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Abstract 

Liquid chromatography is an essential technique in manufacturing biopharmaceuticals 
where it is used on all scales from analytical applications in R&D to full-scale 

production. In chromatography the target molecule, typically a protein, is separated and 
purified from other components and contaminants. Separation is based on different 

affinities of different molecules for the chromatographic medium and the physical and 
chemical properties of the latter determine the outcome. Controlling and designing 

those properties demand efficient analytical techniques. 

In this thesis the approach was to develop characterization methods based on nuclear 
magnetic resonance (NMR) spectroscopy for the assessment of various important 

physico-chemical properties. The rationale behind this strategy was that the versatility of 
NMR – with its chemical and isotopic specificity, high dynamic range, and direct 

proportionality between the integral intensity of the NMR signal and the concentration 
of spin-bearing atomic nuclei (e.g., 1H, 13C, 31P and 15N) – often renders it a very good 

choice for both qualitative and quantitative evaluations. 

These characteristics of NMR enabled us to develop two quantification methods for 

chromatography-media ligands, the functional groups that provide the specific 
interactions for the molecules being separated. Furthermore, a new method for 

measuring the distribution of macromolecules between the porous chromatographic 
beads and the surrounding liquid was established. The method, which we have named 

size-exclusion quantification (SEQ) NMR, utilizes the fact that it is possible to assess 
molecular size distribution from corresponding distribution of the molecular self-

diffusion coefficient where the latter is accessible by NMR. SEQ-NMR results can also 
be interpreted in terms of pore-size distribution within suitable models. Finally, we 

studied self-diffusion of small molecules inside the pores of chromatographic beads. 
The results provided new insights into what affects the mass transport in such systems. 

The methods presented in this thesis are accurate, precise, and in many aspects better 

than conventional ones in terms of speed, sample consumption, and potential for 
automation. They are thus important tools that can assist a better understanding of the 

structure and function of chromatography media. In the long run, the results in this 
project may lead, via better chromatographic products, to better drugs and improved 

health. 
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Sammanfattning 

Vätskekromatografi är en viktig teknik för tillverkning av biologiska läkemedel och 
används för alltifrån småskaliga analytiska applikationer till fullskalig produktion. I 

kromatografi separeras och renas målmolekylen (oftast ett protein), från andra 
komponenter och föroreningar genom att utnyttja molekylernas olika affinitet för det 

kromatografiska mediumet, vars fysikaliska och kemiska egenskaper har stor betydelse 
för hur separationen fungerar. För att kunna kontrollera och designa dessa egenskaper 

krävs effektiva analysmetoder. 

Strategin i den här avhandlingen var att utveckla metoder baserade på kärnmagnetisk 
resonans (NMR) spektroskopi för att karaktärisera flera viktiga fysikalisk-kemiska 

egenskaper. Anledningen till denna strategi är att mångsidigheten hos NMR – med dess 
kemiska och isotopiska specificitet, stora dynamiska omfång och direkta proportionalitet 

mellan NMR-signalens integralintensitet och koncentrationen av spinnbärande 
atomkärnor (t.ex. 1H, 13C, 31P och 15N) - ofta gör den till det bästa valet för både 

kvalitativa och kvantitativa tillämpningar. 

Dessa egenskaper hos NMR gjorde att vi kunde utveckla två kvantifieringsmetoder för 

kromatografimedia-ligander, dvs de funktionella grupperna som ger de specifika 
interaktioner som gör att molekylerna kan separeras. Dessutom har en ny metod för att 

mäta fördelningen av makromolekyler mellan de porösa kromatografiska pärlorna och 
den omgivande vätskan tagits fram. Metoden, som vi har valt att kalla size-exclusion 
quantification (SEQ) NMR, utnyttjar det faktum att det är möjligt att mäta 
molekylstorleksfördelningen genom att mäta motsvarande fördelning av 

självdiffusionskoefficienter, där den sistnämnda kan bestämmas med NMR. Resultaten 
från SEQ-NMR kan tolkas i termer av porstorleksfördelningar genom att använda 

lämpliga modeller. Slutligen studerade vi självdiffusion av små molekyler inuti porerna i 
kromatografiska pärlor. Resultaten gav nya insikter om vad som påverkar 

masstransporten i sådana system. 

De metoder som presenteras i denna avhandling är noggranna, precisa och på många 
sätt bättre än konventionella metoder när det gäller hastighet, låg provförbrukning och 

automatiseringspotential. De nya metoderna är därför viktiga verktyg som kan hjälpa till 
att ge en bättre förståelse av struktur och funktion hos kromatografimedia. I det långa 

loppet kan resultat från det här projektet kunna bidra till effektivare kromatografiska 
produkter, vilket i slutändan kan leda till bättre läkemedel och hälsa. 
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1. Introduction and scope of thesis 
Today, biopharmaceuticals generate global revenues of more than $160 billion, making 
up about 20% of the pharma market. Biopharma is one of the fastest-growing industries, 

with a current annual growth rate of about 9%, which is double that of conventional 
pharma. Its growth is expected to continue at that rate or slightly higher in the 

foreseeable future.1,2 The number of biotech patents applied for every year has been 
growing by 25% annually since 1995 and there are currently more than 1,500 

biomolecules undergoing clinical trials. The success rate for biopharmaceuticals  has  so  
far  been  over twice that of small-molecular products, with 13% of biopharma products 

that enter the phase I trial stage going on to launch.2 Biopharmaeuticals constitute more 
than 40% of drugs currently under development.3 Usually, the biological 

macromolecules exploited as biopharmaeuticals, most often proteins, are expressed in 
bacteria, animal cells or other host cell systems, either naturally or by incorporating the 

gene that codes for the target protein (recombinant protein) in the cell’s genome. 
Chromatography is then used in the downstream processing of the homogenized cells 

to separate and purify the target molecule. Chromatography is thus an indispensable 
technique for the manufacturing of biopharmaceuticals, both in R&D and in terms of 

full-scale production. Separation by chromatography depends on the differential 
partitioning of proteins between the mobile liquid phase, a buffer solution, and the 

stationary phase, a chromatographic medium.4,5 The stationary phase generally consists 
of a packed bed of small (around 10-300 µm) porous beads (called the resin), typically 

made of inorganic materials, synthetic organic polymers or cross-linked polysaccharides. 
The latter ones form hydrogels in aqueous environment – hydrophilic, soft, highly 

porous (porosity 80-95%) materials with water as the dispersion medium. The pores 
provide a large surface area where interactions between the proteins and the stationary 

phase can take place. These interactions are mediated by functional groups (so called 
ligands) that possess different properties depending on the purpose, such as electric 

charge in ion exchange chromatography (IEX) or hydrophobicity in hydrophobic 
interaction chromatography (HIC). 

To develop chromatography media for new applications, and to produce better and 
more efficient chromatographic materials, it is essential to have access to suitable 

characterization techniques for analyzing and quantifying properties that are important 
for the chromatographic function. Physical properties such as porosity, pore size 

distribution, and tortuosity, together with chemical properties such as the chemical 
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structure of the resin, the degree of cross-linking, and the composition, quantity and 
distribution of functional groups are all important. Many, perhaps all, of these analytical 

issues can be unraveled by nuclear magnetic resonance (NMR). This technique has 
several benefits – chemical specificity, high dynamic range and a direct proportionality 

between the integral intensity of the NMR signal and the concentration of spin-bearing 
atomic nuclei (e.g., 1H, 13C, 31P and 15N) – all that make NMR appropriate for both 

qualitative and quantitative studies.6 Current NMR is in fact a plethora of different sub-
disciplines, many of which are the best choice to study various physical-chemical 

phenomena. Examples, all relevant for chromatography media, include: the 
measurement of self-diffusion and flow by pulsed-field-gradient spin-echo (PGSE) 

methods,7 the determination of molecular dynamics by spin relaxation experiments,8 the 
examination of pore size distributions by NMR cryoporometry,9,10 and the analysis of 

chemical structure of functional groups.11-13 The latter can be performed by multi-
dimensional correlation NMR spectroscopies both in the liquid 11,14,15 and the semi-solid 

or solid states 12,13, in the latter by using magic angle spinning (MAS).  

There are numerous NMR studies relevant for chromatographic media that have been 
performed in various porous materials, including, indeed, resins intended for 

chromatography. Examples are studies of mass-transport in sedimentary rocks, zeolites, 
silica gels,16-18, and in chromatography media,19-23 molecular dynamics of compounds 

immobilized on silica24-31 or on polymeric resins32,33, ligand concentration in silica based28 
or polymer based34 chromatography media or in resins for solid-phase organic 

synthesis35-37. The work performed in this thesis connects to this diverse field. The 
project goal was to develop new methods based on NMR for the characterization of 

chromatography media, especially for resins based on the soft hydrogels frequently used 
in biopharmaceutical applications. The methods were intended (i) to be better, i.e., more 

accurate and precise and rapid, than the ones commonly used today, and/or (ii) to 
provide new information about the materials under investigation. Speed, in particular is 

of the essence to facilitate in high-throughput analysis. 

In the first part of the project two independent methods, both based on solid-state 
NMR techniques, were developed for quantification of ligand concentration (Paper I 

and Paper II). The aim was to enable methods general for any type of ligand, which 
would be a great advantage over conventional methods for measuring ligand 

concentration, where the latter ones typically vary depending on the ligand at hand. In 
the second part of the project a new method, named size-exclusion quantification (SEQ)- 
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NMR, was developed for measuring distribution coefficients and pore size in 
chromatography media (Paper III). SEQ-NMR, being complementary to inverse size-

exclusion chromatography (ISEC), has several advantages over the latter, especially 
regarding speed and material consumption. In the last part of the project on NMR, the 

diffusion of different probe molecules was measured in controlled pore glasses (CPG, a 
porous medium often used for chromatography) of different pore sizes but identical 

pore topology (Paper IV). Self-diffusion is the process by which the molecules are 
transported to the ligands in the pores of chromatographic beads and is therefore 

fundamental for the chromatographic function. Conversely, the rate of diffusion is 
intimately linked to the porosity of the media, thereby making diffusion an indirect 

measure of the latter. The results in Paper IV present a clear evidence on and 
quantification of the effect pore walls have the pore diffusion, a matter that is currently 

under debate.38-45 

 

1.1. Liquid chromatography 
In chromatography, molecules are separated based on their differential partitioning 
between a stationary phase (also called adsorbent, chromatographic medium or resin) and a mobile 
phase (also called eluent). In the case of liquid chromatography, which is used for protein 
separations (the other mode of chromatography, gas chromatography, can be used for 

separation of volatile compounds), the stationary phase is usually constituted by a 
porous matrix, often in the form of particles or beads, where the pores provide a large 

surface area for molecular interactions to take place, see Figure 1. 

 

Figure 1. Examples of chromatography media. (a) Scanning electron microscopy (SEM) 
micrograph of an agarose-based porous bead showing a spherical shape and a characteristic 

surface texture. (b) Higher magnification showing the pore structure. Daniel O. Carlsson is 
thanked for kindly providing the SEM micrographs. 
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The molecules being separated are dissolved in the mobile phase, most often an 
aqueous buffer, that is pumped through a column packed with the resin, see Figure 2. 

The eluent flows in the channels formed between the chromatographic beads, whereas 
inside the bead pores (typically of maximum size <100 nm) the solvent is stagnant and 

solutes in pores travel by self-diffusion only. 

 
 

Figure 2. In chromatography, the separation is performed by pumping the mobile phase 
through a column packed with the chromatographic resin. (a) Analytical preparative 
chromatography system with a column mounted at the front. (b) Large-scale chromatography 

columns. The figures are reproduced with permission from GE Healthcare. 

 

Chromatographic separation is based on having specific molecules (except in size-

exclusion chromatography, see below) adsorbed onto the surface of the stationary phase. 
The interactions leading to adsorption are mediated by specific ligands that are 

covalently bound, i.e., immobilized, on the matrix. Depending on the strength of the 
interaction, different molecules may be retained in the pores to different extent, 

ultimately leading to molecules with high affinity for the stationary phase to elute later 
than non-interacting molecules. The sample to be separated is thus introduced into one 

end of the column, the various sample components then travel with different velocities 
through the column, and are sequentially eluted, detected and collected at the opposite 

end. The chromatographic retention can also be controlled by altering the composition 
of the mobile phase (type of buffer, ionic strength and pH). In this way a protein being 

adsorbed under certain conditions can be desorbed and eluted. 
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An important factor for the performance of a preparative chromatographic separation 
process is the dynamic binding capacity (DBC), i.e., the amount of protein bound to the 

adsorbent under normal operating conditions. The DBC is determined by interplay 
between the properties of the adsorbent, the protein at hand and the composition of the 

eluent. Resin structural parameters of importance for DBC include particle size and 
distribution, matrix chemical composition, porosity, pore size distribution, pore 

structure and connectivity, type of ligand and its concentration. Optimal performance is 
obtained at a compromise between those parameters. As an example, larger pores 

permit faster diffusion of a protein but at the expense of surface area available for 
adsorption. Effective characterization methods are hence needed in order to control and 

tailor the multitude of properties of chromatography media. Such methods are crucial 
for both research and development of new and improved resins, and for quality control 

in regular production.  

 

1.1.1. Chromatography media – structure and properties 
Most of current chromatography media comes in the form of beads, with average 
diameter ranging from a few up to about 300 µm. The solvent constitutes a large part of 

the stationary phase (typically about 90% or more) for many of those materials, making 
them often referred to as gels.5 Gels can be further classified into xerogels (e.g., cross-

linked dextran and polyacrylamide gels) and aerogels (e.g., CPG and polystyrene-
divinylbenzene), where the former class is characterized by the ability to shrink/swell in 

the absence/presence of a solvent, i.e., they cannot be dried without drastically changing 
the pore structure. A hydrogel is a xerogel with water as the solvent (e.g., agarose gels). 

Contrary to xerogels, aerogels keep their structure upon drying. 

An ideal matrix for protein chromatography is hydrophilic without any chemical groups 
that bind to proteins with undesired selectivity. However, it must contain functional 

groups that can be used for attaching ligands that provide the desired selectivity. It 
should also be chemically stable to be able to withstand cleaning and sanitization (often 

performed with strong acids or bases) and it should be physically stable, i.e., firm yet not 
brittle to allow for column packing and high flow rates during chromatographic 

operation. It should also be possible to produce beads of different sizes and porosities 
of the matrix material. There are chromatography media that fulfill many of these 

criteria but none are completely optimal. In general, chromatography media can be 
divided into three broad classes: inorganic materials (e.g., porous silica, controlled pore 
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glass (CPG) and hydroxyapatite), synthetic organic polymers (e.g., polyacrylamide, 
polymethylmethacrylate and polystyrene-divinylbenzene) and polysaccharides (e.g., 

cellulose, agarose and dextran).5 

Polysaccharides and most materials based on synthetic organic polymers are soft and 
compressible and may not withstand as high flow rates as inorganic materials, even 

though their rigidity can be highly improved by chemical cross-linking. Advantages with 
polysaccharides are their high hydrophilic character and the ability to produce from 

them beads with high porosities. They are also chemically stable, especially at alkaline 
pH. Inorganic materials are, on the other hand, more rigid but usually suffer from high 

non-specific adsorption (that can, though, often be reduced by surface modification), 
and low porosity. A major drawback of silica is its low alkaline chemical stability. 

Porous materials are conventionally divided up as microporous (pore size <2 nm), 

mesoporous (pore size 2-50 nm) and macroporous (pore size >50 nm). Microporous 
gels can be prepared by cross-linking of linear polymers such as dextran and 

polyacrylamide, yielding gels that are ideal for molecular-sieving separations (e.g., size-
exclusion chromatography). These materials are, however, difficult to produce with high 

porosities without sacrificing rigidity and are therefore often combined with other 
polymers to form composite gels, such as in Sephacryl™ which is formed by 

copolymerization of allyl dextran and N,N’-methylene bisacrylamide. 

By controlling the conditions during synthesis, the same type of material can be 

produced with different porosities, e.g., Sephacryl exist in a range of porosities covering 
the mesoporous range. Macroporous gels can be formed by polymers that self-aggregate 

and initially form physical cross-links such as agarose,46 polyacrylamide and silica.5 An 
example is the product Sepharose™ High Performance which is made of chemically 

cross-linked agarose in the form of beads. In this thesis, chromatography media based 
on three different base matrices have been studied: Sepharose High Performance, 

Sephacryl S-200 High Resolution, and CPG. These are therefore described in more 
detail below. 
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Sepharose High Performance and Sephacryl S-200 High Resolution 

Sepharose High Performance (GE Healthcare) consists of cross-linked agarose beads 

with median (of the cumulative volume distribution) particle diameter 34 µm and with 
particle size distribution ranging from 24 µm to 44 µm. Agarose (see Figure 3a) is a 

polysaccharide with low density of ionic groups that is obtained by fractionation of agar 
extracted from ocean-harvested red seaweeds. The beads are formed by cooling down 

an (agarose solution)-in-oil emulsion during stirring. The agarose dissolved in the 
aqueous droplets is spontaneously forming a gel when the temperature is decreased. The 

formed beads are then chemically cross-linked in order to increase the rigidity.5 

Sephacryl S-200 High Resolution (GE Healthcare) is produced by a similar 

emulsification procedure, with the aqueous phase containing allyl-dextran (the chemical 
structure of dextran, produced by fractionation of native dextran from the bacterium 

Leuconostoc Mesenteroides B512F.47, is shown in Figure 3b) and N,N’-methylene 
bisacrylamide. The two compounds form a cross-linked copolymer in the form of a 

branched network structure.5 The size of Sephacryl beads is ranging from 25 µm to 75 
µm with 50 µm median diameter. Sephacryl S-200 High Resolution is intended for 

fractionation of mid-sized proteins with molecular weights between 5,000-250,000. 

 

 

Figure 3. The chemical structures of polysaccharides commonly used to produce 
chromatographic resins. Bonds that may link monomers are schematically shown by dashed 

lines. (a) Agarose: alternating 1,3-linked β-D-galactose and 1,4-linked 3,6-anhydro-α-L-galactose. 

(b) Dextran: α-1,6-linked D-glucose. 

7 



 

Controlled pore glass (CPG) 

CPGs are produced by spinodal decomposition, a process in which a glass mixture of 

silica (SiO2), sodium oxide (Na2O) and boron trioxide (B2O3) is melted and then phase 
separated during cooling.48,49 The boron rich phase is leached out by strong acids, 

leaving a porous glass consisting of about 96% silica and 4% boron trioxide behind.50 
The porous network consists of interconnected tubular pores of narrow pore size 

distribution.51 CPGs are commercially available with a number of different average pore 
sizes. The pore walls are covered by silanol (Si-OH, see Figure 4) and siloxane (Si-O-Si) 

groups, the former being weakly acidic with pKa values between 3.5-6.8 depending on 
the structure52, rendering the surface negatively charged over a wide range of pH 

values.50 The silanols also act as strong donors in hydrogen bonding. Moreover, regions 
with high siloxane concentration are of hydrophobic character. In addition to this, 

boron present at the surfaces act as Lewis acid centers with the ability to strongly bind 
basic molecules. Thus, there are a number of different interactions that can cause non-

specific adsorption of proteins and therefore CPGs are normally surface modified 
before being used as chromatography media. 

 

Figure 4. Silanol functions found on the surface of CPG and other silica based materials: (a) 

geminal silanols, (b) vicinal silanols, (c) isolated silanols. 

 

1.1.2. Chromatographic separation methods in bioprocessing applications 
Various properties of the proteins can be utilized for the chromatographic separation, 

see Table 1, and the method chosen varies accordingly.5,53 
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Table 1. The properties of proteins utilized in different separation methods. 

Property Separation method Abbreviation 

Size and shape Size-exclusion chromatography 
(also called gel filtration) 

SEC or GF 

Charge Ion exchange chromatography IEX*  

Isoelectric point Chromatofocusing CF 

Hydrophobicity Hydrophobic interaction chromatography 
Reversed phase chromatography 

HIC 
RPC 

Specific affinity Affinity chromatography AC 

Metal binding Immobilized metal ion affinity 
chromatography 

IMAC 

Multiple types** Multimodal chromatography  

*) CIEX and AIEX with cation and anion exchangers, respectively. ** Multimodal ligands utilize 
many types of interactions e.g., ionic, hydrogen-bonding and/or hydrophobic.  

 

In a general purification scheme of a target protein (called downstream processing) a series 
of different chromatographic methods is used (typically 2-3 chromatographic steps), see 

Figure 5. 

 

Figure 5. The three-step purification strategy. The figure is reproduced from reference53 with 
permission from GE Healthcare. 
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First of all, prior to chromatography, the sample is prepared in a form suitable for the 
subsequent chromatographic steps. This sample preparation normally includes 

extraction of the target protein (e.g., via cell lysis) followed by clarification (e.g., by 
centrifugation) and adjustment of pH and ionic strength. The first chromatography step, 

called capture, has the purposes to isolate, concentrate and stabilize (i.e., transfer the 
protein to an environment that conserves protein activity) the target protein. At best, 

the capture also removes a significant amount of contaminants such as other proteins, 
nucleic acids, endotoxins and viruses. In the following intermediate purification step, the 

target protein is further purified by some other techniques in Table 1. The objective is 
to remove most contaminants and, if the capture step is efficient enough this step can 

be omitted. The final polishing step often serves to remove the last remaining trace 
amounts of contaminants, which can be very similar to the target protein, and to 

transfer the protein to conditions that are suitable for use or storage. 

 

Figure 6. Examples of common combinations of chromatography steps, see descriptions of the 
individual methods below and abbreviations in Table 1. The figure is reproduced from 
reference53 with permission from GE Healthcare. 

 

Examples of purification schemes with commonly used combinations of 
chromatographic methods are shown in Figure 6. Figure 7 shows an example of a 

chromatographic purification protocol, where the goal was to obtain highly purified 
Deacetoxycephalosporin C synthase (DAOCS), an oxygen-sensitive enzyme for 

crystallization and structure determination.53 This example demonstrates one of the 
most common purification strategies for untagged proteins: IEX for capture, HIC for 

intermediate purification and GF for polishing. 
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Figure 7. Three-step purification of the target protein Deacetoxycephalosporin C synthase 
(DAOCS). The blue curves (left y-axes) show the absorbance at 280 nm and the red curves 
(right y-axes) show the conductivity. The x-axes present the elution volume. The shaded peaks 
in the chromatograms are the elution pools containing the target protein. (a) Capture using 
AIEX. (b) Intermediate purification using HIC. (c) Polishing using GF. (d) The purity of the 
target protein after each of the three purification steps was analyzed with SDS-PAGE.53,54 Lanes 
1 and 6: Molecular weight markers, lane 2: clarified E. coli extract, lane 3: DAOCS pool after 
AIEX, lane 4: DAOCS pool after HIC, lane 5: DAOCS pool after GF. Purity increased with 
each step and the final purity was very high as indicated by the appearance of lane 5. The figures 
are reproduced from reference53 with permission from GE Healthcare. 

Some of the most commonly used chromatographic methods are briefly described in 
the sections below. A schematic representation of the effect that different techniques 
have on the elution order for a solution of three different proteins is shown in Figure 8. 

 

Affinity chromatography (AC) 

In AC the target protein is reversibly bound to a ligand with high specificity for the 
target protein or a group of proteins, see Figure 8e.53 The ligand can be biospecific, e.g., 

protein A for capture of antibodies or a receptor binding to a hormone. The ligand can 
also be non-biospecific, e.g., a dye substance that binds to a specific group of proteins. 

Most laboratory-scale purifications are performed with affinity-tagged proteins. In this 
case the genome coding for the target protein has been modified (recombinant proteins) 

so the protein incorporates a sequence of amino acids (an affinity-tag) with specific 
affinity to a certain ligand. There are many different tags available, but the most 

common is the histidine tag, which is captured using an IMAC (see Table 1) ligand. 
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Figure 8. Schematic representation of the elution order of three proteins when using different 
chromatographic techniques. Surface charges are indicated by +/-, hydrophobicity by white 
area, and a specific group by Y. The order of appearance is inverse to elution order. In SEC (a), 
proteins are ordered by size, with the largest protein eluting first. In HIC (b), more hydrophobic 
proteins elute later. In CIEX (c), negatively charged proteins do not bind to the ligands and 
elute first while AIEX (d) presents opposite behavior regarding charge. For both methods, 
adsorbed proteins are then eluted by changing the pH or the ionic strength. In AC (e), the only 
protein adsorbed exhibits specific affinity for the ligand. The other proteins pass right through 
the column.  

 

Ion exchange chromatography (IEX) 

In IEX proteins are primarily separated based on their net surface charges, see Figure 

8c-d. The resin may contain negatively charged acidic ligands and binds proteins with a 
positive net surface charge. Those resins are called cation exchangers (CIEX). 

Conversely, anion exchangers (AIEX) have positively charged basic ligands and hence 
bind proteins with a negative net surface charge. An IEX ligand can be strong, which 

means that the ligand has the same charge in a broad pH interval, or it can be weak, 
meaning that the ligand’s charge is highly pH dependent. Examples of common IEX 

ligands are shown in Table 2.5,55 
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Table 2. Common IEX ligands. 

Name Abbreviation Functional group 

Diethylaminoethyl* DEAE -O-CH2-CH2-N
+H(CH2CH3)2 

Quaternary 
ammonium 

Q -O-CH2-CHOH-CH2-O-CH2-CHOH-CH2-
N+(CH3)3 

Carboxy methyl* CM -O-CH2-COO- 

Sulphopropyl SP -O-CH2-CHOH-CH2-O-CH2-CH2-CH2SO3
- 

Sulphonate S -O-CH2-CHOH-CH2-O-CH2-CHOH-
CH2SO3

- 

* DEAE and CM are weak ion exchangers. All other ligands are strong exchangers. 

 

The net surface charge on a protein is determined by the combination of its charged 

groups, mainly acidic and basic amino acids, and the net surface charge is consequently 
dependent on the pH. The pH where the net surface charge is zero is called the 

isoelectric point, pI. At a pH below the pI the net charge on the protein is positive and 
above the pI it is negative. The titration curve, i.e., the variation of the net surface 

charge with pH is characteristic for each protein, and the pH is thus one of the main 
parameters that affects the chromatographic resolution in IEX, see Figure 9.53  

The sample is applied to the IEX column at a pH and an ionic strength that favors 

binding of the target protein, while as many as possible of the contaminants are being 
washed out. The target protein is then most commonly eluted by using a salt gradient, 

i.e., by continuously increasing the ionic strength of the eluent. IEX is one of the most 
frequently used techniques for purification of proteins, peptides, nucleic acids, and other 

charged biomolecules, and it benefits from high resolution in combination with high 
loading capacity. These features make it suitable either as a capture, intermediate or 

polishing step. 
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Figure 9. Schematic view of the effects of pH on protein elution patterns. The middle diagram 
shows the surface net charge of three proteins (blue, green, and red). The four chromatograms 

on top describe the behavior of these proteins in cation exchange chromatography (CIEX) with 
salt gradient elution run at varying pH values as indicated by the vertical lines. The bottom 
chromatograms show the behavior in anion exchange chromatography (AIEX). The figure is 

reproduced from reference53 with permission from GE Healthcare. 

 

Hydrophobic interaction chromatography (HIC) 

In HIC, proteins are separated due to differences in hydrophobicity, see Figure 8b, 

provided by hydrophobic ligands56 for which some examples are shown in Table 3. The 
butyl ligand was subject to study in Paper I and Paper II. 

The type of salt in the eluent has a large effect in HIC, where some salts promote 

hydrophobic interaction whereas others do not.56 Hydrophobic interaction is often 
favored by high ionic strength, and therefore HIC is frequently used subsequent to an 

IEX step: proteins eluted from the IEX column can be loaded directly onto the HIC 
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column. Elution is performed by decreasing the ionic strength, either as a gradient or 
stepwise (see above). 

Table 3. Common HIC ligands. 

Name Functional group 

Butyl -O-(CH2)3-CH3 

Butyl-S -S-(CH2)3-CH3 

Octyl -O-(CH2)7-CH3 

Phenyl -O-C6H5 

Ether -O-CH2-CHOH-CH2-OH 

Isopropyl -O-CH-(CH3)2 

 

Size-exclusion chromatography (SEC) 

In SEC (also called gel permeation chromatography or gel filtration) the solutes are separated 
with respect to their size in relation to the pore size of the resin, see Figure 8a and 

Figure 10.5 Small solutes access more of the pore space and thus stay a longer time 
within the matrix than do larger ones. Consequently, larger solutes elute earlier than 

smaller ones. 

 

Figure 10. Schematic illustration of the principle for separation in SEC. Molecules are separated 
according to their size. Smaller molecules, that have access to a larger fraction of the pore space, 
stay a longer time in the matrix and elute later than larger molecules during the chromatographic 
separation. The figure is reproduced from reference53 with permission from GE Healthcare. 
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Chromatographic separations with SEC can either be performed as a group separation, 
in which the components of the sample are separated into two main groups according 

to their size. This type of separation is, e.g., applied for buffer exchange or desalting. 
The other application of SEC is high-resolution fractionation that is used to isolate one 

or several components, or to separate monomers from aggregates, typically as a 
polishing step.57 High-resolution fractionation is also the principle that is used in inverse 

size-exclusion chromatography (ISEC), which is explained in more detail in section 2.2. 
As no ligand is used in SEC, it is possible to vary the sample conditions without 

affecting the separation. This is a significant advantage since conditions can be used that 
are optimal for further purification or for storage of the finished product. It also allows 

for the application of SEC directly after any other chromatographic step. 

 

  

16 



 

2. Experimental part 

2.1. Nuclear magnetic resonance (NMR) 
NMR is a very complex topic and the intention here is not to introduce and explain it in 
all detail. More ample descriptions that cover the numerous aspects of NMR can be 

found elsewhere.8,11-13,58-62 The goal here is to touch upon some of those concepts that 
are central for the thesis. 

In nuclear magnetic resonance (NMR) a quantum-mechanical property of atomic nuclei 
called spin is exploited for furnishing molecular information. A spin is a short name for 

nuclei having an intrinsic angular momentum and magnetic dipole moment. The nuclear 
magnetic moment interacts with magnetic field (the so-called Zeeman interaction), 

resulting in different energies for the different discrete spin states. Thus, when placed in 
a strong static magnetic field, B0, such as that in an NMR magnet, spin ½ nuclei (e.g., 1H 

and 13C), attain two possible states regarding both energy and orientation of the 
magnetic moment with respect to B0, often represented as spin-up (parallel to B0, low 

energy) and spin-down (anti-parallel to B0, high energy). 

In an ensemble of spins, such as in a real sample of atoms or molecules and at thermal 
equilibrium, the relative population, P, of the states with different energy are given by 

the Boltzmann distribution, −∆= /E kTP e , where γ∆ =  0E B  is the energy difference 

between the spin states, k is Boltzmann’s constant and T is the absolute temperature. 

Importantly, γ is the gyromagnetic ratio, a property which is specific for each nucleus 

and defines the relation between the spin magnetic moment and angular momentum. 
Because of the different  populations for the different orientations, the spins in the 

sample jointly possess a net magnetic dipole moment M, a net nuclear magnetization 
directed along B0, defined here as the direction of the z-axis in a static (i.e., fixed 

according to the laboratory) frame of reference. After application of a suitable radio 
frequency (RF) pulse (see below) the net magnetization attains a direction not any more 

parallel to B0 and subsequently precesses around B0 with the Larmor frequency, ω0, 

given by 

 ( )0 0 1ω = −γ − σB  (1) 

where σ is the shielding factor that depends on the distribution of electrons around each 

nuclear spin in a molecule. This is important since the nuclear spins in a molecule have 
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slightly different σ, resulting in small molecular- and site-specific differences in ω0 

(called chemical shift), thereby forming the basis to obtain chemical information 
(molecular structure) from NMR. It should here be noted that Eq. 1 is valid only for 

molecules in liquids (or gases) where fast molecular tumbling averages the (anisotropic) 

shielding to its isotropic average value σ. In the general case, e.g., for solids, semi-solids, 

and liquid crystals, the shielding is anisotropic (chemical shift anisotropy), and the 

magnitude of the shielding depends on the orientation of the relevant molecular features 
(often associated by principal exes of the particular tensor describing the interaction 

mathematically) to that of B0. This will be discussed more in section 2.1.3 below. 

The RF pulse mentioned above consists of applying an alternating current in a coil 

surrounding the sample that is placed inside the magnet. The frequency of that current 
is close to the Larmor frequency and the condition where they coincide is called on-

resonance. The purpose of the alternating current is to create a time-dependent 
magnetic field B1 in the xy-plane perpendicular to B0, and the effect of such a field is that 

the sample nuclear magnetization is removed from its equilibrium state. The strength 
and length of the RF pulse define the angle by which M is going to be tilted away from 

the z-axis. Below we illustrate what happens after a so-called 90∘ pulse. When the RF 

pulse is turned off, the magnetization - as mentioned earlier – precesses in the xy-plane 

around the z-axis and that induces an alternating voltage in the coil, and that voltage 
recorded is the primary time-dependent NMR signal. To obtain a frequency spectrum 

(see Figure 11), that signal is Fourier transformed. The resulting NMR spectrum 
contains, ideally, separate peaks for all molecules and sites within those of the analyte, 

where each peak-area (integral) is linearly proportional to the number of nuclear spins 
giving rise to that peak. The chemical shifts for the peaks are presented in ppm as 

relative differences to a reference frequency, normally the Larmor frequency for the 
compound tetramethylsilane (TMS). The chemical shift so expressed is the same 

irrespective of B0, which makes it easy to compare spectra acquired with different 
spectrometers. 
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Figure 11. 1H NMR spectrum of dextran. The anomeric signal in dextran was calibrated to 
5.0 ppm. The truncated signal at 4.85 ppm is due to water. 

 

After having been excited by RF pulses, the ensemble of nuclear spins returns to its 
equilibrium state by nuclear spin relaxation. This equilibrium state is characterized by a 

finite z-magnetization and zero magnetization in the xy-plane.  Spin relaxation is caused 
by time-dependent interactions of spins with their environment that includes also other 

nearby spins in the molecules. This latter feature is called dipole-dipole interaction (also 
called dipole-dipole coupling), the mutual interaction between a nuclear magnetic moment 

and the magnetic fields created by surrounding spins.12,63 The dipole-dipole interaction 
acts directly through space (and is thereby different from the so-called scalar or J-
coupling, which is an indirect dipole-dipole coupling of the spins mediated by the 
electrons12,63 within a molecule), and can be either intra- or intermolecular. The 

interaction strength between two nuclei depends on their γ, the distance between them, 

and the angle between the vector connecting the nuclei and B0. Thus, due to rotational, 
vibrational and translational dynamics of the molecules the spins experience fluctuating 

local magnetic fields from their neighbors. These local fields randomly alter the 
precessing frequencies for individual spins and break the coherence between them with 

the ultimate effect that the net xy-component of the total nuclear magnetization of the 
sample decreases to zero. This process is often exponential and characterized by the so-

called transverse (or, spin-spin) relaxation time T2.  
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Another consequence of the same type of molecular dynamics is an exponential 

recovery of the magnetization along the z-axis (zero after a 90∘ pulse), a process called 

longitudinal (or, spin-lattice) relaxation, characterized by the time constant T1. Both T1 
and T2 thus depend on the molecular motions and on B0, and therefore measurements 

of relaxation times may provide information about molecular dynamics and interactions. 

Molecular motions can be characterized by correlation times τC, which are measures of 

the average time it takes for the involved spin interaction in a molecule to change 

significantly. The dependence of T1 and T2 on τC is shown schematically in Figure 12. As 

is seen T2 decreases when τC increases, i.e., when the molecular motions become slower. 

This results in progressively broader spectral peaks for slower moving molecules. For T1 
on the other hand, the curve has a minimum. This means that slowly moving molecules, 

such as solids with high rigidity can have very long T1. Small molecules in solution move 
fast, which may also result in long T1. For molecules with motions in-between those two 

extremes T1 is shorter. This is, e.g., the case for ligands attached to chromatographic 
resins (see Section 3.1.1). As discussed above, the dipole-dipole interaction has no effect 

on the peak positions in  liquid samples. Yet, the dipole-dipole interaction still induces 
relaxation. The effect of spin interactions in general on the NMR spectrum will be 

discussed more in section 2.1.3. 

 

 

Figure 12. The dependence of relaxation times on τC. Note that the x-axis has logarithmic scale. 
The figure is reproduced from reference64 with permission. 
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Practically speaking, T1 determines in an NMR experiment the time delay between 
consecutive scans (as signal depends on being initially in thermal equilibrium), whereas 

T2 defines the width of the spectral peaks. The transverse relaxation described above 
specifically gives what is called homogeneous broadening of the peaks. There is also 

inhomogeneous broadening resulting from the spatial variation (inhomogeneity) of the 
B0 field over the sample (see section 2.1.2). This spatial variation of B0 gives small and, 

in this case, time-independent variation in Larmor frequency depending on the position 
inside the sample. Precessing magnetization components from different parts of the 

sample hence acquire phase shifts relative to each other, i.e., the magnetization in the xy-
plane is being spread out (dephased, where phase indicates the relative angular position 

during precession in the xy-plane), resulting in faster disappearance of the detected total 

signal. The full peak width at half height (FWHH) is thus given by FWHH = 1/πT2*, 

where T2* is the effective transverse relaxation time given by 

 0*
2 2

1 1 B
T T

= + γ∆   (2) 

ΔB0 is the mean field inhomogeneity causing broadening of the peak beyond the 
inherent line width set by T2.  

In most cases ΔB0 is unwanted and there are experiments that have been designed to 

reduce or eliminate its influence so that T2 can be measured. The simplest such 
experiment is called the spin echo, see Figure 13. To simplify the description of this 

experiment, we define a new coordinate system called the rotating frame, a coordinate 
system that rotates around its z-axis (which coincides with the z-axis of the static frame) 

with the average Larmor frequency. Magnetization precessing at that frequency in the 
static frame will appear as being static in the rotating frame. The following discussion 

refers to the rotating frame. The spin echo starts with a 90° RF pulse that flips the 

magnetization into the xy-plane, where it is decreased by transverse relaxation (i.e., 

homogeneous broadening) and dephased by inhomogeneous broadening during the 

subsequent time delay denoted by τ. An 180° RF pulse then flips the different 

magnetization components from the different parts of the sample around a user-defined 

axis in the xy-plane.  This leads to a situation where the relative phase of the 
magnetization components becomes inverted relative to what it was before the pulse.  

The same effect that lead to the initial dephasing works now on the manner that 

dephasing actually decreases and after a new equal delay τ all magnetization components 
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attain the same angular position in the xy-plane. When considering the signal, one 

obtains an apparent maximum, termed a spin echo, centered at 2τ. In practice, the 

second half of that spin-echo signal after 2τ is recorded and Fourier transformed to 

produce the spectrum where the different peaks decay, upon increasing τ, by the 

characteristic T2 time. 

 

Figure 13. The spin-echo experiment and its result on the evolution of the individual 
magnetization components in the rotating frame. Note that only the effect of the 
inhomogeneous broadening is illustrated. The transverse relaxation due to randomly fluctuating 
local magnetic fields is not affected by this experiment. (a) A 90° pulse creates net magnetization 
where contributions arising from different parts of the sample are completely in phase in the xy-
plane. (b) During the first delay τ the individual magnetization components acquire different 
phase shifts while precessing by their spatially dependent Larmor frequency. Spins located 
where the field is stronger acquire a larger phase shift (illustrated as more shaded arrows). (c-d) 
A 180° pulse flips spins around the y-axis of the rotating frame, with the result that the spins 
that were in front before the pulse, instead lags behind after the pulse. (e) During the second 
delay τ the spins come back in phase again because the spins with higher Larmor frequency are 
precessing faster so they catch up the slower-precessing spins that are in front. (f) After time 2τ 
the magnetization is completely refocused, and a spin echo occurs. The τ-dependence of peak 
intensity, obtained after Fourier transformation of the spin-echo signal, is given by the 
transverse relaxation only. The figure is reproduced from reference64 with permission. 
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The prerequisite for complete refocusing is that the field inhomogeneity is constant 
during the experiment. This condition is not always fulfilled, e.g., for fast diffusing 

molecules, or for heterogeneous materials with strong internal magnetic field 
inhomogeneity (see sections below). However, magnetic field gradients (fields varying 

linearly with spatial position) can also be applied and in a controlled way, so that this 
limitation can be turned into a very useful tool. It is on this way that it becomes possible 

to measure translational motion such as diffusion and convection and to produce spin-
density maps, i.e., magnetic resonance images of the sample. Pulsed-field-gradient spin-

echo (PGSE) NMR experiments used to measure diffusion will be described in more 
detail in the coming sections. 

 

2.1.1. Diffusion measurements with PGSE-NMR 
There are many different experiments available for measuring diffusion of molecules.7 

Most of them rely on applications of pulsed magnetic field gradients in combination 
with a spin echo (SE) or a stimulated echo (STE), i.e., which together (and including 

their numerous varieties) constitute pulsed-field-gradient spin-echo (PGSE) NMR).65-69 

The SE experiment consists of a spin-echo pulse sequence (as described above, see 

Figure 13) into which gradient pulses, of strength g and length δ, have been added 

during the two delays τ. The leading edges of the gradient pulses are separated by a time 

interval Δ, called the diffusion time. The principle of the experiment is that the 
magnetization in the xy-plane is being strongly dephased by the first (encoding) gradient 

pulse whose primary effect is making the Larmor frequency very different for different 

parts of the sample. During the second time period τ, one obtains refocusing, just like in 

the original spin echo experiment.  However, the condition for that is that individual 

spins that contributed to the magnetization of different sample positions do have 

identical Larmor frequencies during the first and second τ periods. Indeed, that is the 

situation if the spin-bearing molecules do not move. However, if they do, their Larmor 

frequency is not the same during the first and second halves of the pulse sequence and 
therefore their signal contribution is not going to be refocused, that is, point in the same 

direction in the xy-plane as the other magnetization components. Hence, if the spins 

were not moving during Δ, the refocusing is complete, giving a large signal at 2τ 

(attenuated only by transverse relaxation). However, if the spins move, in the absence of 
flow, simply by  self-diffusion during Δ, the refocusing is incomplete, leading to 
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diffusional attenuation of the signal. The amplitude of the SE signal for a single 
diffusing species is described by70,71 

 0
2

2( ) exp exp( )
 τ

= − − 
 

S g M bD
T

 (3a) 

with 

 2 2 2 ( / 3)= γ δ ∆ − δb g  (3b) 

where M0 is the signal intensity in the absence of relaxation and diffusion and D is the 

self-diffusion coefficient. The diffusional attenuation, E, is obtained by normalization 
with respect to the signal intensity obtained with g=0 (the so-called Stejskal-Tanner 

equation): 

 ( ) exp( )
(0)

= = −
S gE bD
S

  (4) 

Normally, E is measured as a function of g with the other parameters held constant, and 

D is obtained by fitting of Eq. 4 to the data. 

As described above signal is lost due to transverse relaxation (the first exponential factor 

in Eq. 3) during the SE experiment. For some molecules, e.g., macromolecules such as 
polymers, T1 is often considerably longer than T2, and a gain in signal-to-noise ratio 

(SNR) can be obtained if the magnetization is not in the xy-plane all the time during a 
pulse sequence. This is achieved in the STE, which works in the following way: The first 

90° pulse flips the magnetization to the xy-plane, where it is dephased by the encoding 

gradient pulse (and transverse relaxation occurs). After time τ1 (also called preparation 

interval), a second 90° pulse converts a part of the magnetization in the xy-plane back to 

the z-axis where it is subject to longitudinal relaxation during τ2 (also called storage 

interval). After time τ1+τ2, a third 90° pulse turns a suitable part of the z-magnetization 

back to the xy-plane where it is being refocused by the decoding gradient pulse during 

the read interval τ1. After time 2τ1+τ2 a so-called stimulated echo occurs and the signal is 

described by 

 0 1 2

2 1

2( ) exp exp( )
2

 τ τ
= − − − 

 

MS g bD
T T

  (5) 
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For the STE, half of the signal is lost compared with the SE. However, the SNR can still 
be higher for the STE if the ratio T1/T2 is large enough, and this is often the case for 

macromolecules.72 Another advantage of STE as compared to SE is that it is much less 
sensitive to internal gradients (as is discussed more below). 

 

2.1.2. Internal magnetic field gradients 
When performing NMR experiments in heterogeneous materials, such as 

chromatography media, there are always internal magnetic field gradients (also called 
background gradients) in the sample. These give rise to extra line broadening of the 

spectral peaks and, if not handled correctly, often lead to other deleterious effects as 
well, e.g., erroneous estimates of diffusion coefficients. Because of their ubiquitous 

presence during most of the measurements performed in this work, their origin, effect, 
and suppression methods will be described in some detail here. 

Internal magnetic field gradients arise in a heterogeneous medium due to differences in 

magnetic susceptibility χ inside the material, where χ is defined as the ratio between the 

magnetization of the medium caused by the applied magnetic field and the applied 

magnetic field itself.73 The magnetization of the medium is in turn contributing to the 
total magnetic field strength that is felt by the atomic nuclei. Indeed, its origin is the 

same as that of the chemical shift - the change in the orbital angular momenta of the 
electrons in response to the applied external magnetic field.73 Hence, when a material 

with inhomogeneous magnetic susceptibility such as a porous material is placed in a 
magnetic field, the field strength (strictly speaking, the magnetic flux density) around 

(that is, in the pores) and inside (that is, within the pore wall) will vary in space, i.e., 
leading to internal gradients. The magnitude of the gradients depends on the magnetic 

susceptibility difference, Δχ, and the shape and the distribution of the pores, as well as 

on the magnetic field, B0. For example, a spherical shaped pore of radius r will give rise 
to a gradient at the pore surface of7 

 0 /intg B rπ χ≈ ∆   (6) 

Another important parameter is the length scale over which the gradient varies – this is 

a length scale comparable to that characterizing the structural variation. 

As we have seen above, in a PGSE NMR experiment the signal is attenuated due to the 

applied magnetic field gradient pulses (see Eq. 4). However, in the presence of a 
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uniform (spatially homogeneous) and constant (time-independent) internal gradient of 
strength g0 (and neglecting relaxation effects) the STE signal is going to be given by7,68 

2 2 2

2 2 2 20
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2 2
0 1 2 1
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2( ) exp ( ) 2( )
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g D
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γ δ δ

γ δ τ τ δ τ τ δ τ τ τ

γ τ τ τ

g g    (7) 

The first term is the same exponent as in Eq. 5. The second ( 0g g  cross-term) results 

from the interaction between the internal- and the applied gradients and depends on the 

angle θ between the two gradient vectors ( 0 0 cosgg θ=g g  ). The last (g0 term) describes 

the attenuation due to the internal gradient only and its effect is cancelled by 

normalization by S(0). Therefore the last term has no direct effect on the obtained 
diffusional attenuation but, for large internal gradients, it may cause strong signal loss. 

On the other hand, the cross-term can often be significant even when g0 is small.74 It 
should be emphasized that Eq. 7 is valid for a uniform and constant internal gradient. 

However, in porous media (e.g., chromatography media) the internal gradients are often 
highly inhomogeneous, and may also be rendered time-dependent by the diffusion of 

the spin-bearing entity over regions of different g0. The mean-square displacement 
(MSD) of the spins in relation to the length-scale of the variation of g0 determines 

whether this is relevant or not. If a spin moves between regions of different g0 slowly, so 
that it stays inside a region of constant g0 during the experiment, the measured signal is a 

sum of the contributions from the different regions In this case the measured diffusion 
coefficient can, perhaps counterintuitively and depending on conditions, be lower than 

the true one. The reason for this is that the experiment records the ensemble average 
and the internal gradients suppress, by faster transverse relaxation, the weight of 

apparently faster moving spins (i.e., spins located where g0 is higher).75 

Internal gradients (and gradients in general) dephase transverse magnetization. Thus, the 

SE is much more sensitive to background gradients than the STE because in the latter 
sequence the magnetization is stored in the z-direction during most of the time 

(normally τ2 >> τ1). However, the cross-term can be significant even for the STE which 

can result in an erroneous diffusion coefficient. Therefore, modifications of the STE 
have been designed with the goal to reduce (or at best, eliminate) the effect of the 

internal gradients on the diffusional attenuation. Cotts et al developed the so called 9-, 
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13-, and 17-interval sequences for that purpose.76 All these sequences rely on the 

incorporation of 180° pulses in the preparation- and read intervals. During both of 

those intervals the 180° pulse refocuses the dephasing caused by the background 

gradients. Yet, to keep the effect of encoding/decoding gradients intact, the 13- and 17-

interval sequences incorporate bipolar gradient pairs during the preparation- and read 

intervals, for which the 180° pulse cannot provide refocusing. The difference between 

those pulse sequences is mainly in terms of the effective gradient pulse area which is an 

important factor if, for example, one has access to limited gradient power or has a short 

T2 that limits the length of δ.76 Importantly, all of these sequences also suppress or 

eliminate the cross-term in Eq. 7. 

Sequences for background gradient elimination described above work best when the 
spins experience a constant (temporally homogeneous) internal gradient during the 

whole experiment. However, when the MSD is longer than the length-scale for the 
gradient inhomogeneity, the spins experience a fluctuating internal gradient during the 

experiment. Therefore, pulse sequences have been developed that provide higher-order 
suppression. Such sequences incorporate asymmetric bipolar gradient pulses that, when 

set to a ‘magic’ ratio, suppress the cross-term.74,77 These sequences work well when the 
MSD during the time for the preparation (or read) interval is shorter than the length-

scale for the gradient inhomogeneities. 

 

2.1.3. Magic angle spinning (MAS) NMR 

Interactions of spins with other spins and to their environment may alter the Larmor 
frequencies. The most important interactions are CSA, dipole-dipole interactions, and 

quadrupolar couplings (the latter, for spins >1/2).12,13 All of these interactions are 
anisotropic, which means that the magnitude of the interaction depends on the 

orientation of relevant molecular features with respect to the direction of B0. The fast 
(with motional correlation times in the ps-ns range) molecular tumbling of molecules in 

isotropic and non-viscous liquids has the effect of averaging over all possible 
orientations, resulting in the suppression of most spin-interaction terms like the dipole-

dipole interactions and quadrupolar couplings, leaving intact only the relatively small 
isotropic chemical shift (and the isotropic part of the J-coupling). Hence, in liquids the 

spectral shape is defined by the isotropic chemical shift. However, the interactions 
rendered fluctuating by molecular motions induce relaxation (see section 2.1), both 
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transverse and longitudinal. Molecular motions contribute to those two relaxation 
processes on a different manner and the decisive factor is the relation of the motional 

correlation time to the inverse of the Larmor frequency. Particularly, transverse 
relaxation is influenced also by motions that are slower than that limit whereas there is 

no such effect for longitudinal relaxation. Hence, if molecular tumbling slows, the line 
width (set by transverse relaxation) becomes large and spectral peaks merge into a broad 

unresolved spectrum. In the limit of solid powders, the spectral shapes are set by the 
random distribution of the orientation of relevant molecular features with respect to B0. 

Each unique orientation may exhibit its own Larmor frequency, resulting in a very broad 
spectrum with frequencies spread over many kHz-MHz.  

 

Figure 14. Schematic illustration of the definitions of angles for a sample under MAS in a 
magnetic field. The figure is reproduced from reference64 with permission from the author. 

 

However, with the method called magic angle spinning (MAS) it is possible to average 
over orientations, so that the effect of anisotropic spin interactions is reduced or at best 

eliminated. This is accomplished by spinning the sample rapidly around an axis oriented 

at an angle θR relative to B0 (see Figure 14). If the spinning speed is faster than the 

strength of a given spin interaction (that is, expressed in angular frequency units) the 
average angular dependence of the anisotropic interaction can be described by 

 ( )2 2 213cos 1 3cos 1 3cos 1
2

θ θ β− = − −R   (8) 

where θ  is the angle between the principal axis for the tensor characterizing in a 

molecule-fixed frame the interaction in question and the direction of B0, and β is the 
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angle between that principal axis and the spinning axis of the rotor. When θR is set to 

the ‘magic angle’ 54.74°, the factor ( )θ −23cos 1R  vanishes and consequently the 

average described by Eq. 8 also becomes zero.12,13 Depending on the spin system, the 

type of interaction, and the molecular motions present, line narrowing can in many cases 
also be achieved with spinning speeds that are less than the strength of the 

interaction.78,79 With routinely used MAS spinning speeds of today (15-60 kHz) the CSA 
is normally eliminated and heteronuclear dipole-dipole interactions are reduced (or 

completely removed in combination with heteronuclear decoupling). Homonuclear 
dipole-dipole interactions often require higher spinning speeds which in most cases 

precludes recording of 1H NMR spectra in the solid state. Quadrupolar couplings are 
even stronger and can only be partially reduced with MAS. Importantly however, MAS 

also effectively reduces the inhomogeneous broadening caused by internal magnetic 
gradients. This fact is utilized in high-resolution magic angle spinning (HR-MAS) to 

produce well-resolved 1H NMR spectra in semi-solids such as in a solvent-swollen 
medium.25-27,32,33,80-86 In these materials the anisotropic interactions are still present but so 

much suppressed, at least locally, by high molecular motions that 1H NMR spectra can 
be obtained by conventional solution-state NMR experiments.12,13 

When the spinning speed is slower than the line width in the static spectrum, the 

spinning spectrum shows a central band at the isotropic chemical shift ωiso and a number 

of spinning sidebands at multiples of the spinning speed (i.e., at ωiso±nωR where ωR is the 

MAS spinning speed and n is an integer larger than zero) away from the central 

band.12,13,87,88 The spinning sidebands result from the periodic modulation of the Larmor 
frequency by the rotation of the orientation of relevant molecular features with respect 

to the direction of B0. 

 

2.1.4. Experimental aspects 
The NMR experiments were performed on several different NMR spectrometers. The 
13C MAS experiments summarized in Paper I employed a Bruker 300 MHz Avance II 
spectrometer with a 4 mm  MAS probe (as is current convention, the 1H resonance 

frequency defines the magnetic field strength while ”4 mm” defines the MAS rotor 
diameter). In Paper II, the 1H HR-MAS spectra were acquired on a Bruker 500 MHz 

Avance II spectrometer with a 4 mm HR-MAS probe. In Paper III 1H and 2H NMR 
spectra for concentration measurements were recorded on a Bruker 300 MHz Avance 
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III-HD spectrometer with a 5 mm QNP probe and the 1H diffusion experiments were 
performed using a Bruker 500 MHz Avance III-HD spectrometer with a DIFF30 probe 

capable of delivering a maximum gradient strength of 18 T/m. In Paper IV, two 
different spectrometers were used for 1H diffusion measurements; a Bruker 500 MHz 

Avance III-HD spectrometer and a Bruker 300 MHz Avance III-HD spectrometer, 
both equipped with 5 mm NMR probes (TXI and QNP, respectively) capable of 

delivering maximum magnetic field gradients of ca 0.56 T/m. 2H diffusion experiments 
were performed on a Bruker 500 MHz Avance III-HD spectrometer with a DIFF30 

probe capable of delivering a maximum gradient strength of 18 T/m. All other NMR 
investigations in Paper IV were carried out on a Bruker 300 MHz Avance III-HD 

spectrometer using a 5 mm QNP probe.  

 

2.2. Inverse size-exclusion chromatography (ISEC) 
The purpose of size-exclusion chromatography (SEC) is to separate solutes based on 
their size. In the inverse application of the method (i.e., ISEC), the solutes, often 

polymers in a homologous series such as dextran or polyethylene oxide (PEO), are of 
well-defined size and the method is used instead to characterize the porous structure of 

the chromatographic medium.89-95 Assuming that the probe molecules equilibrate 
between the mobile phase and the chromatographic medium, the distribution coefficient 

(also called partition coefficient, and sometimes referred to as KD) 

 −
=

−
inter

total inter

V VKeq
V V

  (9) 

can be obtained by ISEC. In this expression, V is the accessible liquid volume for a 
particular probe molecule, Vinter is the inter-particular liquid volume (often called the 

void volume), and Vtotal is the total liquid volume in the column, i.e., the sum of the 
inter- and the intra-particular volumes. In ISEC the chromatographic medium is packed 

into a column and the mobile phase containing the probe molecules is then pumped 
through. The eluate is typically detected by refractive index (RI) and/or ultraviolet light 

(UV) detectors at the column outlet. At a sufficiently low flow rate the solutes can 
equilibrate with the chromatographic particles by diffusion into the intra-particular 

pores. In the absence of any (unwanted) adsorption of the probe molecules onto the 
stationary phase all volumes in Eq. 9 can be obtained by measuring the elution volumes 

of differently sized probes. A small molecule, such as deuterated water or solvated salt 
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(e.g., NaCl) has access to all liquid volumes in the system, and is used to probe Vtotal.. At 
the opposite end, a polymer that is too large to enter the intra-particular pore space 

gives Vinter. Examples of the latter include native dextran, or dextran or PEO of very 
high molecular weight. A probe molecule with a size in-between the two extremes yields 

V. KD versus probe size (called the selectivity curve) depends on the pore size. Within the 
framework of suitable models, the selectivity curve can be used to characterize (size, 

shape, connectivity and their distribution) the porous network.90,91,93-95 

2.2.1. Experimental aspects 
ISEC experiments were performed in Paper III. The analyses were run in HR 16/50 (16 

mm i.d. × 500 mm height) columns (GE Healthcare), using an ÄKTAexplorer™ system 

(GE Healthcare). The chromatographic medium was packed into the column using 

packing procedures recommended by the supplier. The efficiency was tested with 
acetone prior to the analysis. The column was equilibrated with a mobile phase of 0.25 

M NaCl and probe samples (5 g/L of dextran or glucose in 0.25 M NaCl) were then 
injected. The injection volume was 0.2 mL, the flow rate was 0.4 mL/min, and a delay 

of 3 hours between the injection of each probe sample was used. Native dextran and 
NaCl was used to probe Vinter and Vtotal respectively. The concentration at the column 

outlet was obtained using an RI-detector. The retention time was taken at the peak value 
for each probe in the chromatogram. 

 

2.3. Preparing the samples 
Chromatography media samples were prepared for NMR analysis mainly by the 
following techniques. 

2.3.1. Washing and equilibration 
Gel samples were washed with water and/or equilibrated with solutions in glass filter 

funnels coupled to vacuum equipment. In Paper IV and Paper III PD-10 columns were 
used to equilibrate the gel with various probe solutions. A PD-10 column is in essence a 

10 ml sample tube with a 25 µm filter in the bottom and with top- and bottom plugs. 
The advantages of this format for sample preparations are that equilibration can be 

performed with vortex- or end-over-end mixing and that inter-particular solution can be 
easily and effectively removed by evacuation using a swing-out centrifuge. 
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2.3.2. Determination of volume and dry resin content of chromatography 
media 

A home-built device was used for preparing a tightly packed bed of beads with accurate 

pre-defined volume of chromatography media. The device consists of three tightly 
attached blocks that can laterally slide relative to each other. Into this set of blocks, a 

channel of particular shape is manufactured, see Figure 15. First, the slurry containing 
the beads is filled into the funnel A of the device. Low-vacuum suction is then applied 

and a bead pack of well-defined volume Vmedium is formed in part B. The bead pack is 
then isolated from the medium in parts A and C by shearing away first block A from 

block B and then block B from block C. The precision in the preparation is ca 0.5% 
relative standard deviation, as tested by drying followed by weighing that was supposed 

to determine (that is, over-estimate) volume reproducibility. The device is available with 
different volumes depending on the application. 

The device described here should not be confused with a chromatography column. 

When packing a column for performing liquid chromatography, the packing quality is 
normally determined by measuring the height equivalent to a theoretical plate (HETP) 

and the asymmetry. The latter depends on the compression factor and hence on the 
amount of medium in the column. In the device used here the medium is not 

compressed as it is in a column and thus the amount of medium does not vary as it does 
in a column. 

 

Figure 15. Schematic picture of the device used for packing chromatographic beads into 
columns of well-defined volume.. It consists of three Teflon blocks, which are tightly packed (by 

metal clips and pre-cut tracks, not shown) together, part A, B and C. The figure is reproduced 
from reference96 with permission from John Wiley & Sons Ltd. 
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After having prepared the bead pack in the device, most water was removed by vacuum 
suction, and the pack was then dried at 105 °C during 2 h in a drying balance. The dry 

resin content R (mg/ml bead pack) was determined by a weight measurement. This 
procedure was used in both Paper I and in Paper II (in the latter, called “pathway A”).  

It is noted here that chromatographic applications typically call for concentrations 
expressed in μmol/ml unit with the volume referring to that of the bead pack. 

 

2.3.3. Preparation of MAS rotors 
Completely hydrated (i.e., wet) chromatography media samples were analysed with HR-

MAS NMR in Paper II. These samples were either prepared with the device described in 
the previous section and made in a particular size, giving a volume of 50 µl and a bead 

plug diameter of 2.5 mm, matching exactly the sample volume and inner diameter of the 
HR-MAS rotor. The bead plug was transferred from part B of the packing device to the 

rotor with help of a special holder that fixed the rotor exactly in position under the hole 
of part B. In another sample preparation pathway a slurry of chromatographic medium 

was prepared by mixing into a solvent the bead plug from the same type of device but 
with a larger controlled volume. After careful homogeneization with a vortex mixer, a 

volume of the resulting slurry was transferred to the rotor using a micropipette. 

In Paper I chromatographic medium was dried and grinded and then packed into MAS 
rotors. The grinding resulted in that about ten times more material could be packed into 

the rotor compared to when no grinding was used. 

The drying was done as part of the determination of R (see section 2.3.2). However, 

hydrophilic chromatography media resins are very hygroscopic materials that quickly 
adsorb water from the air. In about 30 minutes the resin gets saturated with water and 

can then hold about 10w% water. This problem was encountered in Paper I where we 
also presented a procedure (see details in Paper I) to cancel its effect and to enable 

reproducible and accurate measurements of ligand concentration. 

In order to increase molecular mobility of ligands grafted onto the chromatography 
resins some of the samples in Paper I were hydrated further. This was accomplished by 

2 hours exposure of the dried bead pack to an atmosphere of ca 95% relative humidity, 
which was generated inside a desiccator by a saturated solution of potassium nitrate in 

distilled water.97  
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3. Summary of the research 
Imagine a column packed with chromatographic medium during operation. In order for 
solute molecules to bind to the adsorbent they must leave the mobile phase flowing in 

the inter-particular channels, enter into the resin beads through pore openings and then, 
by self-diffusion, travel to the pore surfaces, where they may get adsorbed by 

interactions with immobilized ligands. In this thesis we have developed, and applied 
tools based on NMR to study different features relevant for this process. Entering the 

pores and intra-particular pore diffusion are both linked to the partitioning of the target 
molecule between the pore space and the void liquid surrounding the beads.98-101 The 

partitioning is characterized by distribution coefficients Keq that, in the general case, is 
defined as the ratio between the concentration at equilibrium inside the pores in the 

chromatographic beads and in the bulk outside the beads respectively. Note that for 
SEC applications (e.g., ISEC discussed in section 2.2), where there are ideally only steric 

exclusion effects present, Keq defines the fraction of accessible pore space and is give by 
Eq. 9. In Paper III we describe a new method, SEQ-NMR, for measuring Keq versus 

probe size (called the selectivity curve) in an effective manner. The method has several 
advantages over alternative techniques. SEQ-NMR is described in section 3.2. The self-

diffusion of different molecules inside pores is the subject under study in Paper IV, 
where it is shown that interactions with the pore walls have to be taken into 

consideration in order to accurately describe the pore diffusion. This study is 
summarized in section 3.3. Two independent methods to measure ligand concentration, 

one using 13C-detection of dry and grinded material, and the other with 1H-detection of 
hydrated (i.e., wet) medium (presented in Paper I and Paper II, respectively) were 

developed. Those methods are presented in sections 3.1.1 and 3.1.2. 

 

3.1. Ligand concentration 
As has been discussed above the type of ligand and its concentration are two of the 

factors that determine the chromatographic function, with effects on selectivity, 
resolution and binding capacity. Accordingly there is a high demand for effective 

analytical methods for the identification and quantification of ligands. Conventional 
ligand concentration methods are based on spectrophotometry, radiolabeling, and 

chemical analysis,102-109 and some require additional cleavage steps of the ligand from the 
resin or hydrolysis of the medium prior to analysis.110-114 Such methods are not generally 
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applicable for different types of ligands, often have poor accuracy and precision, are 
time consuming, and demand the use of hazardous chemicals. The two NMR methods 

developed in the present work mitigate many of these shortcomings. Importantly the 
ligand is analyzed in situ, that makes the analysis easier and faster. Another significant 

advantage is that the methods, in addition to the concentration, also verify the chemical 
structure of the ligand by means of the NMR spectrum. This is an important feature 

both from R&D and quality-control perspectives. Furthermore, they seem to be far 
more general, a subject that we have only started to investigate (see below). There are 

merely two requirements that need to be fulfilled. First, the ligand must exhibit at least 
one resolved peak in the NMR spectrum and, secondly, the molecular mobility of the 

ligand must be such that MAS, alone or in combination with 1H decoupling (the latter, 
for 13C detection) achieves sufficient spectral resolution. 

The two new methods were shown to be accurate, as also verified by the excellent 

agreement between the results obtained with the same lot of Butyl Sepharose High 
Performance chromatographic medium, and of good precision (reproducibility standard 

deviation of 2% and 1.7% respectively). The methods have complementary applications 
– the 13C method performs well in dry and partially rehydrated samples where the 1H 

method is not working at all. An advantage of the 13C method is its high spectral 
resolution, which probably renders it being more generally applicable for quantitative 

analysis. On the other hand, once established for a particular sort of material, the 1H 
HR-MAS method is far quicker, which awards it an unparalleled potential in, for 

example, quality and process control. 

 

3.1.1. Ligand concentration by 13C MAS NMR 

A method for measuring ligand concentration in dried chromatography media using 13C 
single pulse excitation (SPE) MAS NMR with broadband 1H decoupling was developed. 

The protocol consists of the following steps. First, samples in MAS rotors are prepared 
following a strict procedure outlined in section 2.3.3. Before being packed into the MAS 

rotor, the ground resin is mixed with the internal reference substance dimethyl sulfone 
(DMS) and the mixture is then carefully mixed and re-ground. The exact masses of resin 

and reference in the mixture are noted. Due to B1 inhomogeneity over the rotor volume 
it is important to get a spatially homogeneous mixture of resin and reference.115-118 13C 

SPE MAS NMR experiments are then performed with SPINAL-64116 heteronuclear 1H 
decoupling at a spinning speed of 10 kHz. The resulting spectrum for the resin Butyl 
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Sepharose High Performance mixed with DMS is shown in Figure 2 of Paper I. The 
broad background arising from the resin is analyzed separately and subtracted from the 

analyte spectrum prior to performing phase correction and conventional baseline 
correction. The ligand concentration is then obtained from the peak integrals of the 

ligand and the reference. 

There were two particular factors to consider. First, B1 inhomogeneity (and, by the 
reciprocity principle, the efficiency of signal reception119) over the rotor volume 

influences signal strength from a spatially inhomogeneous sample. Results from a 
simulation of the B1 field in a solenoid coil of the same type as is used in MAS probes is 

shown in Figure 16.120 As is clear, the B1 field and the receptivity in a MAS RF coil is 
highly inhomogeneous both in axial and radial directions. Therefore it is important that 

the analyte and the reference are homogeneously mixed so that they are distributed (and, 
possibly, re-distributed) in the same way inside the rotor. 

 

Figure 16. Simulated maps of the rotating component of the B1 field in the xy (left), yz (middle), 

and xz (right) planes, for a solenoid coil having five turns. The figure is adapted from 
reference120 with permission from Elsevier. 

 

The second important point to consider was the averaging of anisotropic interactions by 
MAS. To be able to produce quantitative results by MAS in combination with 1H 

broadband decoupling, the molecular mobility of the ligand has to be large enough.117 
We found that an effective way to increase the mobility was to partially rehydrate the 

dried resin. This is possible to do in a controlled way by exposing the resin to an 
atmosphere of well defined (95%) RH produced over a saturated solution of potassium 

nitrate in distilled water in a closed container. The effect of partial rehydration on the 
acquired spectra is illustrated in Figure 3 of Paper I. Another way to increase the 
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mobility is by performing the analysis at a higher temperature. However, for the Butyl 
ligand in Butyl Sepharose High Performance it was found that room temperature 

suffices, if the peaks from the methyl group and the adjacent methylene group are used 
for the quantification. Those carbons are situated furthest out from the resin bound end 

of the ligand, and thereby their C-H vectors exhibit faster dynamics than those for the 
other carbons. This type of behavior has been indicated for other ligands and resins as 

well.121-125 It is to be noted here that molecular motions of the ligand should preferably 
not be too fast so that the T1 relaxation times are sufficiently short to enable short 

recycle delays. Unfavorable correlation times can also reduce the decoupling 
efficiency.117  

The accuracy of the methodology was assessed by weighing in two reference 

compounds (DMS and 3-(trimethylsilyl)propionic-2,2,3,3-D4 acid sodium salt (TMSP)), 
with and without chromatography medium added. Each mixture was mixed, ground and 

packed into MAS rotors by the same procedure as described above. For both samples 
the ratio of TMSP/DMS integral intensities to the TMSP/DMS 13C molar ratio was 

equal to 1 within the experimental variation (<1% systematic error). The reproducibility 
was tested with repeated experiments and the reproducibility as given by relative 

standard deviation was estimated to 2%. Furthermore, the 13C ligand concentration 
method yielded the same result as the 1H HR-MAS method (see below), which mutually 

verifies both methods as being accurate. 

 

3.1.2. Ligand concentration by 1H HR-MAS NMR 

We developed a protocol by which accurate and precise measurements of ligand 
concentration can be performed on hydrated chromatography media by means of 1H 

HR-MAS NMR. A slurry of resin in a solution containing the internal reference TMSP 
is prepared and an aliquot of 10 µl slurry is transferred to a MAS sample rotor, as 

described in section 2.3.3. The sample is then analyzed with 1H HR-MAS NMR at a 
sufficiently fast spinning speed. For Butyl Sepharose High Performance, suitable MAS 

averaging was obtained at spinning speeds above 13 kHz. Ligand concentration is then 
calculated from the peak integrals for the ligand butyl and TMSP signals  see the NMR 

spectrum in Figure 2 in Paper II. The accuracy of the determination was verified by the 
excellent agreement with ligand concentration obtained for the same resin lot with the 
13C MAS NMR method discussed above. The precision, estimated by repeated 
measurements, was somewhat better than that obtained with 13C MAS NMR (1.7% 
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relative standard deviation for 1H HR-MAS NMR versus 2% for 13C MAS NMR). A 
more conspicuous advantage of the 1H HR-MAS method is that the total experimental 

time necessary, including sample preparation, is below 10 minutes. This should be 
contrasted to 13C MAS NMR, where the total experimental time (including drying of 

resin, partial rehydration, determination of R, preparation of sample rotor, and 
recording of NMR spectrum) was about 7 h. 

The main obstacle that had to be overcome when developing this method was sample 

re-distribution inside the rotor induced by the rapid spinning. Because of RF-
field/receptivity inhomogeneity within the coil (see Figure 16), spatial re-distribution 

affects the total signal strength. Chromatographic beads filled with solution do not have 
the same density as the free reference solution, and thus are moved by centrifugal forces 

and re-distribute within the rotor during spinning. This causes that the signal intensities 
arising from reference and ligand are not any more proportional to their molar fractions. 

In preliminary experiments, various ways to add the reference to the medium were 
tested. Selective re-distribution during spinning was then manifested as a non-constant 

reference signal, that varied (by up to 15%) both with time during spinning and with 
spinning speed. A way to circumvent this problem was to limit the sample volume to a 

volume within the rotor over which the RF inhomogeneity is small. Hence, the rotor 
was only partly filled by a very small volume (10 µl) of slurry with high bead 

concentration. This procedure removed the time-dependence of the TMSP signal observed 
during spinning. An alternative solution could be to restrict the sample to the middle of 

the rotor, that could possibly be accomplished by thick-walled rotors or rotors with 
suitable inserts. We note that, based on similar arguments, the same solution was used 

to perform accurate NMR-diffusion measurements under HR-MAS conditions.126,127 
The latter alternative was, indeed, successfully tested with the chromatographic medium 

Capto™ Q (see below). Another solution could be to use a loop-gap resonator instead 
of a solenoid coil in the HR-MAS probe where the former has been shown to give 

much better B1-homogeneity, both in the axial and the radial directions.120  

Nevertheless, in order to accurately compare signal intensities obtained at different 
spinning speeds, three corrections had to be applied, all directly or indirectly related to the 

effect of temperature increase that is dependent on spinning speed and appears because 
of frictional heating.128,129 The first effect is that, according to Curie’s law, signal 

intensities are approximately inversely proportional to the absolute temperature and 
must thereby be suitably normalized. The second effect is that the changing temperature 
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affects the RF circuit in the probe used for detecting the signal (even when the circuit is 
optimally tuned and matched at each temperature) and, as a consequence, the effective 

RF-field strength is altered. Therefore, the 90° pulse length has to be re-calibrated each 

time the spinning speed is changed. Related to this is also the third effect; the loss of 
signal due to decreased receptivity, following the reciprocity principle.119 Having 

established the change in the 90° pulse length, this latter effect can also be corrected for. 

As demonstrated in Figure 17 by the virtual independence of the reference signal level 
on spinning speed, this strategy works, and thereby quantitative experiments are enabled. 
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Figure 17. The integral intensity of the TMSP signal (normalized to that at 5000 Hz) in samples 
prepared from beads equilibrated in TMSP solution and then having the inter-bead solution 
removed by vacuum suction. The symbols represent integrals with no correction (●), corrected 

for temperature change by Eq. 2 in Paper II (○), subsequently corrected for RF field change by 

recording the integrals with 90ᵒ pulse length properly calibrated at each spinning speed (■), and 

finally corrected for receptivity change as given by Eq. 3 in Paper II (▲).The figure is 
reproduced from reference81 with permission from John Wiley & Sons Ltd. 

 

The other important point to consider is that the MAS averaging of anisotropic 
interactions must be sufficient. It was found that one of the requirements for this is that 

the resin is completely hydrated (as it is in a slurry). Furthermore, the averaging is 
expected to be more effective at higher spinning speeds, with increasing signal 

intensities as a result.12,13 For Butyl Sepharose High Performance a constant plateau for 
the Butyl/TMSP integral ratio was reached at sufficiently high spinning speeds. The two 
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facts; that the reference signal is constant irrespective of the spinning speed, and that a 
constant plateau for the ligand/reference integral ratio is reached are regarded as the 

basic conditions for an accurate ligand concentration determination with 1H HR-MAS 
NMR. 

In an attempt to investigate the general applicability of the proposed methodology, six 

chromatography media with different ligands where also analyzed. For each ligand a 
spectrally resolved peak was chosen for integration. The results, as yet unpublished, are 

summarized in Table 4. 

Table 4. Results of the test of general applicability of the 1H HR-MAS NMR method for 
determination of ligand concentration in various chromatography media. Two conditions 
required for accurate concentrations were tested: (i) if a constant plateau for the ligand/TMSP 

integral ratio was reached upon increasing spinning speed and  (ii) if the corrected TMSP 
integral remained constant or not when the spinning speed was increased from 5 kHz to 15 kHz. 

Resin product name Ligand (type) Plateau 
reached 

TMSP increase 
(%) 

SP Sepharose Fast Flow SP (CIEX) Yes 2 

PlasmidSelect Xtra 2-mercaptopyridine 
(thiophilic aromatic 
adsorption) 

Yes 3 

1; 0* 

Capto Q Q (AIEX) Yes 6 

1.7** 

Capto adhere adhere (multimodal) No 5 

Butyl Sepharose 4 Fast Flow Butyl (HIC) Yes 2 

Phenyl Sepharose 6 Fast 
Flow (high sub) 

Phenyl (HIC) Yes 2 

*) The corrected TMSP integral increased with 1% for a sample volume of 5 µl and was 
constant (0% increase) for a sample volume of 1 µl. ** A disposable cylindrical insert that 
restricted the sample to a region in the middle of the rotor was used. 

 

It is clear that for all of the tested products the reference signal was increasing slowly 
with increasing spinning speed. Interestingly, the magnitude of the increase seems to be 

related to the rigidity of the resin. Yet, the increase was ≤3% for all products except for 
Capto Q and Capto adhere. These two latter products are known for their high rigidity. 
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The product that gave the smallest increase was Butyl Sepharose 4 Fast Flow, which was 
the least rigid of the tested media. Two different strategies to reduce the deleterious 

effect of the B1-inhomogeneity are presented in Paper II. The first, to reduce the sample 
volume, was tested even further for PlasmidSelect Xtra with good results, see Table 4. 

The second strategy, to use a cylindrical insert that keeps the sample at the center of the 
rotor, was tested for Capto Q that was the resin that otherwise showed the highest 

increase of the reference signal. 10 µl slurry was put inside a disposable cylindrical insert 
(polychlorotrifluoro-ethylene, Kel-F insert designed for 4 mm rotors, Bruker) inserted 

into the rotor. In that arrangement, the increase of the reference signal upon increasing 
spinning speed reduced to 1.7%, see Figure 18 and Table 4. To conclude, suitable 

reduction of the sample volume provides sufficient accuracy of the reference signal even 
if the sample components re-distribute in a rotor  volume subject to B1-inhomogeneity. 

Regarding the ligand/reference integral ratio, a constant plateau was reached for all 

tested ligands except for Capto adhere. It should be noted here that MAS equipment 
allowing for up to 70 kHz spinning speeds are becoming widespread. Hence, this 

shortcoming may turn out to be less of an issue in the future. 
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Figure 18. Reference signal intensity (corrected TMSP integral) in 1H HR-MAS NMR 
experiments as a function of spinning speed for a 10 µl sample of Capto Q in TMSP solution, 
with respective without the use of a disposable insert to limit the sample in the axial region of 

the rotor. 
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3.2. Distribution coefficients 
As was described in section 1.1, all chromatographic separations are based on the 
partitioning of the target molecules between the porous network within the beads and 

the mobile phase. This partitioning is described by the distribution coefficient Keq. The 
partitioning may depend on either size, shape or other molecular properties that give 

different affinities of the target molecules to the ligands within the chromatographic 
beads. Ideally in SEC, there are only steric exclusion effects present. In fact, the very 

separation principle in SEC is exactly this, i.e., that molecules of different size and shape 
have access to different fractions of the pore space, and this in turn determines the time 

they stay in the porous matrix inside the beads. Hence, Keq defines chromatographic 
resolution in SEC4,5 and is one of the main parameters for the separation performance 

in other chromatographic methods as well. Besides Keq, chromatographic resolution is 
also intimately linked to how binding appears under non-equilibrium conditions where a 

more porous and interconnected structure allows for faster intra-particle diffusion. 
Furthermore, Keq versus hydrodynamic radius rH of probe molecules (i.e., the selectivity 

curve for a chromatographic medium) can, by exploiting suitable models, be used to 
characterize (size, shape, connectivity and their distribution) the porous network.91,93-95 

SEQ-NMR is a new method by which the selectivity curve can be determined in an 

effective manner. In addition, the method can equally well be used to measure pore 
sizes in any porous media. The principle of SEQ-NMR is described in detail in Paper III. 

In short the water-saturated chromatographic medium is equilibrated with a solution 
containing polymers with a broad size distribution. The solution before and after 

equilibration is analyzed with NMR diffusion experiments (the STE experiment 
described in section 2.1.1 was used for the measurements in Paper III). A simultaneous 

least-squares analysis of the two diffusion attenuation curves, see Figure 19, under 
suitable constraints then provides the extent by which the different polymer fractions 

are diluted upon equilibration and that, in turn, yields the selectivity curve. 
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Figure 19. SEQ-NMR attenuation curves from the experiment with chromatographic medium 

Sephacryl S-200 High Resolution. E is the diffusional attenuation and b is defined in Eq. 3b. 
The trends in the fits and the experimental points illustrate well the qualitative behavior of the 

probe solution upon equilibration: a large fraction of small molecules, dominantly contributing 
to the initial parts of the decays, is lost from the probe solution by penetration to the pores 
while the concentration of larger molecules, that dominate the tails of the decays, remains 

roughly the same. The inset shows the magnified data for the tails of the decays. 

 

The numerical procedure for the analysis is akin to numerical implementations of 
inverse Laplace transformation (ILT). This is an ill-posed mathematical problem with a 
strong sensitivity to experimental noise. In addition, its result is not unique and does not 

depend continuously on the data.130-135 In practice therefore the inversion algorithm has 
to be provided with prior information in order to yield a robust and unique solution.130-

140 In SEQ-NMR that is accomplished by applying the constraints detailed in Paper III 
(essentially, formulating the fact that smaller polymers access more pore space) during 

the simultaneous least-squares analysis of the two attenuation curves. 

The good performance of SEQ-NMR was demonstrated both with simulations and 
experiments and the results were compared with those from ISEC, which is the 

technique commonly used to determine selectivity curves. Using dextran polymers and 
the chromatographic medium Sephacryl S-200 High Resolution the two methods 

yielded the same selectivity curve and, within a cylindrical pore model, the same average 
hydrated pore size. According to the simulations, experiments with SNR≥500 (the SNR 
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for the spectrum corresponding to the first point in the attenuation curve before 
equilibration with chromatographic medium) are required for good accuracy. Above this 

limit the mere effect of increasing SNR is slowly and gradually decreasing uncertainty. In 
the experimental data the SNR was about 1700, which resulted in a relative standard 

error <1% for the estimated pore radius rp (rp = 6.91 ±0.06 nm), in good agreement with 

rp = 6.86 ± 0.09 nm from the ISEC data. Simulated SEQ-NMR results for more 

complex media with coexisting cylindrical pores of different sizes were also encouraging. 
Namely, for a bimodal pore model the SEQ-NMR data provided the pore populations 

and pores sizes quantitatively and accurately.  

A drawback with SEQ-NMR is that there are limitations regarding the number of 
significant Keq-points N on the selectivity curve that can be obtained. With N set too 

low (in our and similar cases, to about <5), the obtained Keq distribution remains 
insensitive to structural details of the explored pores. We found that the maximum limit 

of N is about 10. Setting N significantly higher makes accuracy suffer, especially at low 
Keq (at about Keq<0.1). This last point seems to be an inherent data inversion problem, 

such as that in ILT, as was shown in the studies by Bertero et al141,142 and Song et al143. 

Regarding speed, the total experimental time of one hour or less are entirely feasible. In 

comparison, the experimental time for a typical ISEC analysis is about 10-20 hours, and 
the column packing takes in addition about 3-6 hours. Thus, SEQ-NMR is a very 

competitive complementary technique, with a high potential for high-throughput 
analyses. 

 

3.3. Self-diffusion inside pores 
The self-diffusion of different molecules inside pores was the subject under study in 
Paper IV. Using CPG media with identical pore topology but with different pore sizes 

and different solvents, it could be shown that interactions between any of the diffusing 
species and the pore walls have a significant effect on the self-diffusion coefficient. In 

other words, both specific interactions with the pore walls and obstruction effects have 
to be taken into consideration to accurately describe pore diffusion, a point that is 

currently under some debate.38-45 

The study described in Paper IV consisted of three parts. In the first part, an NMR 
batch-exclusion method for measuring the specific pore volume in CPG was developed 
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and applied for analyses of all CPG media in the study. In the second part it was tested 
that the liquid volumes that corresponded to the total pore volume and were added to a 

particular CPG have, indeed, completely filled the pore space inside the CPG beads. In 
the third and final part, the self-diffusion of various liquids inside the pores of the 

different CPG media was measured by NMR diffusion experiments. 

3.3.1. Specific pore volume 
The specific pore volume was obtained by NMR-concentration measurements, 
following the same procedure that was used to measure the total and interparticular 

liquid volumes in Paper III. In short, a known amount of CPG media hydrated with 
normal water was equilibrated with a probe solution in normal water that contained 

native dextran and 5vol% deuterated water (D2O). The concentrations of dextran and 
D2O before and after equilibration are directly proportional to the respective NMR 

signal intensities. The measurement exploits that, upon equilibration, the probe solution 

becomes diluted differentially for the different molecular components. Namely (i) Mw ≈ 

30,000,000 g/mol native dextran cannot penetrate any of the available pores and (ii) 

while D2O can penetrate all pores. Thus, native dextran is diluted by the interparticular 
water, while D2O is diluted by all the water in the sample, also that in the intraparticular 

pore network. 

3.3.2. Transverse-relaxation time experiments 
To be able to estimate the slow diffusion within the pores on an accurate manner, it is 
essential that there is no bulk liquid with its fast diffusion outside the particles. It is also 

similarly important that the pores are filled so there are no air plugs blocking diffusion. 
While having determined the pore volume (see previous subsection) permitted us to add 

liquid in the precise amount required to saturate the pores, it remained a question if that 
added liquid is actually all imbibed in the pore space or not. To test this, we investigated 

samples where particular liquids were added incrementally to CPG, from 50% to 130% 
relative to complete filling (100%) of the intraparticular pore volume. At each filling 

level, the transverse relaxation was measured by CPMG experiments and the obtained 
relaxation decays were transformed into distributions of the transverse relaxation time  

T2 by the Inverse Laplace Transformation (ILT) algorithm UPEN (Uniform-
Penalty).136,137 From those distributions, see an example in Figure 20, the width of the  

distribution was extracted and further analyzed. 
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Figure 20. T2 distribution obtained by UPEN processing of T2 data obtained with single-point 
CPMG on water (1H detection) in CPG 507 to which the liquid was added at 130% of pore 
volume saturation. The full width at half maximum (FWHM) is marked with the arrow. 

 

The hypothesis behind this analysis was that both below and above 100% pore filling 
the T2 distribution is expected to be broader than that at complete pore filling. Below 

100% pore filling, both the larger relative fraction of the liquid at the pore walls and the 
appearance of liquid-air interfaces inside the pores (that create large internal magnetic-

field gradients) lead to faster transverse relaxation. Since pore structure is random, even 
in the rather regular controlled pore glasses, the increase may locally vary. Above 100% 

pore filling, bulk liquid appears between the porous particles with its slower transverse 
relaxation. This will clearly broaden the T2 distribution.  

The T2 distribution width plotted as the function of the degree of pore filling is shown 

in Figure 21. As discussed above, the distribution width is influenced by several 
phenomena and should therefore be dependent on the nucleus explored. Comparison of 

the data in Figure 21 obtained by 2H and 1H as reporting nuclei shows that this is, 
indeed, the case. Yet, both the 1H and the 2H experiments provide, within experimental 

accuracy, minimum T2 distribution width at around 100% pore filling which indicates 
that liquid imbibition is complete.  
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Figure 21. T2 distribution width versus the degree of pore filling (% of maximum pore volume, 

with specific volume determined by us) for CPGs of different pore diameters as obtained by (a) 
1H and (b) 2H as probe nuclei. The dashed lines mark pore volume as specified by the supplier 
based on data from mercury intrusion porosimetry, for CPG 115 (pore diameter 115Å, red) and 

CPG 237 (pore diameter 237Å, red). 

 

3.3.3. NMR-diffusion measurements 
The pore self-diffusion in CPG was measured for the following solutions: water, DMSO, 

10vol% DMSO in water (the diffusion of both DMSO and water was analyzed), and 1-
octanol. To suppress the effect of internal magnetic-field gradients (see section 2.1.2) on 

the measured diffusion coefficients, the Cotts 13-interval pulse sequence (described in 
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section 2.1.1) was used.76 There was no significant difference between results obtained 
with the diffusion time Δ set to 20, 50 or 100 ms, and all the obtained attenuation 

curves were single-exponential. 

 

Figure 22. Self-diffusion coefficient versus CPG pore diameter. (a) Self-diffusion coefficients 
normalized to the diffusion coefficient in solution. (b) Self-diffusion coefficients normalized to 
the average diffusion coefficient for the three CPGs with largest pores. The symbols represent 

DMSO (Δ), 10% DMSO in water (▲), 1-octanol (■), 10% DMSO in water (●), and water (○). 
Text in bold indicates the species that is detected. 
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The results are shown in Figure 22. It is clear that the compounds give significantly 
different self-diffusion coefficients in the series of CPG media. All the compounds are 

small molecules of similar size, and consequently their difference in size cannot explain 
the observed trends that must therefore be a result of specific interactions with the pore 

walls. As was discussed in section 1.1.1 the pore walls in CPG display chemical 
functionalities that can participate in hydrogen bonding, Lewis acid-base, hydrophobic 

and electrostatic interactions with the solutes. To find out the exact interaction 
mechanisms behind the observed results is not an easy task and would require further 

studies in combination with molecular dynamics simulations. 
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4. Concluding remarks 
We have developed NMR methods for characterization of chromatography media. Our 
approach was to use NMR because we thought that this multifaceted technique has the 

potential to work better than commonly used, yet sometimes rather specific methods 
for the analysis of various physical-chemical properties with importance for the 

chromatographic function. Two methods for quantification of functional groups, 
ligands, attached on the internal surfaces of porous chromatographic beads were 

presented. The first one analyzes dry material with 13C SPE-MAS NMR while the 
second one exploits 1H HR-MAS NMR for assessing hydrated chromatography media. 

The two methods were shown to perform better than existing ones based on classical 
analytical approaches, primarily with regard to time and material savings. They also have 

potential to be more general than existing alternatives, but we have only started to 
investigate this issue. Initial studies with the HR-MAS method have shown that, with 

suitable modifications, it is applicable to many types of chromatography media and that 
encourages further development. 

An NMR-diffusion method, called SEQ-NMR, was developed to characterize the 
porous matrix in chromatographic beads. With this method the selectivity curve, that 

within the framework of suitable models can be transformed into a pore-size 
distribution, is obtained in an effective manner. Compared with the commonly used 

technique ISEC, SEQ-NMR has several benefits. Especially, it can be faster, the sample 
size is smaller, and it can easily be automated. So far, the method has been tested 

experimentally with one chromatographic medium. Simulations show that it also works 
well for other pore sizes, but that needs to be verified with experiments. In the current 

implementation three sample preparations were required for the complete analysis. 
However, according to a procedure put forward in Paper III, one sample preparation 

would suffice, a claim yet to be tested in practice. Another idea with potential to reduce 
experimental times even more is to use faster diffusion experiments, possibly single-shot 

sequences,7 instead of the NMR-diffusion experiment that was used here. 

In the last part of the thesis we studied the behavior of different small molecules inside 
the pores of controlled pore glasses, and were able to show that specific interactions 

with the pore walls have a significant effect on the molecular self-diffusion. Hence, in 
order to accurately describe self-diffusion in pores both those interactions and 

obstruction effects must be considered. These results are important for the 
understanding of what affects mass transport in such systems.  
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The work in this thesis has contributed to a deeper understanding and a better 
characterization of the complex chromatographic materials. The results will help us to 

create more efficient chromatographic products that ultimately contribute to better 
drugs and improved health. Secondly, the developed methods could equally well be 

applied to similar soft heterogeneous materials, e.g., tissues that are frequently analyzed 
in metabonomics studies. The work performed represents a significant contribution to 

the progress of this area, where the most advanced methods have been applied to 
investigate several factors that are instrumental for the chromatographic function. 
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5. List of abbreviations 
AC Affinity chromatography 
AIEX Anion exchange chromatography 

B0 Static magnetic field 
CF Chromatofocusing 

CIEX Cation exchange chromatography 
CM Carboxy methyl 

CPG Controlled pore glass 
CSA Chemical shift anisotropy 

D2O Deuterated water 
DAOCS Deacetoxycephalosporin C synthase 

DBC Dynamic binding capacity 
DEAE Diethylaminoethyl 

DMS Dimethyl sulfone 
E Diffusional attenuation 

g Magnetic field gradient strength 
GF Gel filtration 

HETP Height equivalent to a theoretical plate 
HIC Hydrophobic interaction chromatography 

HR-MAS High-resolution magic angle spinning 
IEX Ion exchange chromatography 

IMAC Immobilized metal ion affinity chromatography 
ISEC Inverse size-exclusion chromatography 

Keq Distribution coefficient 
MAS Magic-angle spinning 

MSD Mean-square displacement 
NMR Nuclear magnetic resonance 

PGSE Pulsed-field-gradient spin-echo 
Q Quaternary ammonium 

R Resin dry content 
R&D Research and development 

rH Hydrodynamic radius 
rp Pore radius 

RF Radio frequency 
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RI Refractive index 
RPC Reversed phase chromatography 

S Sulphonate 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SE Spin-echo 
SEC Size-exclusion chromatography 

SEQ-NMR Size-exclusion quantification NMR 
SI Supporting information 

SNR Signal-to-noise ratio 
SP Sulphopropyl 

SPE Single pulse excitation 
STE Stimulated echo 

T1 Longitudinal relaxation time 
T2 Transverse relaxation time 

TMS Tetra methyl silane 
TMSP 3-(trimethylsilyl)propionic-2,2,3,3-D4 acid sodium salt 

Δ Diffusion time 
δ Gradient pulse length 

γ Gyromagnetic ratio 

ω0 Larmor frequency 
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