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Abstract
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Chromatography media (resins) are very important for and widely used by the biopharma
industry in large scale production of biopharmaceuticals, e.g. monoclonal antibodies. Today
there are several hundred biopharmaceuticals released globally on the healthcare market.
This thesis discusses various strategies and methods for the characterisation of chemical
and functional stability of chromatography media. In addition, various analytical techniques
used in these areas were evaluated and applied. Further, more specific physical and chemical
characterisation methods were evaluated and applied to explore different properties of various
chromatography media.

In Papers I-III, established methodologies for performing chemical and functional stability
studies were used. Mainly agarose-based chromatography media were investigated. For fast
screening of the chemical stability, the total organic carbon analysis technique was evaluated
and applied. This technique that measures the carbon leakage from the chromatography media
at different conditions, proved to be very suitable and robust. For detection and/or identification
of leakage compounds responsible for or for part of the measured carbon leakage, different
methods such as (high performance) liquid chromatography and gas chromatography mass
spectrometry were used.

In Papers IV-VII, different properties (i.e. functional performance, ligand content and
surface chemistry) were evaluated for different agarose-based chromatography media. Standard
chromatographic methods (ion exchange chromatography) and spectroscopic methods (e.g.
Fourier transform infrared spectroscopy and time-of-flight secondary ion mass spectrometry)
were evaluated and applied. Chemometric methods were used for efficient evaluation of data.

Information of chemical, functional and leakage data of chromatography media are valuable
and important for the biopharmaceutical companies to be able to fulfil the regulatory
requirements of biopharmaceuticals. In addition, information of various chemical, functional
and physical properties of chromatography media is likewise important during development and
set up of new biopharmaceutical processes.
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This doctorate thesis is partly based on my licentiate thesis, which was enti-
tled Characterisation of Chemical and Functional Stability of Chromatog-
raphy Media. The discussions encountered here in this doctorate thesis are 
further developments from the licentiate thesis, including new materials and 
analytical techniques. 



 

The Papers in this thesis are discussed in a chronological order (i.e. publica-
tion year) except for Papers I, VI and VII. Paper I was published after Papers 
II and III. The reason for the chosen order is that Paper I discusses chemical 
stability of chromatography media in a broader perspective covering many 
different chromatography media and an emerging analytical technique (i.e. 
total organic carbon analysis) used for fast screening of chemical resistance 
and important for the development of this field. Paper II discusses both 
chemical and functional stability, but only for one chromatography medium. 
Paper III has the main focus on functional stability, but for several chroma-
tography media. Stability investigations are also often performed in the order 
of chemical stability followed by functional stability, which supports the 
order of Paper I, II and III. 

In case of Papers VI and VII, Paper VII was published slightly earlier than 
Paper VI. However, these Papers have been re-ordered since Paper VI dis-
cusses time-of-flight secondary ion mass spectrometry analysis of chroma-
tography media raw materials and base matrices whereas Paper VII discuss-
es time-of-flight secondary ion mass spectrometry of final products.
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1. Introduction 

This thesis discusses various strategies and methods for the characterisation 
of chemical and functional stability of chromatography media (resins) in-
cluding evaluation of various analytical techniques for general or specific 
physical and chemical characterisation. The main work has been performed 
on chromatography media available from GE Healthcare Life Sciences (for-
mer Pharmacia, Fortia and Amersham Biosciences companies). Figure 1 
shows a timeline over about 60 years of product development and introduc-
tion of some important products (chromatography media) from GE 
Healthcare Life Sciences and its predecessors. In addition, other chromatog-
raphy media from other different companies such as Tosoh Corporation, 
Thermo Fisher Scientific, Bio-Rad, etc., have also been studied and are dis-
cussed in this thesis. 

 
Figure 1. Introduction of some important products (chromatography media) versus 
different stages (names) of the company between 1950-2010. The publication years 
of the Papers discussed in this thesis are highlighted in Roman figures. 

 
Chromatographic techniques and chromatography media were developed 
and became available in the 19th century and has gained an increased interest 
and importance ever since. A literature search on the two words “chromato-
graphic” and “resins” indicates that a large number of scientific Papers in-
cluding the two words has been published over the last 70 years1 as depicted 
in Figure 2. During 1991-1992 a tremendous increase can be seen that partly 
can be explained by an increased activity of new companies in the biophar-
maceutical market. Chromatography media are widely used by the biophar-
maceutical industry in the production of biopharmaceuticals. In downstream 
processing, chromatography media play important roles for purifying a se-
lected target biomolecule (e.g. a protein)2-5. Important biopharmaceuticals 
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are recombinant proteins, including monoclonal antibodies, and peptides 
expressed from e.g. genetically changed bacteria (e.g. Escherichia coli), 
yeast culture (e.g. Saccharomyces cerevisiae) or cell lines (mammalian 
types). Other important areas are plasmid deoxyribonucleic acid (DNA) for 
vaccines and biomolecules from blood and milk2,5-10. The latter is especially 
important in the area of transgenic animals. During the period 2000-2011 the 
number of biopharmaceuticals approved by regulatory authorities such as the 
US Food and Drug Administration (FDA) increased from 29 to 305 with an 
average of about 25 new drugs per year11. 

 
Figure 2. Number of scientific publications from 1945-2014 (May) where the words 
“chromatographic” and “resins” are included. Data extracted from ISI Web of 
Knowledge (see ref. 1). 

Chromatography media used in a downstream process application are used 
in many process cycles and must have high chemical and functional stability. 
This is especially important in the final purification step from which no un-
wanted compounds should be leached and may give rise to contamination of 
the target biomolecule. Unfortunately, most chromatography media lack 
total chemical stability which may also influence the functional stability 
such as changes in selectivity, decrease in ligand content, etc12-14. The pro-
duction of biopharmaceuticals normally involves large fermentor tanks 
growing recombinant cells producing the target biomolecule. However, a 
fermentation broth also contains cell wall fragments, host cell proteins 
(HCPs), lipoproteins, phospholipids etc. which can adsorb strongly to the 
medium giving rise to clogging when run through a packed column. There-
fore, medium cleaning and regeneration are needed and of high importance. 
Through the years, several procedures of cleaning and regeneration have 
been developed2,5,15-17. Sodium hydroxide (NaOH) and/or hydrochloric acid 
(HCl) solutions are common substances used for cleaning and/or destruction 
of bacteria, viruses, endotoxins and spores2,5. Charged and hydrophobic 
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compounds are removed using salt solutions and organic solvents, respec-
tively. 
 
The use of cleaning agents may affect a chromatography medium in different 
ways, especially when using solutions with extreme pH. The goal is to do 
cleaning-in-place (CIP) of the medium in place in the column, after each 
separation run without degrading it. Unfortunately, no chromatography me-
dium is ideal, i.e. the medium is to some extent sensitive to extreme condi-
tions (such as extreme pH). This can lead to functional changes, chemical 
degradation and release of compounds. The biopharmaceutical producers 
therefore need to examine and confirm no contamination in the final drug to 
regulatory authorities. It’s therefore important that chromatography media 
are thoroughly investigated and well characterised to support the final ap-
proval of biopharmaceuticals prior to be released to the healthcare market. 
 
The aim of this thesis has been to investigate, use and/or develop strategies 
and analytical techniques for the characterisation of chemical and functional 
stability of chromatography media used in the purification and production of 
biopharmaceutical products. The work also includes investigation of other 
analytical techniques to obtain related data to above or discover new useful 
information of the chemical or physical properties of the chromatography 
media. 
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2. Chromatography media properties 

Chromatography media are available from several manufactures in a wide 
range of properties such as particle chemistry, size and porosity, selectivity 
and dynamic capacity, and chemical resistance. Important chromatography 
media are based on natural polymers such as polysaccharides (e.g. cellulose, 
agarose and dextran), synthetic polymers (e.g. polystyrene-divinylbenzene, 
polymethylmethacrylate and polyacrylamide) and inorganic materials (e.g. 
silica or hydroxyapatite). Table 1 summarises a few examples of such chro-
matography media (i.e. non-functionalised base matrix supports) including 
composite materials from various manufactures3. 

Table 1. Chromatography media and manufactures 

Chromatography media Raw material(s) Manufactures 

Cellufine™ Cellulose JNC Corporation
Sephadex Dextran GE Healthcare
Sepharose Agarose GE Healthcare 
Ultrogel™ Agarose Pall Corporation 
Biogel™ Agarose Bio-Rad 
Superdex™ Agarose-dextran GE Healthcare 
Sephacryl Bisacrylamide-dextran GE Healthcare 
Ultrogel AcA Agarose-polyacrylamide Pall Corporation 
Ceramic HyperD™ Silica-polyacrylamide Pall Corporation 
SOURCE™ Polystyrene/divinylbenzene GE Healthcare 
 
 
Most of the chromatography media studied in this thesis are based on aga-
rose, which is a low-charge fraction of red seaweed polysaccharide agar 
harvested in the world oceans. The polysaccharide is based on repeating 
units of 1,3-linked β-D-galactose and 1,4-linked 3,6-anhydro-α-L-galactose 
(see Figure 3)3. After pre-processing (of the agar), the agarose is obtained as 
a dry powder. The powder is dissolved at high temperature in aqueous solu-
tion at a given concentration. The polymer chains start to degrade thermally 
(hydrolysis) due to the high temperature giving a decrease in the average 
molecular weight. At a certain viscosity, the hot aqueous solution of agarose 
is cooled down and at the same time poured (under stirring) into a non-polar 
organic solvent containing an emulsifier. Spherical beads (see Figure 4)3 
with a three dimensional porous network of agarose are then formed with 
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certain porosity, size and distribution (normally 10-200 µm in diameter) 
depending on e.g. the stirring rate. This process is called emulsification3. 

 
 

Figure 3. Repeating unit of agarose; 1,3-linked β-D-galactose and 1,4-linked 3,6-
anhydro-α-L-galactose. Reprinted with permission from reference 3. 

The formed beads are insoluble and sediment into the water phase, which 
has a higher density than the organic solvent phase. After removal of the 
organic solvent and several washing steps (usually in water) the rather soft 
beads are cross-linked (CL) with a cross-linking agent (e.g. epichlorohydrin) 
to obtain a higher rigidity3. The obtained material is called a base matrix 
chromatography medium, e.g. Sepharose 6 Fast Flow. Such a chromatog-
raphy medium can be used for desalting and size exclusion applications, but 
mostly it is functionalised with different ligand chemistries (for example 
charged aliphatic groups, non-polar or aromatic groups, proteins, etc.) for 
further manufacturing of e.g. ion exchange, hydrophobic interaction and 
affinity chromatography media, respectively (see Table 2 in section 3.1). 
Functionalised chromatography media are widely used in various biophar-
maceutical applications for e.g. purification of monoclonal antibodies and 
recombinant proteins6-8,10. 
 
To have control over physical and chemical properties of chromatography 
media and to ensure certain quality level to customers, the chromatography 
media have to be well characterised. Standard methods as e.g. particle and 
pore size distribution, porosity, content of ligands, selectivity and dynamic 
protein capacity are developed and implemented at the quality control and 
used for batch release criteria. The investigations in this thesis have been 
further broadened to explore and evaluate other properties of the chromatog-
raphy media chemistries and/or other characterisation techniques to obtain 
new and deeper information. One field is the chemical and functional stabil-
ity properties of the chromatography media. Another field is the functional 
behaviour of the chromatography media at various conditions. Further, mod-
ern vibrational spectroscopic techniques including chemometrics have been 
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used to search for more informative methods for e.g. quantification of ligand 
density of the chromatography media. Finally, a surface sensitive mass spec-
trometric technique has been used to characterise and verify the raw material 
and chemistry design of the chromatography media. 

 
Figure 4. Scanning electron micrograph of chromatography beads (in this case Se-
phacryl S-500). The scale bar corresponds to 10 µm. Reprinted with permission 
from reference 3. 
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3. Experimental strategies 

In this thesis a number of experimental strategies and analytical techniques 
have been used, developed and/or evaluated to characterise the chromatog-
raphy media in different ways. These include for example selection of dif-
ferent chromatography media (e.g. different Sepharose base matrices, differ-
ent ion exchange media, etc.), selection of different chromatography media 
properties to investigate (e.g. chemical stability), selection of procedures for 
preparation of chromatography media (e.g. pre-washing, column packing, 
etc.), selection of storage conditions (e.g. temperature, pH and time), selec-
tion of chromatographic conditions (e.g. buffer pH, sample molecules, etc.), 
selection of analytical techniques (e.g. TOC, IEC and TOF-SIMS) and/or 
selection of evaluation strategies of experimentally obtained data (e.g. multi-
variate data analysis). 

3.1 Selection of chromatography media 
Table 2 shows a summary of all agarose-based chromatography media ob-
tained from GE Healthcare which have been investigated in this thesis. Se-
lection of these specific chromatography media was done due to their variety 
of chemical and functional properties. Many of these chromatography media 
are used in different chromatographic applications, e.g. chromatographic 
steps as capture, intermediate or polishing. A number of competitor chroma-
tography media were also investigated. For the agarose-based chromatog-
raphy media from GE Healthcare, five different Sepharose base matrices 
were investigated. Sepharose 6B, Sepharose CL-6B and Sepharose 6 Fast 
Flow (FF) have the same particle size distribution (about 65-145 µm and a 
mean particle size of about 90 µm)3 but differ in the degree of cross-linking, 
which increases in the order of Sepharose 6B < Sepharose CL-6B < Se-
pharose 6 FF. Sepharose 4 FF is similar to Sepharose 6 FF except for the 
content of agarose, which is 4% compared to 6% for Sepharose 6 FF leading 
to a more porous structure for Sepharose 4 FF. Sepharose High Performance 
(HP) is a highly cross-linked base matrix with a more narrow particle distri-
bution and a mean particle size of 34 µm3. Such matrices may be used in 
various chromatographic applications, e.g. size exclusion, desalting, change 
of buffer or removal of large protein aggregates, but normally they are used 
for further functionalisation. The other chromatography media in Table 2 are 
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all functionalised with different functional groups (ligands) where most of 
them are based on the Sepharose 4 FF or 6 FF base matrix except for Q Se-
pharose XL which has a composite base matrix based on dextran coated 
(grafted) Sepharose 6 FF base matrix. A special case is also the Allyl Se-
pharose 6 FF, which is a medium pre-activated with allyl groups (i.e. from 
allyl glycidylether). The allyl group is often used as a spacer prior to further 
functionalisation. The different functional groups are listed in Table 2. 
 

Table 2. Summary of selected chromatography media 

Chromatography 
media 

Type of medium Functional group Paper no. 

Sepharose 6B Base matrix NA I, VI
Sepharose CL-6B “ NA I, VI 
Sepharose 4 FF “ NA I, VI 
Sepharose 6 FF “ NA I, VI, VII 
Sepharose HP “ NA I, VI 
Allyl Sepharose 6 FF Pre-activated base  

matrix 
Allyl (from allyl  
glycidylether) 

V 

Q Sepharose FF Strong anion  
exchanger 

Quaternary amine I, III, IV, VII 

Q Sepharose XL “ “ IV 
DEAE Sepharose FF Weak anion  

exchanger 
Tertiary and  
quaternary amine 

I, II, IV, VII 

ANX Sepharose 4 FF “ Tertiary amine IV 
Amino Sepharose 6  
FF 

“ Primary amine IV 

SP Sepharose FF Strong cation  
exchanger 

Sulphopropyl I, V, VII 

CM Sepharose FF Weak anion  
exchanger 

Carboxymethyl I 

Phenyl Sepharose 6  
FF 

Hydrophobic  
interaction  

Phenyl I, VII 

Octyl Sepharose 4  
FF 

“ Octyl I 

Benzamidine 
Sepharose 4 FF 

Affinity interaction Aromatic amidine IV 

Notes: For ANX Sepharose 4 FF and Phenyl Sepharose 6 FF a low substitution and a high 
substitution variant were investigated, respectively. NA = Not Applicable. 

3.2 Investigation of chemical and functional stability 
In Paper I, II and III the aim was to investigate the chemical and functional 
stability of most of the chromatography media listed in Table 2. In addition, 
specific leakage compounds were identified and quantified in Paper I and II. 
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3.2.1 Investigation of chemical stability 
Documentation of the chemical resistance (stability) and possible leakage of 
compounds from a chromatography medium is very time-consuming work 
and biopharmaceutical companies may not investigate it thoroughly or have 
the knowledge how to do it. However, regulatory authorities as FDA18 and 
European Medicines Agency (EMA)19 require detailed knowledge about 
chromatography media stability and possible leakage compounds, potential 
extractables, etc. Therefore media manufactures frequently supply such data 
(e.g. Regulatory Support Files) along with the products and other infor-
mation. This type of information can also be used as competition material in 
order to increase market sales. 
 
The chemical resistance of a chromatography medium is dependent on the 
base matrix composition, the coupling chemistry, and the choice of spacer 
and ligand chemistry. A number of different materials are available as de-
scribed above. Some of these are natural polymers (e.g. cross-linked aga-
rose) or synthetic polymers (e.g. polymethacrylate). The structure of spacers 
and ligands depends on desired functional properties. Spacers often consist 
of a carbon chain (3-6 carbon atoms) with one or more oxygen atoms includ-
ed (e.g. the allyl glycidylether group). The ligands are of different function-
ality as described in Table 2. By knowing the matrix and spacer/ligand 
chemistry and their structures the chemical stability (degradation pattern) 
may be predicted to some extent. 
 
Chemical stability studies are normally performed in two stages20. The first 
stage involves treatment of a chromatography medium under static condi-
tions (bulk storage). At a second stage the chromatography medium is sub-
mitted to dynamic conditions or more normal conditions (dynamic on-
column experiments). Both methods were used in this thesis. 

3.2.1.1 Static conditions 
At static conditions a chromatography medium is submitted to harsh (forced) 
conditions, i.e. at extreme pH (e.g. HCl pH 1 or NaOH pH 14), high temper-
ature (e.g. 40 °C) and long contact time (e.g. one week). Before treatment, 
the chromatography medium is pre-treated as described in detail in Papers I 
and II. It can here be noted that the important step of the pre-treatment part is 
to remove any carbon-containing compounds in the storage solution of the 
medium. 
 
By submitting a medium to harsh conditions high levels of “leakage” com-
pounds can be obtained. Historically, a number of analytical techniques such 
as ultraviolet (UV) spectrophotometry, fluorometry, different liquid chroma-
tography methods (size exclusion, reversed phase) with different detectors 
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(UV, diode array, refractive index), gas chromatography, thin layer chroma-
tography etc. have been used routinely to try to measure the chemical stabil-
ity of a chromatography medium in terms of chemical degradation and re-
lease of compounds. However, these analytical techniques are time-
consuming and often give results that are difficult to evaluate. 
 
The adoption of Total Organic Carbon (TOC) analysis opened a new dimen-
sion of chemical stability of chromatography media. Since a large number of 
chromatography media contain at least 50% carbon, TOC analysis is suitable 
for the samples obtained. In addition, earlier studies21 have shown that the 
levels of leakage compounds are in the range of parts per million (ppm) 
which also favors the TOC technique. TOC analysis is easy to perform and 
suitable for fast screening of the chemical stability of chromatography me-
dia. 
 
If a high leakage of carbon is observed from a chromatography medium, 
identification of leakage compounds is of interest. Here gas chromatography 
mass spectrometry (GC-MS) has proven to be a suitable technique for vola-
tile compounds (i.e. compounds with boiling points <300 °C). Several amine 
compounds were identified in related work (Paper II) using GC-MS. Since 
extreme solutions such as NaOH were used, the dynamic headspace injection 
technique was used in combination with the GC-MS system (described in 
detail below). 
 
TOC and GC-MS analyses were evaluated and used extensively in Papers I-
III. Both analytical techniques are described in detailed below. 

3.2.1.2 Dynamic conditions 
Stage two of the chemical stability studies is performed under dynamic con-
ditions or so-called on-column experiments. Here the chromatography media 
are packed in columns and analysed under more normal conditions (includ-
ing at room temperature). After proper treatment with NaOH and HCl solu-
tions (shorter contact times) the columns are eluted with suitable eluents and 
fractions are collected for further analysis (TOC, GC, GC-MS). Due to the 
nature of the experimental set-up, the leakage levels are much lower than for 
bulk storage experiments. Experimental set-up and procedures are described 
in detail in Paper II. Treatment in columns and functional stability are further 
discussed below. 

3.2.2 Investigation of functional stability 
The functional stability of a chromatography medium is concerned with 
functional changes due to chemical treatment. The treatment procedures can 
be performed in static experiments as described above or via chemical treat-
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ment of packed columns22,23. The latter is often called cleaning-in-place 
(CIP) as such treatments are used for regeneration of the packing material. 
Different regeneration programs have been developed depending on the na-
ture of the contaminants. Besides NaOH solutions, (which are the most 
common), acetic acid solutions, different salt solutions and also alcohols 
such as isopropanol are used either separately or in different combinations2,5. 
Strong oxidising agents like peracetic acid have also been used16,17. After a 
packed column has been regenerated, the functional performance should be 
controlled, for example by chromatography of a protein mixture, and evalu-
ating any change in the chromatographic pattern. Properties as ionic capacity 
and protein capacity are also important parameters to test. 
 
Papers II and III describe in detail different procedures for testing various 
properties before and after treatment as described above. 

3.2.3 Technical developments 
Chemical and functional stability procedures and methods were highly de-
veloped early in parallel to the development of modern chromatography 
media. Therefore, the methods used today are very similar to the early ones. 
However, some development has been seen on different combinations of CIP 
and wash solutions for cleaning in place or sanitization in place of chroma-
tography media3. Also, other analytical techniques such as nuclear magnetic 
resonance (NMR) spectroscopy have been used before in similar studies21. In 
addition, liquid chromatography mass spectrometry (LC-MS) and (in parallel 
to TOC, see below) total nitrogen (TN) could be interesting and suitable for 
identification leakage compounds/levels. 

3.3 Investigation of functional properties and 
chromatographic patterns 
In Papers II, III and IV; functional properties and chromatographic patterns 
of various ion exchange chromatography (IEC) media (see Table 2) were 
investigated and evaluated. IEC was used to evaluate retention pattern after 
chemical treatment (Paper II) or at various chromatographic conditions (Pa-
per IV). IEC is described below. In Paper III, protein capacity studies were 
performed at different conditions. 
 
The functional properties are perhaps the most important properties of a 
chromatography medium since it is closely related to the application. Good 
knowledge of the functional properties is therefore critical to understand 
how chromatography media will behave during real applications. IEC media 
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are widely used in capture and polishing steps, which are important steps in 
biopharmaceutical applications. High ligand density media enable high level 
binding of a certain target protein but also other proteins like HCP, DNA, 
etc. Therefore, it is important to have a combination of chromatographic 
steps for capture and polishing in an application process2. 

3.4 Investigation of chemical properties 
In Papers I and III-VII, different chemical properties as elemental analysis, 
contents of spacer groups and ligands, and verification of chemical structure 
were investigated and evaluated. Elemental analysis was performed external-
ly as part of the chemical stability studies (Papers I and III). Contents of 
spacer groups and ligands were analysed by traditional methods as elemental 
analysis and potentiometric titration, but also newer methods as vibrational 
spectroscopy techniques described below (Paper V). Verification of chemi-
cal design was investigated by TOF-SIMS (Papers VI and VII).  
 
Chemical properties are also important for chromatography media which 
were described above (see chromatography media properties section). The 
chemical properties will have direct effect on how chromatography media 
will behave functionally but also in terms of mechanical and chemical stabil-
ity. 

3.5 Major analytical techniques 
A number of analytical techniques have been evaluated and used in this 
work. The most important ones are described more or less in detail below. 
Some technical developments are also discussed. 

3.5.1 TOC analysis 
Total organic carbon (TOC) analysis is normally used for environmental 
analysis (i.e. measurements of the content of organic carbon (compounds) in 
natural and drinking water)24. TOC analysis is a well-established technique 
and is based on oxidation of all organic compounds to carbon dioxide. Tradi-
tionally, the oxidation process was done in a solution with oxidising agents. 
However, a more modern approach is based on oxidation of the organic 
compounds at high temperature and in presence of a catalyst. Since NaOH 
and HCl solutions can destruct the oxidation process in an oxidising solu-
tion, it was natural to use the thermal oxidising technique in Paper I. In addi-
tion, the latter technique is in all aspects more user friendly. 
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When analysing the carbon content of a water solution, different types of 
carbon (compounds) can be analysed. Total Carbon (TC) involves all carbon 
(both organic and inorganic) whereas Inorganic Carbon (IC) involves car-
bonate ions, cyanide ions etc. The widely used definition TOC is measured 
(calculated) as TC-IC. A fourth type of measurement is Non-purgeable Or-
ganic Carbon (NPOC). Since NPOC was used for all carbon measurements, 
this principle will be described in detail. However, the definition TOC is 
often used as a general expression for the technique. A flow sheet of the 
instrument is shown in Figure 5. The total organic carbon analyser used for 
all experiments was a TOC 5000 model with an automatic sample injector 
ASI-5000 (Shimadzu Corporation, Japan). 

 
Figure 5. Flow sheet over the TOC analysis system. Reprinted (from TOC instru-
ment manual) with permission of Shimadzu Corporation, Japan. 

The analysis procedure is divided into several parts, to be described in 
chronological order. First, sample solutions were properly diluted and ad-
justed to a low pH (~2), especially NaOH solutions. Then before injection 
the solutions were sparged (bubbled) with purified air for 3 minutes (specific 
for NPOC). Hereby carbonate ions were transformed to carbonic acid, which 
dissociates and forms carbon dioxide and water. The carbon dioxide mole-
cules are volatile and evaporate. Since NaOH solutions contain carbonate, 
the latter would contribute to the carbon content if not removed. The second 
part took place after the sparging. 106 µL of sample solution was withdrawn 
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by a syringe and injected on the combustion tube. The combustion tube is a 
long tube of glass capable of withstanding high temperatures. 
 
The tube is filled with quartz wool coated with platinum and in contact with 
two bottom nets of platinum (i.e. the catalyst). The combustion tube is heat-
ed up to 680 °C. A continuous flow (150 mL/h, 5 bar) of carbon dioxide-free 
air is flown through the system. When carbon compounds enter the combus-
tion tube all carbon is oxidised to carbon dioxide, which joins the airflow 
and is transferred out from the combustion tube. The hot gas is cooled before 
entering the inorganic reactor, which is a plastic cylinder containing 25% 
(v/v) phosphoric acid. The inorganic reactor is essential for analysing inor-
ganic carbon, but has no function for the organic carbon analysis. The car-
bon dioxide molecules are further transferred to a halogen gas trap, where 
gas molecules formed by halide ions in the combustion tube are adsorbed 
onto an adsorbent. Any halogen gas entering the detector can damage its 
inside walls. 
 
The carbon dioxide then enters the detector unit, which is a non-dispersive 
infrared detector designed to be only sensitive to carbon dioxide. The detec-
tor has one reference cell filled with nitrogen and one measuring cell for the 
carbon dioxide. When the carbon dioxide molecules enter the measuring 
cell, infrared light is absorbed by the carbon dioxide molecules. The ab-
sorbed energy is instantaneously transformed to thermal energy through 
molecular collision. A pressure difference between the measuring and the 
reference cells is created. Both cells are connected to the detection part 
through a metal diaphragm, which is deformed due to the difference in pres-
sure. The deformation of the diaphragm affects the electronic parts of the 
detector and an AC voltage in the mV range is finally measured and trans-
formed to a carbon signal. Quantification of carbon content in a sample solu-
tion was done from a calibration curve. This curve was made from standard 
solutions of potassium hydrogen phthalate and analysed in a similar way as 
described. The curve was linear in the interval 0.5 - 5.0 µg carbon per mL 
solution. To keep the background on a low level only highly purified carbon 
dioxide free water was used. The relative precision of the method was ap-
proximately 2%. 

3.5.1.1 Technical developments 
Modern TOC instruments are based on the same principles as described 
above. However, the design and maintenance are more user friendly includ-
ing a stand alone computer and software for instrument control and data 
evaluation. Moreover, combinations with e.g. TN detection are now common 
standard. During the combustion process (equal to the one described above), 
covalent bound nitrogen forms nitric oxide that are detected with a nitrogen 
detector built on chemiluminescence. The sensitivity for nitrogen is about 
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the same as for carbon. TN analysis could be suitable for measuring nitro-
gen-containing leakage compounds as a complement to or as a substitute for 
TOC analysis (the latter when e.g. the storage solution contains a carbon 
source). Chromatography media with nitrogen-containing ligands would 
benefit from measuring nitrogen. The results obtained could generate selec-
tive information of the release of e.g. ligands versus total leakage. 

3.5.2 GC-MS analysis 
Gas chromatography (GC) with mass spectrometry (MS) detection (GC-MS) 
is a well-established and widely used technique25. GC-MS was used for iden-
tification of leakage compounds in Paper II. Since the compounds of interest 
were found in extreme solutions of NaOH or HCl, the dynamic headspace 
sampling technique was used26. The principle for the instrumental set-up can 
be described in four parts. First the unknown compounds are sampled using 
dynamic headspace sampling technique. The sample solution sealed in a 
glass vial with a septum is heated to a certain temperature and then purged 
with helium through a purge needle. Volatile compounds join the helium gas 
and leave the vial via a second channel in the needle to be trapped on an 
adsorbent (for example Tenax). The second part involves injection and sepa-
ration of the sample on a GC column. The adsorbed compounds are thermal-
ly desorbed from the adsorbent and injected automatically through a normal 
split-splitless injector unit. Depending on parameters such as type of column, 
stationary phase, oven temperature and gas flow (helium), the compounds 
are separated on the column. 
 
The third part of the set up was to detect and identify the compounds coming 
out from the GC column. A mass spectrometer with electron ionisation and 
quadrupole detector was used for this purpose. The electron ionisation 
chamber and the quadrupole analyser are depicted in Figures 6 and 7, respec-
tively. In the ionisation chamber the compounds are bombarded with elec-
trons which result in molecular fragments as positive ions, negative ions and 
neutral fragments. The positive ions are accelerated and focused before en-
tering the mass analyser (quadrupole type). This type of mass analyser con-
sists of four parallel rods arranged symmetrically. A voltage made up of a 
direct current (dc) component and an oscillating radio-frequency (rf) compo-
nent is applied to the diagonally opposite pair of rods. By scanning the dc 
and rf fields the incoming ion trajectories are influenced. Only ions with a 
stable oscillation will reach the detector whereas other ions will be lost on 
the rod assembly. Hence mass separation is achieved27. 
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Figure 6. Schematic for the electron ionisation (EI) chamber. Reprinted (from GC-
MS instrument manual) with permission of Shimadzu Corporation, Japan. 

 
Upon reaching the detector (electron multiplier) the ions are focused on a 
dynode. Secondary electrons are emitted and interact with another dynode, 
which in turn emits further electrons. Thus, amplification is accomplished 
through a “cascading effect” of secondary electrons from dynode to dynode. 
A total ion chromatogram (total ion current, TIC) was obtained where exist-
ing mass fragments at any point in time are available. The fourth part is the 
identification of the compounds. This was done manually or by using soft-
ware for interpretation and library search. Reference substances were also 
analysed to verify the detected and identified compounds. 
 
For all dynamic headspace GC-MS experiments the following instruments 
were used. The dynamic headspace unit was a DANI SPT 37.50. The GC-
MS system consisted of a GC-14A gas chromatograph and a mass spectrom-
eter QP-2000 including evaluation software MS-PAC 200 (Shimadzu Corpo-
ration, Japan). 
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Figure 7. Schematic for the quadrupole mass analysator. Reprinted (from GC-MS 
instrument manual) with permission of Shimadzu Corporation, Japan. 

3.5.2.1 Technical developments 
GC-MS has become a mature technique that is used widely for volatile com-
pounds. For example, introduction (injection) of complex samples has been 
further developed. The dynamic headspace (“purge and trap”) technique 
used here and also the similar static headspace (“vapor-phase extraction”) 
were both developed early to e.g. facilitate injection of volatile compounds 
in non-volatile samples with complex matrices28,29. The former is especially 
important to obtain a high degree of analyte concentration29. Later on general 
solid phase microextraction (SPME) techniques as headspace-SPME29 and 
single-drop microextraction30 was developed which included more simplified 
equipment. Headspace-SPME is based on a coated fused silica fiber used to 
trap and concentrate the analytes in gas phase prior to injection. Single-drop 
microextraction is based on an organic water-immiscible solvent drop held 
by a needle and dipped in the sample solution for extraction of analytes prior 
to injections. Both the headspace-SPME including static mode31 and  single-
drop microextraction32 techniques are considered more sensitive and/or more 
effective than the original dynamic and static headspace techniques. The 
described sample injection techniques are normally used in the environmen-
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tal analysis field where complex samples including amine compounds can be 
expected33,34. 
 
Other parts of the GC-MS technique as type of columns, different ionization 
modes and different mass detectors have also been developed the last dec-
ades. For example, capillary columns with different properties are now 
common standard and the quadrupole mass detector (used here) has gained 
competition from e.g. ion trap and time-of-flight mass detectors35. 

3.5.3 Ion exchange chromatography 
Ion exchange chromatography (IEC)2,3,5 is one of the most common chroma-
tographic techniques for purification of biopharmaceuticals as proteins and 
monoclonal antibodies. IEX is based on electrostatic interaction between 
charged chemical groups of a sample molecule and chemical groups (lig-
ands) attached to a chromatographic support with an opposite charge. A 
simplified procedure can be explained as follows: 
 
A column packed with a suitable support (i.e. chromatography media beads) 
with charged ligands attached to the support, is equilibrated with a proper 
mobile phase (i.e. with a certain ionic strength and pH). The mobile phase is 
pumped through the column at a constant flow-rate. During the equilibration 
the charged ions and/or buffer molecules in the mobile phase interacts with 
and adsorb to the charged ligands on the support. At low ionic strength 
(binding conditions), a sample of e.g. proteins (solved in the mobile phase 
with low ionic strength) is injected onto the column. The protein molecules 
are larger and multi-charged compared to for example small organic com-
pounds. After injection, the protein molecules start to interact with the 
charged ligands on the support and compete with the adsorbed charged ions 
and/or buffer molecules. Due to the increased concentration, the amount of 
adsorbed protein molecules increases and the charged ions and/or buffer 
molecules are successively displaced and desorbed. The protein molecules 
are then eluted by changing the properties of the mobile phase (e.g. in-
creased ionic strength, change in pH). The charged ions and/or buffer mole-
cules (rapidly increasing in concentration) start to compete with the adsorbed 
protein molecules, which are successively displaced and desorbed. Depend-
ing on the exact conditions and the properties of the protein molecules (i.e. 
the net charge), they desorb differently in time forming sample zones in the 
column which finally separate from each other and elute from the column 
and detected by a proper detector, e.g. UV detector. 

IEC can be run at both low and high pressure depending on the type of 
columns and instrumental performance. The elution of target molecules can 
be conducted in different ways, i.e. by isocratic elution, by step gradient 
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elution or by linear gradient elution. Figure 8 shows an example of a chro-
matogram after a linear gradient elution of wheat germ isolectin2. 
 
All functional analyses were performed using chromatography columns and 
systems from GE Healthcare (Uppsala, Sweden). Chemometric calculations 
were performed using The Unscrambler multivariate software (Camo, Nor-
way). 

 
Figure 8. Separation of wheat germ isolectin on S Sepharose High Performance 
column by linear gradient elution IEC. Reprinted with permission from reference 2. 

3.5.4 Vibrational spectroscopy techniques 
In Paper V, Fourier transform (FT) infrared (FT-IR), FT near infrared (FT-
NIR) and FT-Raman spectroscopy were all used in combination with 
chemometric modelling to measure and quantify contents of spacer and lig-
and and also content of residual spacer for two chromatography media, re-
spectively, listed in Table 2. 
 
Vibrational spectroscopy techniques as FT-IR, FT-NIR and FT-Raman spec-
troscopy36-38 are generally used to obtain chemical information from different 
materials, i.e. organic compounds, polymers, proteins, etc. Different func-
tional groups are identified in the obtained spectra which together gives the 
identity of the measured sample. FT-IR spectroscopy is the technique that 
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gives the spectra which are easiest to interpret. Vibrational spectroscopy can 
be performed both qualitatively and quantitatively. Qualitative vibrational 
spectroscopy is used for identification and is relatively easy to perform. 
Quantitative vibrational spectroscopy is used for quantification of for exam-
ple content of ligands in a medium, but is generally more difficult to per-
form. Today, quantitative spectroscopic measurements and evaluation of 
obtained data are designed and performed by using chemometric models, 
respectively. 
 
Vibrational spectroscopy is used in many industrial applications. Especially 
FT-NIR and FT-Raman have been widely used in pharmaceutical industrial 
applications such as chemical imaging of tablets or in-line measurements of 
different synthesis steps of drugs39,40. Some work has also been done on 
chromatography media or similar materials using FT-NIR and FT-
Raman41,42. 

3.5.4.1 Vibrational spectroscopy and Fourier transformation 
Fourier transformation is a mathematical transformation which is used in e.g. 
FT-IR spectroscopy43,44. Wave formed signals are obtained as a result of the 
optical bench which in modern FT instruments are based on a Michelson 
interferometer45 (see Figure 9). The output result is called an interferogram41 
which is Fourier transformed by an integration of the cosine function of the 
wave formed signal. The final result is an interpretable spectrum. Typical 
spectra of FT-IR, FT-NIR and FT-Raman of a chromatography medium are 
shown below. 
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Figure 9. Schematic diagram of a Michelson interferometer (in this case configured 
for FT-IR). Reprinted with permission from reference 43. 

3.5.4.2 FT-IR 
Fourier transform infrared (FT-IR) spectroscopy is used to obtain chemical 
information (e.g. identity) of different materials.  A sample is irradiated with 
infrared light which is absorbed. The degree of absorption is related to the 
types of chemical groups within the sample material.  The result is an infra-
red spectrum with molecular peaks (bands) of specific frequency or wave-
number (normal range = 4000-400 cm-1). Only molecular groups being elec-
trical dipoles are infrared active or otherwise they are Raman active (see 
below). FT-IR and FT-Raman spectroscopy (see below) are complementary 
techniques. One disadvantage with FT-IR is any presence of water in the 
sample. Water absorbs heavily in the infrared region, and must be removed 
prior to measurement. 
 
FT-IR analysis can be performed in different ways depending on the quantity 
and property of a sample. For example sample in minor quantities that can 
be prepared as a potassium bromide (KBr) disc can be measured by FT-IR 
transmission spectroscopy. Larger quantities (about 0.1 g) of powder-like 
samples as dried media can (easily) be measured by FT-IR photoacoustic 
(FT-IR/PAS) spectroscopy. Flat samples can be analysed by FT-IR attenuat-
ed total reflection (FT-IR/ATR) spectroscopy. Small (few) particles can be 
analysed using FT-IR microscopy. 
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3.5.4.3 FT-IR/PAS 
In FT-IR/PAS spectroscopy, the absorbed energy (see above) of the sample 
molecules is converted to thermal energy during their relaxation. The ther-
mal energy or pulses are transferred from the sample to a surrounding gas 
(helium). The thermal pulses produce pressure waves (acoustic waves) in the 
surrounding gas, which can be measured by a sensitive microphone and con-
verted to chemical information as an absorbance spectrum, see Figure 10. 
For example peaks from C-H and C-O-C bonds can be seen around 2900-
2800 cm-1 and 1100-1000 cm-1, respectively. The sample is measured more 
or less directly, but should be milled and dried to a powder-like material. 
The powder is weighed in (about 0.1 g) to a special sample cup and purged 
in helium prior to measurement. The FT-IR/PAS technique is easy to per-
form and is very reproducible in contrast to e.g. FT-IR transmission spec-
troscopy and using a KBr disc. 

 
Figure 10. FT-IR/PAS spectrum of Capto™ adhere. 

3.5.4.4 FT-NIR 
FT-NIR is similar to FT-IR but spans the range from approximately 12500-
4000 cm-1 and is dominated by overtones and combination bands. Sample 
types are limited to liquids and solids, and are measured by using different 
probe techniques, e.g. diffuse reflectance. In general, a FT-NIR spectrum 
(see Figure 11) is more diffuse and/or interpretation of such peaks (not 
shown) based on overtones and combination bands are more difficult, why 
chemometric methods must be applied to determine the parameter of inter-
est. However, the technique is fast and is often used for process analysis in 
e.g. pharmaceutical production. 
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Figure 11. FT-NIR spectrum of Capto adhere. 

3.5.4.5 FT-Raman 
FT-Raman is also used to obtain chemical information of different materials. 
A sample is irradiated with a laser beam upon excitation of the molecules to 
a higher energy state. Most of the light is scattered (Rayleigh scattering) 
when the excited molecules are relaxed to the ground state, but a small frac-
tion of the excited molecules are relaxed back to a vibrational excited state 
with emitted photons smaller than the exciting ones, i.e. Raman shifts or 
Stokes lines. Due to the very small fraction of Raman scattering, the signal is 
very low in intensity. It is only the molecules that can change their polariza-
tion that are Raman active and therefore Raman spectroscopy is a comple-
mentary technique to FT-IR spectroscopy.  However, Raman spectroscopy is 
not sensitive to moisture (i.e. water). 
 
Similar samples (solids) as for FT-IR (e.g. dried chromatography media) can 
be analysed, but also solutions including water can be analysed although the 
signal intensity becomes quite low compared to solid samples. The detector 
requires liquid nitrogen to become operational and sensitive. An example of 
a FT-Raman spectrum is shown in Figure 12. For example peaks from C-H 
and aromatic bonds can be seen around 2900-2800 cm-1, and at 1600 and 
1000 cm-1, respectively. 
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Figure 12. FT-Raman spectrum of Capto adhere. 

3.5.4.6 Sample preparation and instrumental set-up 
All chromatography media (see Table 2) were washed in excess of sodium 
chloride (NaCl) solution and/or distilled water and dried using a SpeedVac 
evaporator operating at ambient temperature and low pressure. Thereafter 
the samples were milled to fine powders. In these ways, all media were 
transformed into the same environment and non-wanted counter ions were 
washed out. The procedure ensured that all samples were transferred to 
moisture-free powders. All measurements were performed directly on the 
prepared samples using a FT-IR instrument model System 2000 (Perki-
nElmer, USA), a FT-Raman instrument model RFS/100 (BrukerOptics, 
Germany) and a FT-NIR instrument model Vector 22/N (BrukerOptics, 
Germany). Obtained data were pre-processed prior to multivariate modelling 
(see below). 

3.5.5 TOF-SIMS analysis 
In Papers VI and VII, time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was used to characterise and verify raw materials (dextran and aga-
rose) and several chromatography media, and also the chemistry design of 
the several chromatography media (both base matrices and functionalised 
types) listed in Table 2. 
 
TOF-SIMS46-48 is an analytical technique for analysis of surfaces. It com-
bines the strengths of being an extremely surface sensitive (nm range) tech-
nique using the analysing power of mass spectrometry. TOF-SIMS can be 
and has been used for analysis of e.g. polymers and their compositions, coat-
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ings, biomaterials and pharmaceuticals49-54. In the field of chromatography 
media or similar materials, some work using TOF-SIMS has been pub-
lished55-58. 
 
The TOF-SIMS instrument set-up is a very complex system and will be dis-
cussed only briefly (see below). A schematic of a typical TOF-SIMS instru-
ment is shown in Figure 13. The principle for TOF-SIMS can be described 
as follows: 
A sample surface is bombarded with primary ions (e.g. Ga+) of certain ener-
gy in an ultrahigh vacuum environment. Upon collision with the sample 
surface, positive and negative secondary ions (and neutrals) are formed in a 
collision process (collision cascade) where formed ions in turn collide with 
underlying molecular layers and further ions are formed. A schematic of the 
TOF-SIMS collision process is shown in Figure 14. The formed charged 
ions (either in positive or in negative mode) are then accelerated in a time of 
flight tube and finally detected by the mass spectrometer and evaluated by 
the software. 

 
Figure 13. Schematic over a typical TOF-SIMS instrument. Reprinted with permis-
sion from reference 59. 

Static mode of TOF-SIMS (SSIMS) has been used in this thesis studies for 
increased surface sensitivity. Dynamic mode of TOF-SIMS is also available 
and mainly used for depth profiling (not used or described in this thesis). In 
the positive analysis mode, positive ions typically range from m/z 20-200. 
Larger ions are less found in positive mode due to the collision process, i.e. 
the ions are further fragmented. Negative analysis mode normally yields 
only smaller negative ions. 
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Figure 14. Schematic diagram of the TOF-SIMS collision process. Reprinted with 
permission from reference 60. 

The main advantage of using TOF-SIMS analysis on chromatography media 
is the resulting information of chemistry on the molecular level, e.g. verifica-
tion of ligand chemistry and structures, and mass spectrometric comparison 
of the different material. Few (if any) other techniques have this possibility. 
The matrix assisted laser desorption ionization mass spectrometry (MALDI-
MS) technique is a MS technique for surface analysis of bio- and organic 
polymers61. Although MALDI-MS is less surface sensitive than TOF-SIMS, 
MALDI-MS has better possibilities for analysing larger ions (from e.g. pro-
teins and polymers) which is an inherent disadvantage with TOF-SIMS. 
Another disadvantage or maybe a challenge for TOF-SIMS is the risk of 
surface contamination of the chromatography media beads. Thus, when us-
ing TOF-SIMS analysis it is crucial to have a good sample procedure so that 
a sample surface is maintained clean and not get contaminated. Any surface 
contamination may distort the formation of characteristic peaks from the 
sample surface and/or give a false peak pattern due to the high surface sensi-
tivity of the technique. It is also very important to run the analysis in an ul-
trahigh vacuum environment to avoid adsorption to the sample surface. Fig-
ure 15 shows an example of a TOF-SIMS spectrum in positive mode for the 
raw materials dextran and agarose. 
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Figure 15. TOF-SIMS spectrum (positive mode) of the raw materials dextran and 
agarose. Reprinted with permission from Paper VI. 

3.5.5.1 Sample preparation and instrumental set-up 
Chromatography media particles were thoroughly washed and dried prior to 
TOF-SIMS analysis. The powder-like dried particles and raw materials were 
attached on a double-sided tape which in turn was attached on small flat 
metallic block suitable for the instrument. The block with the sample was 
then introduced in the sample compartment of the instrument and the system 
pressure was pumped down to ultrahigh vacuum. TOF-SIMS spectra were 
recorded from the different samples and also from a clean tape to have con-
trol of the background. 
 
All TOF-SIMS analyses were performed (in collaboration with SP Technical 
Research Institute of Sweden) on a TOF-SIMS IV instrument (ION-TOF 
GmbH, Germany). 

3.5.6 Strategies for evaluation of experimental data 
Different approaches to evaluation of data have been used throughout the 
thesis. In general, the data are presented in tables or graphs. Where applica-
ble standard statistical calculation methods62, e.g. relative standard deviation 
(RSD) and chemometric methods63, e.g. principal component analysis (PCA) 
and partial least square regression (PLS) have been applied on the obtained 
data to calculate method performance and variation in the data. If not stated 
otherwise, the data are considered to be normally distributed. 
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In all studies (Papers I-VII), single sample procedure has been applied re-
garding preparation and/or treatment of the different chromatography media 
prior to the different analyses. Therefore, the variation with-in different 
preparation and/or treatment methods in the different studies cannot be cal-
culated but may be estimated from long experience of using them. For the 
main analytical methods used in Papers I-VII no thorough validation was 
performed but for some the relative standard deviation was estimated from 
the obtained data (see above). Where needed, duplicate analysis of chroma-
tography media (columns) and supernatant solution from media was per-
formed. Evaluation of large data sets or more complex data (as in Papers IV 
and VI) was performed by PCA to see patterns or variation in data. For the 
spectroscopic data in Paper V, PLS models were calculated for determina-
tion of the quantitative parameters of interest. Table 3 summarises the main 
analytical methods used and main obtained data in Papers I-VII, and the 
applied statistics or chemometrics. 

Table 3. Statistical approaches to main methods and data 

Paper Main method(s) Main data 
Main statistical  
and chemometric  
methods used

I TOC Concentration RSD
II GC-MS Retention time, MS RSD
III Various Various RSD
IV IEC Retention time PCA
V IR, NIR, Raman Spectra PLS
VI, VII TOF-SIMS MS PCA, RSD 
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4. Results and discussion 

The main parts of this work and thesis were to investigate chemical and 
functional stability of different chromatography media. This main work was 
published early in Papers I, II and III. Later on, media characterisation was 
extended into other fields as exploring functional properties and chromato-
graphic behaviour of ion exchange chromatography media (Paper IV), quan-
tifying spacer and ligand content with vibrational spectroscopic methods 
(Paper V) and finally exploring the surface chemistry of raw materials and 
several chromatography media products by surface sensitive mass spectrom-
etry (Papers VI and VII). 

4.1 Paper I 
The main focus in this part of the work was to investigate the chemical sta-
bility of a number of chromatography media. After static treatment of the 
media at different pH, the carbon content in the supernatants was analysed 
by TOC analysis. By measuring the carbon leakage, the influence of the 
degree of cross-linking, type of ligand and support on chemical stability of 
the media was studied. UV analysis and gel filtration chromatography (GFC) 
with refractive index detection were also used as complementary techniques 
to study leakage of 5-hydroxymethylfurfural (5-HMF) and larger molecular 
fragments. 

4.1.1 Chemical stability of different Sepharose™ 
chromatography media 
Table 4 summarises the TOC results from the Sepharose chromatography 
media (base matrices) after treatment at extreme pH’s (2 and 14). These 
media were also studied at pH’s 4 and 10, and in Milli-Q (MQ) water. Since 
these latter results showed low TOC leakage (<0.4%) for all the Sepharose 
chromatography media (except Sepharose 6B), they will not be further dis-
cussed. All TOC results are given in ppm (µg/mL) and also in percent (%), 
where the latter means the total amount of carbon leakage divided by the 
total amount of carbon incubated. Four chromatography media (Sepharose 
CL-6B, Sepharose 4 FF, Sepharose 6 FF and Sepharose HP) showed low 
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leakage at pH 14. However, at pH 2 the TOC leakage was increased to about 
1% for Sepharose 4 FF and Sepharose 6 FF. Sepharose 6B and Sepharose 
CL-6B showed even higher leakage. Sepharose HP was not affected at pH 2. 
Indeed, Sepharose 6B was affected at all pH’s investigated. The poor chemi-
cal stability at low pH can be explained by hydrolysis of glycoside bonds. 
The extreme poor chemical stability of Sepharose 6B is due to the absence of 
cross-linkers. All the other Sepharose matrices are cross-linked to different 
degrees. The effect of cross-linking on the chemical stability at low pH for 
some of the matrices is illustrated in Figure 16. 

Table 4. TOC leakage from different Sepharose chromatography media at extreme 
pH 

____________________________________________________________________ 
Chromatography media TOC leakage at extreme pH 
 pH 2 pH 14 
 (ppm) (%) (ppm) (%) 
____________________________________________________________________ 
 
Sepharose 6B 542 12.8 776 17.0 
Sepharose CL-6B 352 7.9 4.7 0.10 
Sepharose 4 FF 31.0 0.89 5.7 0.18 
Sepharose 6 FF 57.2 1.1 0.7 0.01 
Sepharose HP 3.3 0.06 2.3 0.04 
____________________________________________________________________ 
Notes: The chromatography media were treated at static conditions in 0.01 M HCl (pH 2) and 
1.0 M NaOH (pH 14) at 40 °C for 168 hours. Single sample was analysed. Data adopted from 
Paper I and with addition of ppm data. 

Since the TOC technique does not give any structural information or com-
pound identification, related to the leakage compounds, UV analysis and 
GFC with refractive index detection were used to study supernatants at low 
pH (2). One leakage compound was identified as 5-HMF, which is a well-
known degradation product of hexoses at low pH64,65. However, the leakage 
of 5-HMF only explained a small portion of the total carbon leakage, indicat-
ing that the chemical degradation is somewhat complex. By using UV analy-
sis and GFC other unidentified compounds were observed. The GFC results 
showed that these leakage compounds ranged in size from about 400 to 4000 
g/mole, indicating on larger matrix (agarose) fragments. Similar results have 
also been observed for supernatants at high pH, but the leakage level was 
much lower (except for Sepharose 6B). However, 5-HMF has not been 
found at high pH, nor have any other specific leakage compound been identi-
fied. 
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Figure 16. TOC leakage (%, Y-axis) from Sepharose 6B, Sepharose CL-6B and 
Sepharose 6 FF after static treatment in 0.01 M HCl (pH 2) at 40 °C for 168 hours. 
Single sample was analysed. Data adopted from Paper I. 

4.1.2 Chemical stability of different functionalised Sepharose 
chromatography media 
Different chromatography media such as ion exchangers (both anion and 
cation) and hydrophobic interaction media were investigated, see Table 5. 
As above the results from treatment at extreme pH will only be discussed 
since treatment at pH 4 and 10, and in low conductivity (MQ) water resulted 
in very low leakage (≤0.05%) except for Octyl Sepharose 4 FF. Generally, 
treatment at pH 14 resulted in rather low TOC leakage, but higher than cor-
responding base matrices (Table 4). This may be explained by selective 
cleavage of ether bonds (see Figure 17) for most of the media. Another 
mechanism for DEAE Sepharose FF is discussed below. At low pH (2) all 
media (except SP Sepharose FF and Octyl Sepharose 4 FF) showed lower 
leakage than the corresponding base matrices. This may be due to attach-
ment of different ligands protecting or shielding the base matrix from degra-
dation. 
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Table 5. TOC leakage from different functionalised Sepharose chromatography 
media at extreme pH 

____________________________________________________________________ 
Chromatography media TOC leakage at extreme pH 
 pH 2 pH 14 
 (ppm) (%) (ppm) (%) 
____________________________________________________________________ 
Q Sepharose FF 2.6 0.02 8.8 0.08 
DEAE Sepharose FF 1.4 0.02 34.1 0.53 
SP Sepharose FF 621 6.3 31.4 0.31 
CM Sepharose FF 9.1 0.15 13.0 0.27 
Phenyl Sepharose 6 FF 16.2 0.27 9.3 0.14 
Octyl Sepharose 4 FF 39.9 1.1 23.0 0.61 
____________________________________________________________________ 
Notes: Octyl Sepharose 4 FF is based on Sepharose 4 FF while the others are based on Se-
pharose 6 FF. The chromatography media were treated at static conditions in 0.01 M HCl (pH 
2) and 1.0 M NaOH (pH 14) at 40 °C for 168 hours. Single sample was analysed. Q = tetra-
methyl ammonium, DEAE = diethylaminoethyl, SP = sulphopropyl, CM = carboxymethyl. 
Data adopted from Paper I and with addition of ppm data. 

SP Sepharose FF shows a different pattern with a TOC leakage about 6 times 
higher than the base matrix (Sepharose 6 FF). The low stability of SP Se-
pharose FF may be explained from the Donan effect, which makes the local 
pH near the SP groups become lower than in the surrounding buffer. This 
will then increase the breakdown of the matrix. Octyl Sepharose 4 FF 
showed only a slightly higher leakage than the corresponding base matrix 
(Sepharose 4 FF), but the reason for this has not been further elucidated. In 
similar studies, the two anion exchange chromatography media ANX Se-
pharose 4 FF (low sub) and ANX Sepharose 4 FF (high sub) were investi-
gated by Lagerlund et al66. TOC analysis showed low leakage levels at ex-
treme conditions. The two ANX Sepharose 4 FF chromatography media are 
further discussed in Paper IV. 
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Figure 17. Ligand/spacer structure of Octyl Sepharose 4 FF. The shadowed square 
represents the matrix (Sepharose 4 FF). The ether bonds are indicated by arrows. 

Generally, TOC leakage originates from larger fragments released from the 
matrix as discussed above. However, two functionalised Sepharose chroma-
tography media showed detectable leakage of 5-HMF at low pH, see Table 
6. As for the matrices, the 5-HMF only explained a small part of the total 
organic carbon release. It is interesting to note that the amount of 5-HMF 
leakage compared to the TOC leakage is almost 9 times higher for Octyl 
Sepharose 4 FF than for SP Sepharose FF, although the latter medium has a 
much higher absolute TOC leakage. This pattern indicates that the formation 
(degradation of media) and the amount of released 5-HMF are influenced by 
the ligand type. Some new (unpublished) data related to Heparin Sepharose 
6 FF support this statement (see Table 6). At high pH, TOC leakage from 
DEAE Sepharose FF could partly be explained by the release of amine com-
pounds from the ligand(s), which is further discussed in Paper II. For Octyl 
Sepharose 4 FF ligand leakage as octanol has been found in similar investi-
gations, which explains some of the material released at high pH. 

Table 6. Leakage of 5-HMF and TOC leakage and their ratios for three different 
functionalised Sepharose chromatography media 

____________________________________________________________________ 

Chromatography media Concentration TOC leakage Ratio2 

 of 5-HMF1   
 (ppm) (ppm) (%) 
____________________________________________________________________ 
SP Sepharose FF 9.4 621 0.86 
Octyl Sepharose 4 FF 5.3 39.9 7.6 
Heparin Sepharose 6 FF 1.0 15.4 3.7 
____________________________________________________________________ 
Note: 1) measured spectrophotometrically; 2) calculated as concentration of 5-HMF ex-
pressed in µg carbon/mL divided with total carbon leakage. Single sample was analysed. 
Unpublished data and with addition of some ppm data from Table 5. 

O O
C8H17

OH



 44 

4.1.3 Chemical stability of different anion exchange 
chromatography media 
The previous studies involved Sepharose (agarose) based chromatography 
media.  In order to investigate the influence of different matrices on the 
chemical stability of anion exchangers, a number of different media were 
studied at similar conditions to those described above but only at pH 2 and 
14. Table 7 shows the results from these studies. Corresponding data for Q 
Sepharose FF and DEAE Sepharose FF was discussed earlier (see Table 5). 
At low pH most of the media showed rather low TOC leakage, highest for 
TOYOPEARL™ Super Q with 0.6% carbon leakage. However, at high pH 
there was a larger variation between the investigated chromatography media. 
Macro-Prep™ High Q showed an extreme high leakage of carbon with a loss 
of 14% in contrast to Q Sepharose FF, which only released 0.08% carbon. 

Table 7. TOC leakage from different anion exchange chromatography media at 
extreme pH 

____________________________________________________________________ 
Chromatography media Matrix TOC leakage at extreme pH 
 pH 2 pH 14 
 (ppm) (%) (ppm) (%) 
____________________________________________________________________ 
Paper I 
DEAE Sephadex A-50 Dextran 1.3 0.03 14 0.31 
SOURCE 15Q Polystyrene 29.4 0.08 154 0.40 
SOURCE 30Q “ 12.4 0.03 141 0.35 
POROS™ 50HQ “ 67.6 0.20 548 1.8 

Q HyperD F Methacrylate1/Si 29.0 0.30 30.5 0.3 
Macro-Prep High Q Methacrylate 3.4 0.01 3328 14.0 

TOYOPEARL Super Q Methacrylate2 194 0.60 829 2.5 
Fractogel™ EMD DEAE-650 (M) “ 4.0 0.02 327 1.4 
____________________________________________________________________ 
Paper III 

Fractogel EMD TMAE-650 (M) Methacrylate na - 980 1.5a 
Q Thruput Agarose na - 22 0.13 
____________________________________________________________________ 
Notes: corrections of text in Papers I and III: 1) methacrylate instead of polystyrene, 2) meth-
acrylate instead of vinyl polymer, a) 1.5% instead of 15.3%; na = not analysed. The chroma-
tography media were treated at static conditions in 0.01 M HCl (pH 2) and 1.0 M NaOH (pH 
14) at 40 °C for 168 hours. Single sample was analysed. Data adopted from Papers I and III, 
and with addition of some ppm data. 

In order to extend the chemical stability data of anion exchangers with dif-
ferent matrices, some new (unpublished) data about the ion exchange capaci-
ty before and after treatment (static treatment in 1.0 M NaOH at 40 °C for 
168 h) are presented. Figure 18 shows the ion exchange capacity results pre-
sented as decrease in ion exchange capacity (in percent). Comparison be-
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tween the results in Figure 18 and the TOC results in Table 7 for the corre-
sponding media and experimental conditions show that an increased leakage 
of carbon resulted in a decrease of ion exchange capacity (e.g. loss of ion 
exchange groups for each medium). It should be noted that also Q Sepharose 
FF was tested regarding ion exchange capacity. However, this chromatog-
raphy medium showed no decrease in ion exchange capacity. It is obvious 
that the chemical stability of the different anion exchange media is affected 
by the choice of matrix and/or ligand chemistry. However, there seems to be 
a tendency that methacrylate-based media have lower stability compared to 
some polystyrene or polysaccharide based media at high pH. 

 
Figure 18. Decrease in ion exchange capacity (%, Y-axis) of some anion exchange 
chromatography media after static treatment in 1.0 M NaOH at 40 °C for 168 hours. 
Single sample was analysed. Unpublished data. 

4.2 Paper II 
In this Paper the approach to investigate the chemical stability of a chroma-
tography media was different from the one in Paper I. The main differences 
are the analytical techniques that were used to evaluate the chemical stability 
and focus was to identify ligand leakage. The experimental parameters were 
expanded to include kinetic studies and effect of storage temperature. In 
addition, functional (chemical) stability was also studied. The change in 
chromatographic pattern was studied after different treatment times (CIP 
experiments). 
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4.2.1 Chemical stability of DEAE Sepharose Fast Flow 
The anion exchanger DEAE Sepharose Fast Flow was treated at static condi-
tions at different pH (1-2, 11-14). The treatment time was in the range of 4 - 
672 hours. The treatment temperatures were 25 and 40 °C, respectively. 
Different indications including titration curves of DEAE Sepharose FF sug-
gest that a minor part of the amine ligands contain a quaternary structure as 
well as a tertiary structure. The so-called tandem group (see Figure 19) was 
shown to release a diamine as leakage compound at both low and high pH. 
This compound was identified by GC-MS as N,N,N’,N’-
tetraethylethylenediamine. Although it has a rather high boiling point it 
could be analysed by GC-MS. In addition, three other amines were also 
found and identified, which are N,N,N'-triethylethylenediamine, 2-
diethylaminoethanol and diethylamine. These three latter compounds were 
also found at low and high pH. Figure 20 shows leakage levels of the four 
different compounds after 672 hours treatment time at different treatment pH 
and temperatures, respectively. 

 
 
Figure 19. Ligand/spacer structure of DEAE Sepharose FF with the so called tan-
dem group. The shadowed square represents the matrix (Sepharose 6 FF). 

It is clear that N,N,N’,N’-tetraethylethylenediamine is the main leakage 
compound showing the highest leakage levels at all conditions. At both low 
and high pH, treatment at 40 °C resulted in higher leakage than at 25 °C. At 
high pH the release of N,N,N’,N’‚-tetraethylethylenediamine is via Hofmann 
elimination due to the quaternary amine group. However, at low pH the 
leakage is significant but the mechanism for the release of the compound has 
not been elucidated any further. The chemical structure of the ligand of DE-
AE Sephareose FF has been further studied and verified by TOF-SIMS anal-
ysis which is discussed in Paper VII. 
 
The kinetic behaviour of the release of the four amine compounds was also 
studied. Samples were analysed after different times of treatment. At pH 14 
it was found that the leakage level of N,N,N’,N’-tetraethylethylenediamine 
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increased almost linear during the first 200 hours but then levelled off. The 
leakage of N,N,N’,N’-tetraethylethylenediamine after 200 h at pH 14 corre-
sponded to a reduction of less than 1% of the total ion exchange capacity. 
The leakage levels for the other three compounds also followed a similar 
pattern but at a much lower level. Finally, the leakage level of N,N,N’,N’-
tetraethylethylenediamine decreased when going from pH 14 to pH 11. 
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Leakage levels of amine compounds (ppm) 

 
Figure 20. Leakage levels of different amines from DEAE Sepharose FF after static 
treatment in 0.10 M HCl (pH 1) and 1.0 M NaOH (pH 14) for 672 hours at 25 and 
40 °C, respectively. Single sample was analysed. Y-axis: concentration in ppm; X-
axis: different amines, A = N,N,N',N'-tetraethylethylenediamine, B = N,N,N'-
triethylethylenediamine,  C = 2-diethylaminoethanol, D = diethylamine. Data adopt-
ed from Paper II. 

4.2.2 Functional stability of DEAE Sepharose Fast Flow 
Two columns packed with DEAE Sepharose FF were treated with 0.1 M 
HCl and 1.0 M NaOH, respectively, via a series of CIP treatments in dynam-
ic mode (treatment solutions slowly pumped through the columns). Between 
CIP treatments a mixture of 3 proteins was applied to each column to evalu-
ate the functional performance (i.e. retention time of 5 peaks). The results 
showed that treatment in 0.10 M HCl gave a small change (decrease) in re-
tention as illustrated in Figure 21. Treatment in 1.0 M NaOH showed no 
effect on peak retention. At low pH it was observed that the CIP treatment 
caused a decompression of the bed height (probably due to hydrolysis of 
glycosidic bonds in the agarose matrix) which could partly explain the de-
crease in retention time. Small changes in functional performance were fur-
ther verified by analysis of total ion exchange capacity. These results 
showed that the amount of ion exchange groups was not significantly 
changed after CIP treatment. DEAE Sepharose FF and its functional proper-
ties in IEC of proteins are further discussed in Paper IV. 
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Retention time of different protein peaks (min) 

 
Figure 21. Retention time in minutes (Y-axis) of three different proteins (five peaks, 
X-axis) on a DEAE Sepharose FF HR16/10  column after repeated CIP treatments 
with 0.10 M HCl. Peak 1 = transferrin, peaks 2 and 3 = ovalbumin, peaks 4 and 5 = 
β-lactoglobulin. A single column was analysed. Data adopted from Paper II. 

4.3 Paper III 
This work was done in co-operation with employees at GE Healthcare (for-
mer Amersham Pharmacia Biotech) and deals mainly with characterisation 
studies of functional properties of different strong anion exchangers. These 
parts are not summarised in this thesis. However, Paper III includes results 
from a chemical stability study and from CIP treatments. These results will 
be discussed, as the former work was performed by the author of this thesis. 
 
A chemical stability study similar to the one in Paper I was performed. Some 
of the chromatography media in Table 7 were tested and also two new me-
dia, namely Fracture EMD TMAE and Q Throughput. However, treatment 
was only performed in 1.0 M NaOH (pH 14). Table 7 shows that Q Thruput 
(an agarose-based medium) has more or less the same stability as Q Se-
pharose FF (also agarose-based). However, Fractogel EMD TMAE is less 
stable with a loss of carbon of about 1.5%, which is comparable with the 
other Fractogel medium investigated in Paper I (see Table 7). 
 
CIP treatment of the chromatography media in 0.5 N NaOH for a total of 72 
hours (3x24 h) showed no dramatic effect on the recovery of lactase (over-
loaded conditions) performed at a flow rate of 100 cm/h. However, at 600 
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cm/h some media showed a slight but not significant decrease in recovery. 
For Q HyperD the decrease in recovery was clearly significant which can be 
seen in Figure 22. The recovery of lactase decreased nearly five times after 
72 hour CIP time compared to the untreated value. After the CIP study the 
recovery of lactase was measured again at both 100 and 600 cm/h. However, 
this time the recovery of lactase was measured after normal loading condi-
tions (50% of the 10% breakthrough value). All chromatography media 
showed high recovery rates except for Q HyperD and Q Thruput at 600 cm/h 
(results not shown). The decrease in recovery of Q HyperD and Q Thruput 
may be a result of chemical degradation of their matrices including loss of 
Q-groups. However, chemical stability results (see Table 7) do not support 
this since the leakage levels at static conditions are very low. This may be 
explained by the fact that treatment can functionally change the media with-
out releasing any leakage compounds. 
 

Recovery of lactase for different anion exchange media (mg/ml) 

 
Figure 22. Recovery of lactase (mg/mL medium; Y-axis) from different anion ex-
change chromatography media (X-axis) after 24, 48 and 72 hour CIP cycles, com-
pared to untreated media. A single column was analysed. Data adopted from Paper 
III. 

4.4 Paper IV 
In the functional stability part above, an IEC separation test with selected 
proteins were used to analyse the retention pattern before and after chemical 
treatment of DEAE Sepharose FF. In Paper IV, functional properties and 
chromatographic patterns were studied more thoroughly for DEAE Se-
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pharose FF, five other different ion exchange chromatography media (see 
Table 2) with different functionality (i.e. ligands) and Benzamidine Se-
pharose 4 FF at different chromatographic conditions (i.e. pH). A large set of 
retention data (i.e. a retention map) was collected using a number of test 
samples, i.e. proteins (each of different molecular weight (Mw) and isoelec-
tric point (pI)) and small aromatic acids (see Table 8). The aim was to study 
underlying factors in contrast to basic parameters which may affect separa-
tion mechanisms. Especially, studies on Benzamidine Sepharose 4 FF were 
interesting due to its amidine function with the possibility to have multimod-
al interactions. 
 
The retention data (map) were evaluated in different ways to extract interest-
ing and possibly hidden information. For example, retention data of proteins 
and small aromatic acids for each chromatography medium versus buffer pH 
or pI for proteins were studied. A multivariate analysis approach was also 
used where PCA was applied on the data set. It would be difficult and maybe 
not possible to explain the whole data set in detail but general and interesting 
trends or observations were seen. 

Table 8. Physical properties and codes of the test samples used in the study 

Sample Code Molecular weight Isoelectric point 

ο-Aminobenzoic acid ABE 137 N/A
Benzenesulfonic acid BSU 158 N/A
β-Naphtalenesulfonic acid NSU 208 N/A
Pepsin PEP 35000 2
Ovalbumin OVA 43500 4.7
Trypsin inhibitor TOR 20100 4.7
Bovine serum albumin BSA 69000 5.1
β-Lactoglobulin LAG 35000 5.1
α-Lactalbumin LAA 14400 5.2
α-Amylase AMY 52500 6
Myoglobin MYO 17600 7.2
α-Chymotrypsinogen CHY 21600 8.8
Ribonuclease A RIB 13700 9.4
Cytochrome C CYT 12400 9.6
Lysozyme LYS 14300 11 

Notes: Data reprinted with permission from Paper IV. 

4.4.1 Retention pattern of different proteins on different anion 
exchange chromatography media 
In Figure 23, a PCA Bi-plot is shown for the retention data of all proteins 
and small aromatic acids observed for all media (except Benzamidine Se-
pharose 4 FF) at different pH conditions tested. Interpretation of the Bi-plot 
seems not straight forward due to the complex data set, but some general 
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patterns can be seen. For example, the correlation between protein type and 
increasing pI value seems logical (with a few exceptions) when going from 
lower to upper quadrants. The retention time of proteins on anion exchangers 
increases with increased pH of the mobile phase when going from left to 
right quadrants, i.e. higher retention time of proteins on strong anion ex-
changers (Q Sepharose media) compared to weak anion exchangers, and 
especially at high pH in the mobile phase for the strong anion exchangers. 
Strong anion exchangers are positively charged independently of the pH in 
the mobile phase whereas the weak anion exchangers decrease their positive 
charge with increasing pH (i.e. pH of mobile phase becomes larger than the 
pKa value of amine group). DEAE Sepharose FF has one chargeable amino 
group and one quaternary amino group (charged at all pH) giving a mixed 
effect in retention time of proteins compared to the other weak anion ex-
changers. The low protein retention time on Amino Sepharose 6 FF is prob-
ably due to the low level of amino groups. For proteins with low pI, the re-
tention time increased in general with increasing pH due to the increasing 
negative net charge of the protein molecule. On the other hand, proteins with 
the highest pI (i.e. Cytochrome C and Lysozyme) had none or very low re-
tention time for any medium or condition. 
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Figure 23. A PCA Bi-plot of all the retention data (variables) for all ion exchangers 
and pH conditions (pH 6-10; samples) tested. The retention data was centered and 
weighted by 1/standard deviation prior to PCA calculation. 84% of all variation in 
the data is explained by principal component (PC) 1 and PC2. AFF = Amino Se-
pharose 6 FF, ALS = ANX Sepharose 4 FF (low sub), AHS = ANX Sepharose 4 FF 
(high sub), DEA = DEAE Sepharose FF, QFF = Q Sepharose FF, QXL = Q Se-
pharose XL. Single column and injection were performed. Data adopted from Paper 
IV. 

For most conditions (protein, pH and medium), the retention time can be 
explained from the net charge of the protein molecules. However, deviations 
found in this study indicate that other mechanisms such as charge distribu-
tion within and the surface charge of the protein molecules, hydrophobic 
interactions, etc. play important roles in the interaction between proteins and 
chromatography media. For example, α-Chymotrypsinogen showed a higher 
retention time than Myoglobin at pH 8 on several of the investigated anion 
exchange media despite a higher pI-value for α-Chymotrypsinogen indicat-
ing that the charge distribution and/or surface charge have stronger influence 
on the retention pattern than the net charge. Another example is Bovine Se-
rum Albumin and α-Lactalbumin. Both proteins have the same pI-value but 
differ significantly in retention time at lower pH.  

The retention pattern of proteins on Q Sepharose XL was found specifically 
interesting since positively charge proteins had a very low retention time 
(about 2 minutes) indicating on low penetration of the proteins into the pores 
(inter particle volume was about 1.5 ml). This phenomenon could be ex-
plained from strong charge repulsion between the proteins and the positive 
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ligands, where the latter are more extended since the charge groups is at-
tached to flexible chains of dextran. 

4.4.2 Retention pattern of different aromatic acids on different 
anion exchange chromatography media 
Possible effects of hydrophobic interaction were also specifically studied by 
analysing small aromatic acids (see Table 8). The results showed a complex 
retention pattern with possible hydrophobic interaction effects, but also indi-
cations of hydrogen bonding. In the case of the strong anion exchangers (Q 
Sepharose FF and Q Sepharose XL), the results indicated a more pure hy-
drophobic effect since the ligands (Q-groups) cannot form hydrogen bonds 
with the aromatic acids. In this case, the retention time of each aromatic acid 
was higher on Q Sepharose FF than Q Sepharose XL at all conditions indi-
cating Q Sepharose FF as the more hydrophobic medium. 

4.4.3 Retention pattern of five different proteins on Benzamidine 
Sepharose 4 Fast Flow 
To further investigate any multimodal effects, the retention time of five dif-
ferent proteins were evaluated on Benzamidine Sepharose 4 FF. This medi-
um is normally used in affinity chromatography applications but its ligand is 
composed of an aromatic amidine that can be used as a weak anion exchang-
er. Figure 24 shows the retention pattern of the five proteins on Benzamidine 
Sepharose 4 FF for pH 6-10. In general, the retention time was higher for all 
proteins on Benzamidine Sepharose 4 FF compared to corresponding pro-
teins and conditions on anion exchange media above (retention times not 
shown). This indicates that the benzamidine ligand have the possibility of 
multimodal effects (cooperative hydrophobic-electrostatic interaction and 
possibly also hydrogen bonding effects). 
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Retention time of different proteins on Benzamidine Sepharose 4 FF 
(min) 

 
Figure 24. Retention pattern (retention time in minutes, y-scale) of five proteins on 
Benzamidine Sepharose 4 FF for pH 6-10 (x-scale). See Table 8 for used proteins. 
Single column and injection were performed. Data adopted from Paper IV. 

Multimodal effects can play interesting roles in capturing steps where the 
fermentation broth contains a high salt concentration. Normally, convention-
al ion exchange ligands will not be able to bind to proteins at such conditions 
but ligands with mixed interaction possibilities can do that. This was shown 
in a breakthrough capacity study of BSA at pH 6 with 0.25 M NaCl in the 
binding buffer. All the different ion exchangers were included and Benzami-
dine Sepharose 4 FF showed (despite its low ligand content) the highest 
binding capacity, i.e. 8.7 mg BSA/ml, compared to the other ion exchangers 
ranging between 1.1-4.8 mg BSA/ml. 

4.5 Paper V 
In Paper V (and also in Papers VI and VII described below) chemical prop-
erties were evaluated for some chromatography media. Vibrational spectros-
copy techniques, i.e. FT-IR/PAS, FT-Raman and FT-NIR (described above) 
were used to analyse and quantify (predict) the content of spacer including 
residual levels of spacer and ligand density of two chromatography media. 
Quantification was performed by building multivariate models using spectral 
and reference data of a large set of samples. 
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Ligand density is a very important property of the medium since its level 
will have great influence on the chromatographic behaviour. Normally the 
ligand density (reference data) is determined by different methods depending 
on type of ligand. For ion exchange chromatography media, potentiometric 
titration methods are used. In case of media for affinity chromatography (i.e. 
media with protein ligands) and hydrophobic interaction chromatography, 
amino acid analysis and gas chromatography or NMR spectroscopy methods 
are used, respectively, prior to hydrolysis of the chromatography media. In 
addition, the ligand is mostly attached to the medium via a spacer, and there-
fore the level of content of spacer is also important and is measured by simi-
lar methods as the ones described. All these reference methods are very ac-
curate and precise, and relatively easy to use. However, some of them are 
quite time-consuming and have environmental and safety concerns. It was 
therefore interesting to investigate vibrational spectroscopy methods as 
complement for or substitute to certain reference methods. Vibrational spec-
troscopy methods are informative methods, i.e. the obtained spectra contain 
a lot of chemical information. Single peaks can be evaluated and quantified, 
but by using chemometrics part of or the whole spectral information can be 
used. For quantitative evaluations, PLS modelling is used to build calibration 
and test sets of data. 

4.5.1 Case studies 
Two case studies were performed using all three spectroscopic techniques. 
Figure 25 shows a schematic of the working procedure in the studies. In the 
first step, selection of samples and analytical techniques were performed. 
Two sets of 32 samples each of two different medium types (Sepharose FF 
with an allyl spacer group and Sepharose FF with a sulphopropyl (SP) group 
based on the allyl Sepharose FF samples) were selected and prepared (see 
section 3.5.4.6). In the second step, all samples were measured by the three 
techniques FT-IR/PAS, FT-Raman and FT-NIR (see section 3.5.4.6). In the 
third and fourth steps, the obtained spectra were pre-treated by different 
mathematical procedures such as normalisation (min-max procedure) of FT-
IR/PAS and FT-Raman spectra, and multiplicative scattering correction 
(MSC) of FT-NIR spectra. All spectra from each technique were used to 
build PLS calibration models for prediction of contents of allyl groups and 
SP-groups and also content of residual allyl groups (on the SP Sepharose FF 
samples), respectively. Reference data (i.e. wet-chemical data) for the PLS 
models were obtained from potentiometric titration methods (i.e. determina-
tion of content of allyl groups, content of residual allyl groups and content of 
ligands or ion exchange capacity). 
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Figure 25. Schematic for the working procedure of the studies in Paper V. The last 
step shows a possible utilisation for the described procedure, e.g. use of vibrational 
spectroscopy in process analytical control. 

Specifically in case study 1, cross validation was used for calculation and 
validation of the PLS model in which the variable “content of allyl groups” 
was tested against the spectral data variables in the most informative spectral 
region, i.e. 1700-800 cm-1 (excluded the range of 1089-1075 cm-1 due to the 
normalisation of spectra). In case study 2, a test set of eight samples was 
used for validation of the PLS model. Here, the variables “content of ligands 
and content of residual allyl groups” were tested against the spectral data 
variables in the same spectral region as above (excluded the range of 1089-
1078 cm-1 due to the normalisation of spectra). 

4.5.2 Results of PLS models 
It was found in both studies that all three spectroscopic techniques can be 
used to measure and predict media properties as described above. However, 
in terms of predictability FT-Raman spectroscopy showed the best results by 
the obtained PLS models and various quality attributes of the a PLS model. 
In case of FT-Raman, the highest correlation coefficients, lowest prediction 
errors and least number of PLS components needed for the final models 
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were obtained and focus on FT-Raman will be in this discussion. Figure 26 
shows a predicted vs. measured plot for the PLS model based on FT-Raman 
spectral data of allylated Sepharose samples. A good correlation was ob-
tained between the spectral data and the reference data of content of allyl 
groups (i.e. measured vs. predicted values of content of allyl groups). Fur-
ther, quality attributes as the correlation coefficient and the root mean square 
error of prediction (RMSEP) showed high and low values, respectively, in-
dicating a good model and a good possibility to measure and quantify such a 
chemical property of a medium using FT-Raman and PLS modelling. 

 
Figure 26. Regression data (predicted vs measured plot) for content of allyl groups 
with two PLS components, calibration (blue), validation (red), RMSEP=0.0083 
mmole/mL medium (outlier excluded). Reprinted with permission from Paper V. 

For the PLS model based on FT-Raman spectral data of Sepharose samples 
with SP ligands, a good correlation was also obtained between the spectral 
data and the reference data of content of ligands (i.e. the measured and pre-
dicted values of content of ligands). The trend of quality attributes was simi-
lar to the ones above. Table 9 shows a comparison over the quality attributes 
between the different vibrational spectroscopic techniques in the case of 
measuring Sepharose samples with SP ligands. The results on measuring and 
predicting content of residual allyl groups were similar to the other results in 
terms of PLS model and model quality attributes. Generally, FT-Raman 
showed the best results but the other techniques were also possible to use. 
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Table 9. PLS models built on vibrational spectral data of SP Sepharose samples for 
prediction of content of ligands 

Method Slope 
Offset  
(mean)

Correlation 
coefficient 

RMSEP  
(mean)

PLS  
components 

FT-Raman 0.946 0.011 0.973 0.0025 5
FT-IR/PAS 0.998 0.001 0.998 0.0097 8
FT-NIR 0.886 0.028 0.931 0.0070 5 

Notes: Data reprinted with permission from Paper V. 

The described working procedure could be utilised for process analytical 
control (PAC) which is common in e.g. pharmaceutical manufacturing (see 
Figure 25). By using PAC the product properties and quality are measured 
and controlled during production and the product will either be released for 
further processing and/or packaging, or scrapped (sent to waste) based on 
results from PAC methods. 

4.6 Papers VI and VII 
In Papers VI and VII, TOF-SIMS was used to characterise and verify chro-
matography media raw materials (dextran and agarose); base matrices and 
final (functionalised) products (see Table 2). Specifically, raw materials and 
agarose-based base matrices were studied in Paper VI in order to investigate 
differences in mass fragment patterns and/or determination of the degree of 
cross-linking, respectively. In Paper VII, functionalised chromatography 
media were characterised in order to identify and verify ligand chemistry and 
structures. 

4.6.1 Characterisation of raw materials 
Agarose and dextran (described above) are the two basic raw materials for 
most of the chromatography media investigated in this work. In this case, 
TOF-SIMS was used to investigate the chemical nature of the materials. 
TOF-SIMS analysis resulted in MS spectra (with m/s peaks corresponding to 
charged molecular fragments ions) which are unique for each material. Fig-
ure 15 shows the obtained spectra of agarose and dextran, respectively. Due 
to the chemical structures of the raw materials, fragment ions (positive and 
negative) of the type CxHy and CxHyOz in the range of 1-5 carbon atoms and 
0-3 oxygen atoms were found and evaluated. The MS spectra of dextran and 
agarose in Figure 15 seem to be very similar, but some (significant) differ-
ences in peak pattern in the low mass region (fingerprint region, <150 u) can 
be noted. Table 10 shows some fragment ions of the type CxHyO

+ that are 
formed from both raw materials but at different levels (see sign designation 
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in Table 10). Especially the fragment ion at 69 u seems to be more signifi-
cant for agarose (see also the repeating unit of agarose in Figure 3). 

Table 10. Some significant TOF-SIMS CxHyO
+ fragment ions from Agarose and 

Dextran 

Nominal mass (u) Structural assignment Agarose Dextran 

43 C2H3O
+ - +

45 C2H5O
+ + -

57 C3H5O
+ - +

69 C4H5O
+ ++ - 

Notes: Sign designation definitions: low level = “-“; high level = “+”; very high 
level = “++”. Data adopted from Paper VI. 

Several other fragment ions were also found to be more or less significant 
for both materials, respectively. For example, the fragment ion of the type 
CxHyO2

+ seems to be more significant for dextran. In general, fragment ions 
with higher mass were found to be less abundant and/or at a very low level 
probably due to the collision process. Negative fragment ions of the type 
CxHyOz

- were also detected but could not easily be evaluated due to experi-
mental difficulties. In addition, some impurities as inorganic ions (e.g. Na+) 
and phthalate were also detected during analysis. 

4.6.2 Characterisation of different agarose base matrix 
chromatography media 
Four agarose base matrix chromatography media (Sepharose 6B, Sepharose 
CL-6B, Sepharose 6 FF and Sepharose HP; see also Table 2) were character-
ised by TOF-SIMS. Similar fragment ions of the types CxHy

+, CxHyO
+ and 

CxHyO2
+ were detected for all four media and as for pure agarose. Fragment 

ions with higher mass were detected but were found (as above) to be less 
abundant. Negative fragment ions were not analysed. In the base matrix 
studies the focus was to see if the fragment ion patterns could be related to 
and (if possible) quantify the degree of cross-linking. All base matrix media 
except Sepharose 6B (non cross-linked) are cross-linked for increased rigidi-
ty and the degree of cross-linking increases in the order Sepharose CL-6B < 
Sepharose 6 FF < Sepharose HP. The found results showed that the fragment 
ion C4H5O

+ decreased significantly in signal with increasing degree of cross-
linking whereas the fragment ion C3H5O

+ increased more moderately in sig-
nal with an increasing degree of cross-linking (see Figure 27). The fragment 
ion C3H5O

+ could be a result of the cross-linking agent epichlorohydrin aris-
ing from the partial structure [-O-CH2-CHOH-CH2-O-] present between the 
glucose units of agarose. Other fragment ions were also found that related to 
the cross-linking order but with a more flat signal profile. Nevertheless, all 
these data could probably be used to give quantitative measures of the de-
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gree of cross-linking of the Sepharose base matrices. PCA modelling of the 
above TOF-SIMS data on raw materials and Sepharose base matrices 
showed that it is possible from a TOF-SIMS perspective to distinguish be-
tween raw materials and base matrices with different degree of cross-linking, 
respectively. 

 
Figure 27. Normalised signal intensities for selected CxHyO

+ fragments in samples 
with increasing degree of cross-linking. The signal intensities have been averaged 
from 3-4 measurements. The error bars represents min-max values. Reprinted with 
permission from Paper VI. 

4.6.3 Characterisation of functionalised chromatography media 
Five functionalised chromatography media (see Table 2) were characterised 
by TOF-SIMS. All are based on Sepharose 6 FF base matrix which was in-
vestigated in both Papers VI and VII. TOF-SIMS data on Sepharose 6 FF 
was discussed in Paper VI and will not be further discussed in Paper VII. In 
Figure 28, an example of a positive TOF-SIMS spectrum of DEAE Se-
pharose FF is shown. Evaluation of the positive TOF-SIMS spectra of DE-
AE Sepharose FF and Q Sepharose FF anion exchangers showed mainly 
positive fragment ions of the types CxHy

+ and CxHyN
+. In addition, positive 
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fragment ions as CxHyNO+ with 1-2 nitrogen atoms and/or 1-4 oxygen atoms 
were also detected. These types of fragment ions can be related to the amine 
containing ligands coupled to the agarose base matrix. Tentative ligand 
structures of the investigated functionalised chromatography media are 
shown in Figure 29. In Table 11 some significant positive fragment ions 
from the anion exchangers are summarised. The fragment ion structures give 
for example information of the structural attachment of the ligands to the 
matrix or their compositions. Especially interesting is the formation of frag-
ment ions with 2 nitrogen atoms from the ligand of DEAE Sepharose FF 
which verify the existence of the so called tandem group that are partly 
formed during the synthesis. 

 
Figure 28. Positive TOF-SIMS spectrum of DEAE Sepharose FF. 

For the hydrophobic interaction media Phenyl Sepharose 6 FF (low sub and 
high sub), mainly positive fragment ions of the types CxHy

+ and CxHyO
+ with 

1-9 carbon atoms and/or 1 oxygen atom were detected. Some specific frag-
ment ions that were found, are shown in Table 11. As for the anion exchange 
media, ligand specific fragment ions (i.e. aromatic structures) were detected 
verifying the ligand chemistry of these media. The cation exchanger SP Se-
pharose FF was found to have no significant positive fragment ions of the 
general type CxHyO

+. Instead, Na+ ions with strong signals and positive 
fragment ions of the types Na2SOy

+ (for y = 2-3) and Na2SO3CH2
+ (both with 

low signals) were detected. Na+ ions are used as counter ions for the SP lig-
ands. 
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Figure 29. Tentative ligand structures of the investigated functionalised chromatog-
raphy media DEAE Sepharose FF (A; pure ligand and B; ligand with tandem group), 
Q Sepharose FF (C), Phenyl Sepharose 6 FF (D) and SP Sepharose FF (E). Reprint-
ed with permission from Paper VII. 

The results from TOF-SIMS spectra in negative mode showed in general less 
specific fragment ions from the different chromatography media. The anion 
exchangers showed small fragment ions such as Cl- and CN- due to that Cl- is 
used as a counter ion for the ligands and CN- arises from the nitrogen con-
taining ligands. The Phenyl Sepharose 6 FF medium showed the fragment 
C6H5O

- which can be directly related to the aromatic ligand. SP Sepharose 
FF having a negatively charged sulphur containing ligand showed small 
negative fragment ions such as SO3

- and C2H3SO3
-. 

Table 11. Some significant TOF-SIMS positive fragment ions from different func-
tionalised chromatography media. 

Chromatography media Fragment ion (m/z) Structural assignment 

DEAE Sepharose FF 86.10 C5H12N
+

 116.11 C6H14NO+

 160.13 C8H20N2O
+

 173.20 C10H25N2
+

Q Sepharose FF 58.07 C3H8N
+

 59.07 C3H9N
+

 206.14 C9H20NO4
+

Phenyl Sepharose 6 FF 94.04 C6H6O
+

 133.07 C9H9O
+ 

Data adopted from Paper VII. 
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5. Conclusion and future perspectives 

This thesis discusses various strategies and methods for the characterisation 
of chemical and functional stability of chromatographic chromatography 
media including evaluation of various analytical techniques for general or 
specific physical and chemical characterisation. 
 
Investigation of the chemical and functional stability of different chromatog-
raphy media resulted in important information of chemical resistance and 
functional performance after treatment at various conditions. The develop-
ment and implementation of the TOC analysis technique improved effective-
ly the way to measure and compare chemical stability between different 
chromatography media. Detection and identification of leakage compounds 
was possible by using extreme storage conditions at static mode (i.e. maxim-
izing the formation of leakage compounds) and by development and use of 
sensitive and selective analytical techniques (e.g. GC-MS). Trends in ob-
tained data showed that many different chromatography media have high 
chemical stability even at extreme conditions although there are exceptions. 
Part of the results and leakage patterns could be explained from different 
mechanisms such as the Donan effect and Hofmann elimination. The func-
tional stability studies performed at more normal conditions (i.e. CIP treat-
ments of extreme pH at dynamic mode) on different chromatography media 
showed no or minor effects on functional performance measured as retarda-
tion of proteins or recovery of enzyme. The chemical and functional stability 
results show that there is not always a clear relation between both parame-
ters. Leakage of compounds at extreme conditions does not necessarily mean 
less functional performance or a decrease in functional performance can 
arise although no leakage compounds are observed. 
 
The investigation of functional properties and chromatographic pattern for 
different anion exchange chromatography media using standard IEC meth-
ods with different proteins and small aromatic acids (at different pH condi-
tions) showed a complex retention pattern that could be explained from the 
net charge, surface charge and surface charge distribution of the protein 
molecules and hydrophobic interaction forces between proteins and ligands. 
The chemistry of the ligands also played important roles where e.g. charge 
repulsion and multimodal effects (i.e. cooperative hydrophobic-electrostatic 
interaction and hydrogen bonding) were observed. 
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The investigation of more specific information of various chromatog-
raphy media included vibrational spectroscopic methods (FT-IR, FT-NIR 
and FT-Raman) and a surface sensitive method (TOF-SIMS) that were de-
veloped and used. The results from the vibrational spectroscopy methods in 
combination with PLS models showed that the content of functional ligands 
can be quickly and accurately measured and quantified by such methods. 
FT-Raman was found to be the best method for all types of ligands meas-
ured. In the case of the TOF-SIMS investigation, it was found that mass peak 
patterns from chromatography media raw material to functionalised chroma-
tography media are significantly different in some areas giving information 
of structural differences. Expected ligand chemistries could be verified with 
this method. It was also found that the method has a high potential for meas-
uring the degree of cross-linking for different base matrices. 
 
In the future perspectives of the different fields presented in this thesis, the 
importance of supplying information about chemical and functional stability 
of chromatography media have further increased as the demands from the 
regulatory authorities increase continuously. Identified leakage compounds 
may be subjected to toxicological and mutagenicity tests, and risk assess-
ment of potential drug contaminants must be performed. This could increase 
the demands of how stability studies should be performed and especially the 
use of more sensitive and selective analytical methods such as LC-MS for 
detection and identification of leakage compounds. For development of 
chromatography media with new functionalities and separation mechanisms, 
new designs will become available, e.g. core beads (functional ligands in the 
core of a bead). New ligands with high chemical stability and specific selec-
tivity towards target molecules will also be developed. Chromatography 
media with multimodal ligands that can bind target molecules at higher ionic 
strength are already on the market. To meet these new challenges, new ana-
lytical techniques are and have to be developed. The high resolution magic 
angle spinning nuclear magnetic resonance spectroscopy technique has 
shown good promise to measure the content of different ligands of various 
chromatography media and is already in use. The confocal Raman microsco-
py technique can be used for optical sectioning of a chromatography beads 
and by this measure the ligand distribution inside a bead at micrometer level. 
The latter technique is most interesting for e.g. a core design of a chromatog-
raphy beads. 
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6. Swedish summary 

Denna avhandling presenterar och diskuterar kemisk, fysikalisk och funkt-
ionell karakterisering av kromatografimedia för storskalig rening av protei-
ner och andra biomolekyler. Kromatografimedia (eller separationsmedia) 
består av sfäriska porösa polymerpartiklar (ca 10-200 µm) vilka packas till 
en bädd i en s k kolonn (glas eller stålrör). Partiklarna används för rening av 
t ex proteiner. Olika fysikaliska och kemiska partikelegenskaper gör det 
möjligt att separara t ex två proteiner med olika egenskaper. Separationen 
kan ske genom t ex skillnad i storlek eller olika grad av elektrostatisk inter-
aktion. Kromatografimedia har många olika egenskaper, t ex kemisk och 
funktionell stabilitet (artiklarna I-III), funktionella kromatografiska egen-
skaper (artikel IV), halt av funktionella grupper (artikel V) samt ytkemiska 
egenskaper (artiklarna VI-VII). Alla dessa områden (men med tonvikt på 
kemisk och funktionell stabilitet) har studerats i denna avhandling.  

Kemisk och funktionell stabilitet (artiklarna I-III) är kritiska parametrar i 
samband med rening av läkemedel. Storskalig rening av t ex proteiner med-
för kontaminering av kromatografimedia med rester av t ex DNA och cell-
material. Sådana kontaminanter (föroreningar) tas bort genom kemisk be-
handling med t ex natriumhydroxid- och saltsyralösningar. Den kemiska 
behandling kan ge upphov till långsam nedbrytning av ett kromatografime-
dium och läkage av substanser över tiden som i oönskat fall kan kontaminera 
den renade slutprodukten. Dessutom kan de funktionella (och mekaniska) 
egenskaperna förändras. Kromatografimedia bestående i huvudsak av agaros 
(sockerpolymer) har studerats m a p kemisk och funktionell stabilitet. Veder-
tagna metoder har använts för behandling av kromatografimedia. För att 
effektivisera sättet att mäta kemisk resistans utvecklades en ny metod som 
mäter totalt organiskt kol i behandlingslösningen (artikel I). Ett kromatogra-
fimedium består av ca 50% kol vilket ger en god förutsättning för ett detek-
terbart kolläkage. Mätningar av totalt organiskt kol ger en tidseffektiv metod 
med tillförlitliga data över skillnader i kemisk stabilitet mellan olika typer av 
kromatografimedia. För att få en djupare kunskap om vilka läckagesubstan-
ser som utgör det totala kolläckaget så användes och/eller utvecklades meto-
der för detta. En sådan metod var baserad på gaskromatografi vilken använ-
des för att analysera och identifiera läckage av aminföreningar från amininn-
hållande ligander (artikel II). För identifiering användes en s k masspektro-
metrisk detektor. För studie av funktionell stabilitet (behandling av 
kromatografimedia i kolonner) användes vedertagna funktionella karaterise-
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ringsmetoder med olika proteiner eller enzymer (artiklarna II-III) där föränd-
ringen av retentionstider och utbyten studerades efter behandling. Den funkt-
ionella stabiliteten hos kromatografimedia utgör en mer realistisk situation 
för en användare och är därför ett viktigt komplement till kemiska stabilitet 
och kemiska stabilitetsstudier. 

I artikel IV studerades de funktionella egenskaperna på ett antal anjonby-
tare (kromatografimedia med positivt laddade ligander) i ett djupare perspek-
tiv. De funktionella egenskaperna är kanske de viktigaste egenskaperna hos 
ett kromatografimedium. Jonbyteskromatografi bygger på elektrostatisk 
interaktion mellan t ex en proteinmolekyl och de jonbytande grupperna, men 
andra mekansimer är också möjliga beroende på val av betingelser och jon-
bytarens kemi. De funktionella egenskaperna studerades systematiskt med 
vedertagna funktionella karakteriseringsmetoder. Erhållna retentionstider för 
olika proteiner och aromatiska syror vid olika betingelser utvärderades med 
bl a multivariat analys (s k principal komponent analys). Sådan analys an-
vänds ofta vid stora datamängder för att studera variationer och samband i 
data. Utvärderingen visade att t ex netto och ytladdning hos proteinmoleky-
ler, funktionella ligander och deras halt på kromatografimedia tillsammans 
med hydrofobisk interaktion och vätebindningar är egenskaper som (enskilt 
eller i samverkan) påverkar retentionsmönstret. 

I artikel V studerades vibrationsspektroskopiska metoder för bestämning 
av halten funktionella ligander på kromatografimedia. Traditionella ligand-
haltsmetoder (t ex titrermetoder) är noggranna men ofta tidsödande. En vib-
rationsspektroskopisk metod är däremot relativt snabb och ger en bredare 
kemisk information. Tre metoder utvärderades – Raman-, infraröd-och nära 
infraröd spektroskopi. Standardmetoder användes för preparering och mät-
ning av kromatografimedia. Erhållna spektra och referensdata utvärderades 
med multivariat analys (sk regressionsanalys) för att skapa kvantitativa pre-
diktionsmodeller för bestämning av ligandhalt (specifikt allyl-, restallyl- och 
sulfopropylhalt). Studierna visade att alla tre spektroskopiska metoderna var 
möjliga att använda för bestämning av funktionella ligander. Raman-
metoden visade dock bäst prediktionsförmåga. 

I artiklarna VI-VII studerades och verifierades ytkemin på kromatografi-
media (basmatris- och funktionaliserade media) och deras råmaterial (agaros 
och dextran). Även om en kromatografipartikel är ca 10-200 µm i diameter 
så är det i partiklens porer på nanometer-nivå som separationsprocessen på-
går med interaktion mellan partikelytans kemiska grupper och t ex en prote-
inmolekyl. För att kunna mäta och verifiera de kemiska partikelegenskaper-
na på denna nivå så krävs extremt ytkänsliga metoder. Därför utvärderades 
den mycket ytkänsliga analytiska tekniken sekundär-jon masspektrometri  
för dessa studier. Provytan bombarderas med tunga positiva joner vid myck-
et lågt tryck. Vid kollisionen mellan de tunga jonerna och provytan uppstår 
jonfragment från provytans yttersta molekyllager. Jonfragmenten lossnar och 
dras in i masspektrometern där de separerar och detekteras med avseende på 
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storlek och laddning. De olika råmaterialens och kromatografimedia produk-
terna analyserades och massfragment-mönstren utvärderades. De båda rå-
materialen uppvisade relativt likartade massfragment men signifikanta skill-
nader kunde noteras i massfragmentmönstret. På samma sätt observerades att 
olika basmatriser av agaros med olika grad av tvärbidning gav upphov till 
liknande massfragmentmönster men där nivån av specifika massfragement 
kunde relateras till graden av tvärbindning. Bestämning av tvärbindnings-
grad är problematiskt och sker med indirekta metoder. Sekundär-jon 
masspektrometri visar dock en lovande potential för detta. För funktional-
iserade kromatografimedia observerades främst ligandspecifika massfrag-
ment. Kromatografimedia med t ex kväveinnehållande ligander resulterade i 
signifikanta jonfragment med 1-2 kväveatomer, vilket verifierar att t ex lig-
anden i kromatografimediumet DEAE Sepharose FF innehåller två olika 
kvävegrupper. 

Information om kemisk och funktionell stabilitet för samt data om läck-
age från kromatografimedia är värdefull och viktig för bioläkemedelsföreta-
gen när fakta om nya bioläkemedel ska granskas och godkännas av regulato-
riska myndigheter. Dessutom är information om kemiska, funktionella och  
fysikaliska egenskaper för kromatografimedia viktiga och relevanta vid ut-
veckling av nya processer som leder fram till nya bioläkemedel. 
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