clogP values for all ligand analogues studied. 

Ligand clogP 

A01 1.86 

A02 -2.99 

A03 -1.73 

A04 -3.39 

A05 -1.82 

A10 -0.88 

A11 2.47 

A12 -2.08 

A13 -2.64 

B01 1.20 

B02 1.14 

B05 1.90 

Capto adhere ImpRes -1.46 

Capto Q ImpRes -4.43 

 

 


