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 1 Introduction 

Chromatography is a powerful separation technique that finds applications to 
all branches of science and there exists many different types of chroma-
tographic materials. The material investigated in this thesis consists of 
spherical, micrometer-size, polymer beads to which functional groups have 
been coupled. The distribution of functional groups is of importance since 
the beads are porous, and the solute can diffuse inside the beads. Since the 
distribution is dependent on the synthesis procedure, it is of importance to be 
able to follow the different steps of the synthesis when new methods for 
immobilisation of functional groups are developed. Techniques for direct 
measurement of the distribution of functional groups in individual chroma-
tographic beads are therefore desirable. One technique to obtain sufficient 
resolution is mechanical sectioning of the samples using a microtome, and 
then analysing the sliced sample. However, this method can be both labori-
ous and time-consuming, and there is a risk of damaging the sample. An 
alternative approach is to use confocal spectroscopy, where improved depth- 
and lateral resolution can be obtained without physical sectioning of the 
sample. This is the approach used in the experimental work described in this 
thesis. The main part of the work has been performed by confocal Raman 
spectroscopy. Since this technique has not commonly been used for analysis 
of chromatographic beads earlier, the work has implied both method devel-
opment and analysis of samples with unknown distributions of functional 
groups. These experiments are described in papers I-III. A general descrip-
tion of the spectroscopic techniques used, and the principles of confocal 
spectroscopy can be found in sections 2.2 to 2.4. 

The porous nature of the chromatographic beads implies that the concen-
tration of functional groups and adsorbed analytes are very low, and hence 
difficult to detect. We have therefore used Surface-Enhanced Raman Spec-
troscopy (SERS) to record Raman spectra of analytes adsorbed in the chro-
matographic beads. By using SERS, enormous enhancement effects can be 
obtained, and the disadvantage with the inherently weak Raman signals can 
be overcome. SERS-active surfaces were provided inside the chroma-
tographic beads by incorporating metal nano-particles in the interior. Meth-
ods for the incorporation of metal nano-particles and measurements of en-
hanced Raman signals from analytes adsorbed inside chromatographic beads 
are described in paper IV and V. A short description of SERS can be found 
in section 2.2.2. 
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2 Spectroscopy 

The chromatographic beads analysed in this thesis have been investigated by 
different spectroscopic techniques, and a general background to the different 
techniques used is given in this section. This background is based on text-
books by Banwell and McCash1, Atkins2, Laserna3, Ferraro and Nakamoto4,
and Lakowicz5.

2.1 Electromagnetic radiation 
In spectroscopy, the interaction between electromagnetic waves and matter 
is investigated. An electromagnetic wave consists of an electric component 
and a magnetic component, which are perpendicular to each other. The elec-
tric field strength at a certain time t is given by  

tEE 2sin0    (1) 

where E0 is the amplitude, and  is the frequency. A transfer of energy be-
tween the electromagnetic field and a molecule can only occur when Bohr’s 
frequency condition is satisfied. Bohr’s frequency condition is given by  

hE     (2) 

where E corresponds to a transition between two quantized states, and h is 
Planck’s constant. The magnitude of E depends on the origin of the transi-
tion. A molecule can exist in a variety of rotational, vibrational and elec-
tronic states, and transitions between the states are made by absorbing or 
emitting a finite amount of energy. 

By irradiating the sample with electromagnetic waves of different fre-
quencies, different types of transitions can be investigated.  
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2.2 Raman spectroscopy 
In Raman spectroscopy, vibrations and rotations of molecules are studied. In 
an experiment, the sample is irradiated by a monochromatic incident beam, 
typically in the visible region of the spectrum, and the radiation, scattered by 
the sample, is detected. The scattered light consists mostly of photons with 
the same frequency as the incident radiation (Rayleigh Scattering), but some 
photons have been scattered inelastically. Only about 1 in 107 photons 
emerge with a change in frequency, and this scattering is called Raman scat-
tering. The change in frequency is small, and the energy corresponds to rota-
tional or vibrational transitions. Raman scattering consists of two types of 
radiation; Stokes radiation, where the scattered photons have a lower fre-
quency than the incident photons, and anti-Stokes radiation, where the scat-
tered photons have a higher frequency than the incoming photons. The inten-
sity of anti-Stokes scattering is generally lower than the intensity of Stokes 
radiation since the molecules have to be in an excited state for anti-Stokes 
scattering to occur. Therefore, normally, only the Stokes radiation is re-
corded. In figure 2.1, a schematic figure of Raman scattering is shown.  

Figure 2.1 Schematic figure of Raman scattering.  

Rotations and vibrations of molecules can not only be studied by Raman 
spectroscopy, but also by microwave or infrared spectroscopy. However, the 
criteria for infrared, microwave and Raman activity are not the same, and 
therefore the techniques are sometimes complementary. For a rotation or 
vibration to be infrared or microwave active, the motion must produce a 
change in the electric dipole of the molecule. In order to be Raman active, a 
molecular rotation or vibration must cause some change in a component of 
the molecular polarizability. 

The polarizability of a molecule determines the distortion of a molecule in 
an electric field. If a molecule with the polarizability ( ), is placed in an 
electric field with field strength E, the molecule acquires an induced dipole 
moment µ.
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E     (3)     

When a molecule is irradiated with a beam of frequency , the electric field 
experienced by the molecule varies according to equation 1, and thus the 
induced dipole also undergoes oscillations of frequency 

tEE 2sin0     (4) 

Equation 4, gives the classical expression for Rayleigh scattering. If the 
molecule vibrates, or rotates with a change in polarizability, the oscillation 
dipole, caused by the variation in the electric field, will have a vibrational or 
rotational oscillation superimposed upon it. A vibration of frequency vib,
will change the polarizability according to equation (5) 

tvib2sin0    (5) 

where 0 is the equilibrium polarizability, and  represents the rate of 
change of polarizability with the vibration. If equation (5), is inserted in 
equation (4), equation (6) is obtained. This equation describes how the in-
duced dipole changes with time, where the changes are caused by oscilla-
tions of the electric field and vibration of the molecule.  

tEtvib 2sin)2sin( 00   (6) 

If equation 6 is expanded, and a trigonometric relation is used, equation 7 is 
obtained.

ttEtE vibvib )(2cos)(2cos
2
12sin 000  (7) 

The first term in equation 7 represents a dipole that radiates light of fre-
quency  (Rayleigh scattering), while the second term corresponds to the 
Raman scattering of frequency - vib (Stokes) and + vib (anti-Stokes). If the 
vibration will not alter the polarizability of the molecule,  will be zero. The 
vibration will not be Raman active, and the induced dipole will only oscillate 
at the frequency of the incident radiation.  

2.2.1 The Raman spectrometer 
The Raman spectrometer used in the experiments is a Renishaw 2000 micro-
Raman system. The principle set-up for this system is shown in figure 2.2 As 
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an excitation source, a low-power laser was used. In our system, we have a 
choice of two different excitation wavelengths, an argon-ion laser with the 
wavelength 514 nm, and a diode laser, with the wavelength 783 nm. In the 
experiments with the chromatographic beads the diode laser had to be used 
to avoid autofluorescence from the beads. The laser light is focused on the 
sample, through the objective of the microscope, and the light scattered from 
the sample is collected with the same objective. Before the light returning 
from the microscope reaches the detector, it is separated by a Notch-filter. 
The Notch-filter reflects the Rayleigh light, and only light shifted by at least 
50 cm-1 from the excitation wavelength can pass through. The shifted light 
passes through a slit and falls on a grating, where the light is dispersed ac-
cording to wavelength, and is registered by the CCD camera. With the Ren-
ishaw Raman equipment, it is possible to perform a continuous scanning 
where the grating is moved so that the spectrum sweeps over the CCD-area 
during integration and a continuous spectrum can be recorded. There are 
advantages with obtaining a continuous spectrum, compared to stitching 
static spectra together. Firstly, there is no mismatch between different sec-
tions of the spectra and secondly, the unevenness in the CCD sensitivity has 
been average out, since each and every peak has been registered by each and 
every pixel of the CCD camera.  

Figure 2.2 Instrumental set-up. 

The development of modern Raman spectrometers has led to a more efficient 
registration of the weak Raman signals. Spectra that in the old equipment 
took several hours to register can often be recorded within a few minutes, 
using a modern spectrometer. In the early spectrometers, the separation of 
Rayleigh and Raman scattering was accomplished by double or triple mono-
chromators, but after this complex process with many components, only a 
small amount of the light reached the detector. The development of efficient 
Notch-filters allows simple separation of Raman and Rayleigh light, and 
usually more than 30% of the scattered light can be detected. Since the light 
is detected more efficiently, low power lasers (~20 mW) can be used. The 
advantages are that these lasers are relatively cheap, safe, do not require 
external cooling and are less likely to burn the samples.6
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2.2.2 Surface-enhanced Raman spectroscopy 
A great disadvantage in any application of Raman spectroscopy is the ex-
tremely small cross-section of Raman scattering, between 10-30 and 10-26 cm2

molecule-1. The larger value is obtained under resonance Raman conditions, 
when excitation and/or scattered photons are in resonance with electronic 
transitions in the molecule.  

The problem with low sensitivity of Raman signals is overcome when 
surface-enhanced Raman spectroscopy (SERS) is used. Many research 
groups have claimed enhancement factors of about 1010 to 1011 for dye 
molecules in surface-enhanced resonance Raman experiments (SERRS). 
Because of the large enhancement, small sample volumes can be used, and 
current detection limits are in the picomole-to-femtomole range.7

Surface-enhanced Raman spectra can only be obtained if the molecules to 
be investigated are adsorbed to a so-called SERS-active substrate. The most 
common types of SERS-active substrates are colloidal silver and gold parti-
cles (in the 10 to 100 nm size range), roughened silver or gold electrodes, 
island film, consisting of small metal particles deposited on a glass surface, 
cold-deposited films, lithographically produced metal spheroids etc.8

In SERS, it is generally agreed that different effects must contribute to the 
observed enhancements of the Raman signals. The enhancement mecha-
nisms can be divided into electromagnetic field enhancement, and chemical 
enhancement. In the former mechanism, the electromagnetic field of the 
light at the surface is enhanced under condition of surface plasmon reso-
nance. If the surface plasmons are in resonance with the incident light, than 
both the incident laser light and the scattered Raman light is amplified 
through their interaction with the surface. The dominance of the coinage 
metals as SERS substrates arises because the resonance condition is satisfied 
at the visible frequencies, commonly used for Raman spectroscopy. The 
chemical enhancement mechanism is related to specific interactions, i.e. 
electronic coupling between molecule and metal. The interaction results in 
an increased Raman cross-section of the adsorbed molecule in a SERS ex-
periment, compared to the cross-section of an unadsorbed molecule in a 
normal Raman measurement. The chemical enhancement mechanism is re-
stricted to molecules in the first layer on the metal, since electronic interac-
tions are only possible when the molecule and the metal are in close contact. 
7,9,10

It has been known since the initial SERS observation that the relative in-
tensities of SERS bands are different from those for free molecules in solu-
tion, and it has been speculated that this may be connected with the orienting 
effect of the surface on the adsorbate molecules11. The electromagnetic en-
hancement theory explains the dependence of intensity on molecular orienta-
tion by describing how the electric field at the surface of the metal particle 
couples with the polarizability tensors12. The greatest surface enhancement is 
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observed for vibrations that involve changes in the molecular polarizability 
perpendicular to the metal surface, and comparison of the relative intensities 
of the bands in the SER and normal Raman spectra allows the average orien-
tation and distance from the surface of adsorbate functional groups to be 
determined13.

2.3 Fluorescence spectroscopy 
In fluorescence spectroscopy, electronic transitions are studied. A photon is 
absorbed, which takes the atom, ion or molecule to an excited electronic 
state. Some of the energy obtained from the photon can be given up to the 
surroundings in a radiation less decay process. However, the surroundings 
might not be able to accept the larger energy difference needed to lower the 
excited atom, ion or molecule, to the ground electronic state. The remaining 
excess energy may then be emitted as radiation. This radiation is called fluo-
rescence, and occurs at a longer wavelength then the incident radiation. The 
energy loss between absorption and emission is called the Stokes’ shift. 
Stokes’ shift makes it possible to excite the sample at one wavelength, and 
detect the outcoming light at a longer wavelength. Fluorescence is usually 
observed in the visible range of the electromagnetic spectrum.

In fluorescence spectroscopy the cross-sections are much larger than in 
Raman spectroscopy, between 10-17-10-16 cm2 molecule-1.7

2.3.1 Fluorophores 
Thousands of fluorophores (fluorescent substances) are known, and the in-
formation available from the experiment is determined by the properties of 
the fluorophores. A useful fluorophore is one that displays a high intensity, 
is stable during continuos illumination, and does not substantially perturb the 
molecule or process being studied.5 In the work presented in this thesis, two 
different kinds of fluorophores have been used; lanthanide ions and labelled 
proteins.

2.3.1.1 Lanthanide ions 
The fluorescence spectra of lanthanides consist of narrow, well-defined, and 
characteristic peaks. The transitions responsible for absorption and fluores-
cence by elements in the lanthanide series appear to involve the various lev-
els of 4f-electrons. The 4fn electronic configuration of a lanthanide ion gives 
rise to several terms, whose energies are determined by a combination of 
interelectronic repulsion, spin-orbit coupling, and in a coordination envi-
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ronment, ligand field.14 The spatial extent of the f-orbitals are relatively close 
to the core of the atom and thus overlap only weakly with ligand orbitals. 
This means that f-f transitions of lanthanide ion complexes are usually not 
much different to those of the ‘free’ ion. The bands are narrow since there is 
no significant vibrational broadening of the spectral bands. This is consistent 
with an f-electron interacting only weakly with the ligands. Since the f-
electrons interact weakly with the surroundings, the fluorescence lifetime is 
relatively long.5,15

If the fine structure of the spectral bands is investigated it is possible to 
obtain structural information about the coordination of the ions. The changes 
in the spectra are very small, and are caused by Stark splitting of the elec-
tronic levels by the local electric field. Since different environments causes 
different local electric fields, lanthanide ions can be used as probes of the 
local coordination.16,17

2.3.1.2 Labelled proteins 
If a protein of interest is not fluorescent or does not fluoresce in a convenient 
region of the UV-visible spectrum, it is possible to label the protein with a 
dye. When a protein is labelled, it is frequently desirable to use a dye that 
has longer excitation and longer emission wavelength than the aromatic 
amino acids of the protein. The labelled protein can then be studied in the 
presence of other unlabeled proteins.5

The absorption and fluorescence spectra from a dye are much broader 
than the spectra from the lanthanide ions. The spectra depend on the chemi-
cal structure of the dye and the solvent in which it is dissolved. To get the 
best signals one should excite the dye at absorption maximum, and detect the 
signal at emission maximum. Since the spectra are relatively broad, one has 
to be careful so that the emitted fluorescent light is not reabsorbed by sur-
rounding dye molecules. Dyes that display large Stokes shifts are thus desir-
able for protein labelling5. At low dye concentrations, there is a linear rela-
tionship between concentration and emission intensity, but at higher concen-
trations deviations from linearity may occur. 

The sensitivity of fluorescence detection is often limited by the auto-
fluorescence of biological samples. The autofluorescence decreases when the 
excitation wavelength increases, and hence the detectability over background 
increases. One class of long-wavelength dyes is cyanine dyes, such as Cy-3, 
Cy-5 and Cy-7. Charged side-chains are used for improved water solubility 
or to prevent self-association, which is a common cause of self-quenching in 
these dyes.5 The Cy-5 dye has been used in paper I to label protein A, and in 
paper III to label monoclonal IgG antibodies. Cy-5 has an intense signal, 
which gives a high sensitivity and since excitation can be done at a relatively 
long wavelength ( excitationmax = 650 nm), the problem with autofluorescence 
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from the beads can be avoided. Another advantage of Cy-5 is that this dye is 
pH insensitive.

2.4 Confocal spectroscopy 
2.4.1 Confocal microscopy 
In a convential microscope the entire field of view is uniformly illuminated 
and observed, whereas thin slices of the sample is analysed with a confocal 
microscope, without the need to physically section the sample.  

A schematic of the simplified beam path in a confocal microscope is 
shown in figure 2.3. In most confocal microscopes, a laser is used as a light 
source. The light from the laser is imaged via the microscope optics into a 
focal spot within the sample. The light scattered from the sample is collected 
and focused onto the detector. A detector aperture is placed in front of the 
detector. This arrangement ensures that only light originating from the focal 
plane reaches the detector, while light coming from upper and lower planes 
is blocked by the detector aperture. By moving the focal point throughout the 
sample the entire plane of interest can be scanned. Signals can thus be re-
corded from different layers without mechanically slicing the sample.18-21

Detector

Detector aperture

Dichroic mirror

Laser source

Objective lens

Sample

Focal plane

Figure 2.3 Beam path in a confocal microscope. 
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In confocal microscopy both the lateral resolution(Rf), and the depth resolu-
tion (Rd) are improved compared to conventional microscopy. The theoreti-
cal lateral resolution is given by equation (8)22

ANR f ./)46.0(    (8) 

where  is the wavelength of the detected light and N.A is the numerical 
aperture of the microscope objective. N.A is a measure of the light-gathering 
power of the lens and is defined by equation (9).22

)sin(.. nAN    (9) 

where n is the refractive index of the immersion medium and  is the angle 
between the optical axis and the greatest marginal ray entering the lens.22.

At least two different equations (eq. 1022, eq. 1123), describing the theo-
retical depth resolution, can be found in the literature.  

2)./(4.1 ANnRd    (10) 

2)./(4~ ANRd    (11) 

Different numerical values of the depth resolution will be obtained from the 
equations, but both equations have a linear dependence on  and an inverse 
dependence on the square of N.A. Equation 8, 10 and 11 only give the theo-
retical resolution, but in practice many other factors (i.e. coherence proper-
ties of the light, depth of the focal plane within the object, image format and 
size of the detector aperture) are involved24. From equations 8, 10 and 11, it 
follows that the numerical aperture is much more important for depth resolu-
tion than for lateral resolution. 

A major limitation to the use of confocal microscopy is the possible erro-
neous position of the focal point and the decrease in depth resolution when 
the refractive index of the sample differs significantly from that of the design 
of the microscope objective19,23,25-27. There are only three common objective 
types: an air objective (design index 1.0), a water-immersion objective (de-
sign index 1.33) and an oil-immersion objective (design index 1.515)19. The 
problems can be minimised if one tries to match the refractive index of the 
sample with the design index of the objective. If it is not possible to match 
the sample and the objective, corrections for the refractive index mismatch 
can be made and reliable depth profiles can be obtained28. Distribution pro-
files can also be obtained by cross-sectioning of the sample followed by 
lateral scanning19,23,25,27. Theoretical models and in-depth analyses for the 
problems with refractive index mismatch have been investigated by for ex-
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ample Everall23,27, Baldwin and Batchelder25, Reinecke et al.28, Michielsen19,
and Bruneel et al.26.

When a confocal microscope is used together with a spectroscopic tech-
nique, it is possible to get spectroscopic information with the resolution of a 
confocal microscope.  

2.4.2 Confocal Raman spectroscopy 
With confocal Raman spectroscopy, it is possible to provide molecular vi-
brational information from small samples. Many different chemical and 
physical properties, including chemical composition, molecular orientation, 
conformation, crystallinity and strain, can be measured20. The technique is 
commonly used for depth profiling and lateral mapping of membranes, lami-
nates, fibres, and coatings20,26,29-34. Such Raman mappings can give proofs of 
homogenous or inhomogeneous mixtures without additional staining or 
preparation.

2.4.3 Confocal scanning laser microscopy 
In confocal scanning laser microscopy (CSLM), generation of a two-
dimensional image is accomplished by scanning the laser beam across a 
selected area of the sample and detecting the fluorescence signal. Spatial 
information of objects that are either intrinsically fluorescent, or which have 
been coupled to extrinsic fluorophores can be obtained. The combination of 
the specificity in current fluorescence labelling techniques, with the sensitiv-
ity of the fluorescence microscope, has led to the ability to detect very small 
amounts of material with very high sensitivity and precision. Different mole-
cules usually display distinct absorption and emission spectra, which can be 
selectively used for the analysis of complex mixtures of molecular species. 
Using CSLM, it is possible to study dynamic processes with a typical time-
scale of 1 to 103 minutes, where the distribution of the fluorescence signal is 
followed in time.24,35,36
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3 Chromatography 

Chromatography is a powerful separation method that finds application to all 
branches of science. In all chromatographic separations the sample is trans-
ported in a mobile phase, which may be a gas, a liquid, or a supercritical 
fluid. This mobile phase is then forced through an immiscible stationary 
phase, which is fixed in place in a column or on a solid surface. The two 
phases are chosen so that the components of the sample distribute them-
selves between the mobile and stationary phase to varying degrees. Some 
components will be retained by the stationary phase, while others will move 
more quickly through the column. As a consequence of these differences in 
mobility, sample components will separate into discrete bands that can be 
analysed qualitatively and/or quantitatively.37

Chromatographic methods can be classified according to the type of mo-
bile phase; liquid chromatography, gas chromatography and supercritical-
fluid chromatography.37 The chromatographic beads investigated in this the-
sis are used as the stationary phase in liquid chromatography. Different kinds 
of beads are used, depending on which type of interaction that is used in the 
separation process. Three different liquid chromatography techniques are 
presented below. 

3.1 Ion exchange chromatography 
Separation in ion exchange chromatography depends upon the reversible 
adsorption of charged solute molecules to immobilised ion exchange groups 
of opposite charge. Separation is obtained, since different substances have 
different degrees of interaction with the ion exchanger due to differences in 
their charge, charge densities and distribution of charge on their surfaces. On 
protein surfaces, charge residues can be found on the side groups of amino 
acids, and on the -amino, and -carboxyl termini of the polypeptide chain. 
Since these residues are amphoteric, the sign, and net charge on proteins are 
dependent on pH. By varying the ionic strength and the pH of the mobile 
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phase one can control the interaction between the ion exchange group and 
the adsorbed substance. Ion exchange chromatography is a powerful tech-
nique since it is possible to separate species with very minor differences in 
charge properties.38-40

3.2 Affinity chromatography
In affinity chromatography, the functional group contains an affinity ligand 
that has biospecific interaction with another substance. The ligand can be 
mono-specific, and bind only to a single or very small group of proteins. 
Another, larger group of affinity ligands are called group-specific and have 
an affinity for a group of related substances.  Affinity chromatography is a 
particularly powerful method, when the protein to be purified is a minor 
component of a complex mixture.41

3.3 Immobilized Metal Ion Affinity Chromatography
In Immobilized Metal Ion Affinity Chromatography (IMAC) the ability of 
metal ions to form complexes with proteins is used. Many of the complexes 
are multi-dentate and since the strength of the complexes varies from protein 
to protein IMAC has a high specificity. The metal ion (usually Cu, Ni or Zn) 
is bound in a complex with the chelating group, which is immobilised to the 
chromatographic bead via a spacer arm. It is of importance that the complex 
between the metal ion and the chelating group has some free coordination 
sites, which makes it possible for the protein to coordinate to the metal ion.
Selectivity in IMAC is influenced by a wide range of variables, including the 
chelating group on the column, the immobilized metal ion, pH, identity and 
concentration of salt and additives.40,42
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4 Confocal spectroscopy applied to 
chromatographic beads 

4.1 Test of confocality 

The depth of focus in a confocal experiment can be investigated by re-
cording a depth profile of a silicon wafer, where the intensity of the Si-peak 
at 520 cm-1 is followed as a function of depth. The full-width at half-
maximum (FWHM) of the recorded profile is taken as a measure of the 
depth resolution. In the literature, depth resolutions between ~1-5 µm have 
been reported26,27,30-34,43.

In our confocal Raman and Nd3+ studies, confocality was obtained by di-
minishing the width of the slit in front of the detector, and using a reduced 
number of pixel rows of the CCD detector. This approach to achieve confo-
cality has been investigated by Williams et al.43 In our confocal experiments, 
where a Renishaw 2000 micro-Raman spectrometer was used, the CCD area 
was reduced to 4 pixel rows and the slit was opened approximately 15 µm. 
In figure 4.1, the Si profile recorded with these settings is shown. The inten-
sity of the Raman Si-peak at 520 cm-1 was measured with a dry metallurgical 
50x-objective in air. From the FWHM of this profile, a depth resolution of 
~6µm is obtained. When comparing depth resolutions, it should be remem-
bered that the resolution is dependent on both the detection wavelength and 
the numerical aperture of the objective, according to equations 10 and 11. 
The depth resolution in our experiments could have been improved, if we 
had been able to use a laser with shorter wavelength. However, this could 
not be done since the chromatographic beads gave a large autofluorescence 
if the argon ion laser ( =514 nm) was used instead of the diode laser ( =783
nm).  
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Figure 4.1 Intensity variation of the Raman Si-peak at 520 cm-1, measured with a dry 
metallurgical 50x-objective in air. 

4.2 Analysis of beads in air using confocal Raman 
spectroscopy
4.2.1 Chromatographic beads with an inhomogeneous 
distribution of functional groups 
To evaluate if confocal Raman spectroscopy could be used to analyse the 
distribution of functional groups in dry chromatographic beads, Cytodex 3 
was used as a reference sample. The Cytodex 3 beads were prepared by 
swelling in a 1% NaCl-solution and by washing in a NaCl-solution and in 
distilled water. The beads were then dried by centrifugation under vacuum in 
a Speed-Vac. Cytodex 3 beads have a base matrix of cross-linked dextran 
and a gelatine coating. Reference spectra of Cytodex 3 and cross-linked dex-
tran are shown in figure 4.2a. As can be seen the intensity of the peak at 760 
cm-1 is much higher for gelatine than for dextran, and it has therefore been 
used to follow the depth distribution of gelatine. The spectra were recorded 
every sixth µm from the bottom of the bead to the top, and acquisition times 
of 5-10 minutes for each step were used. An example of a depth profile, 
where the 760 cm-1 band has been normalised to the 849 cm-1 band, is shown 
in figure 4.2b. The intensities are normalised to avoid the problem with dif-
ferent intensities at the top and the bottom of the bead, due to attenuation of 
the radiation on its way through the sample. As expected, the intensity of the 
760 cm-1 band is found to decrease in the middle of the bead. The intensity 
does not drop to zero since the dextran matrix also has a small peak at 760 
cm-1. The fluctuation of the intensities in the middle is probably caused by 
noise. Figure 4.2b shows that it is possible to detect an inhomogeneous dis-
tribution of a constituent in a chromatographic bead. 
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Figure 4.2 a) Reference spectra of cross-linked dextran and Cytodex 3. b) Depth 
profile of the 760 cm-1 peak normalised to the  849 cm-1 peak showing the distribu-
tion of gelatine in Cytodex 3.  

4.2.2 Distribution of the affinity ligand Immunoglobuline within 
Sepharose 4 and 6 Fast Flow 
Confocal Raman Spectroscopy was used to investigate the distribution of the 
affinity ligand Immunoglobuline G (IgG) in beads with the base matrices 
Sepharose 4 Fast Flow and Sepharose 6 Fast Flow. The Sepharose base ma-
trix is based on cross-linked agarose, and the difference between the two 
types is the porosity. Reference spectra for IgG and Sepharose 6 Fast Flow 
are shown in figure 4.3a. The band at 1003 cm-1 was assigned to an in-plane 
ring deformation originating from the aromatic amino acid phenylalanine 
present in IgG44,45. In the depth profiles, this band normalised to the 1082  
cm-1 Sepharose band was used. The normalisation served two purposes. 
Firstly, variation in intensity within a particle, due to a varying path length of 
the beam through the particle, could be removed. Secondly, and for the same 
reason, intensity variations between particles of different sizes could also be 
removed. Confocal measurements were performed on dried individual parti-
cles with different diameters for the two different samples using the Ren-
ishaw equipment. The beads were dried in air for approximately 15 minutes 
before the measurements. The step length was about 5 µm, and the measur-
ing time for each step was about 10 minutes. In figure 4.3b, the intensity 
ratio of the 1003 cm-1 and 1082 cm-1 bands as a function of position in a 
particle of Sepharose 4 Fast Flow is shown. The intensity ratios for 6 differ-
ent particles of different diameters have been inserted in the figure. As can 
be seen from the intensity profiles, the distribution of IgG is totally uniform 
within the particles irrespective of size. Moreover, it is seen that the relative 
amount of IgG and Sepharose is the same for different particle sizes. The 
results concerning the distribution of IgG in Sepharose particles have been 
confirmed by Confocal Scanning Laser Microscopy (CSLM). The CSLM 
experiments were performed on wet beads and are described in section 4.3.2. 
The details of both the Raman and the CSLM experiments are given in paper 
I.
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Figure 4.3 a) Reference spectra of IgG and Sepharose Fast Flow b) Depth profile of 
the 1003 cm-1 band of IgG normalised to the 1082 cm-1 band of Sepharose 4 Fast 
Flow. Inset: Intensity ratios for 6 different particles of different diameters.  

4.2.3 Distribution of Nd3+ within Chelating Sepharose Fast Flow 
The functional groups in Chelating Sepharose consist of chelating iminodi-
acetic groups. The chemical structure of an iminodiacetic group, with an 
immobilized metal ion, is given in figure 4.446.

Figure 4.4 Chemical structure of an iminodiacetic group with an immobilized metal 
ion46.

One problem that can arise when confocal Raman spectroscopy is used to 
investigate the distribution of functional groups is that it is not possible to 
separate the Raman spectrum originating from the functional group from the 
spectrum originating from the base matrix. This was the case with Chelating 
Sepharose. However, when Nd3+ ions were attached to the chelating groups, 
the variation of the fluorescence signal from Nd3+ could be followed, and the 
distribution of chelating groups could be investigated indirectly.  

In figure 4.5a, the fluorescence spectrum from Nd3+ in Chelating Sepha-
rose in water is shown. Since the fluorescence signal had the same appear-
ance in the whole particle, the strongest band was used in the profile plots. 
The intensity of the fluorescence signal was investigated in dried beads as a 
function of distance in the particle, both from bottom to top and from side to 
side. The resulting depth and lateral profiles are given in figure 4.5b. Both 
profiles show a homogenous distribution of Nd3+, indicating a homogenous 
distribution of iminodiacetic groups. The profile measured from side to side 
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shows a slight decrease in the signal in the edges. The reason for this de-
crease is probably the difficulty to focus exactly at the edge of the particle. 

Figure 4.5 a) Fluorescence spectrum of Nd3+ in Chelating Sepharose b) Intensity 
profile of Nd3+ fluorescence in a dried Chelating Sepharose bead.  

4.3 Analysis of beads in water 
4.3.1 Choice of objective 
4.3.1.1 Si-profiles 
In the experiments described above, chromatographic beads in air were ana-
lysed. For these beads a dry objective could be used since the beads were 
surrounded by air. When agarose particles in water were analysed, the metal-
lurgical objective (50x, 0.75 N.A.) could not be used, since it is adapted for 
measurements in air (refractive index 1.0), whereas water has a refractive 
index of 1.33. To avoid the problem with refraction at the sample/air surface, 
a water immersion objective (63x, 0.90 N.A.) was used. The performances 
of the metallurgical and the water immersion objective were compared by 
following the Si-signal through an agarose bead in water placed on a silicon 
wafer. The resulting depth profiles are shown in figure 4.6a and 4.6b.  

Figure 4.6 Intensity of Si-peak at 520 cm-1measured through an agarose bead in 
water with a) dry metallurgical 50x-objective b) water-immersion 63x-objective.  
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The FWHM of the intensity profile, measured with the water-immersion 
objective, was approximately 8 µm. Hence, a slightly poorer depth resolu-
tion was obtained for the water immersion objective compared to when the 
metallurgical objective was used in air (figure 4.1). However, when compar-
ing the depth profiles measured with the two objectives through water and a 
bead in figure 4.6a and 4.6b, it can be seen that the profile measured with the 
immersion objective is more narrow and symmetrical, whereas the profile 
from the dry metallurgical objective is wider and unsymmetrical. This ob-
servation can be explained by the mismatch of refractive index when a dry 
metallurgical objective is used to analyse a sample in water19,23,25-27. Thus, to 
get reliable depth profiles when analysing chromatographic beads in water, a 
water immersion objective should be used.

4.3.1.2 Chromatographic beads 
The influence of dry and wet objectives in analyses of agarose beads in wa-
ter was investigated using Nd3+ as a fluorescence probe in beads of Chelating 
Sepharose Fast Flow. The distribution of Nd3+ within Chelating Sepharose 
beads in water was investigated both with a 50x-dry metallurgical objective, 
and a 63x water-immersion objective. Measurements were performed both 
from side to side along a chord over the middle of the bead, and from bottom 
to top. In figure 4.7a, the resulting profiles measured with the dry metallur-
gical objective are shown. Both the side to side profile, and the bottom to top 
profile show a maximum of the Nd3+ signal in the middle of the bead. In 
profiles measured with the immersion objective, a flat profile was obtained, 
shown in figure 4.7b. This latter result was the expected one, and corre-
sponds to the result obtained with dry, Nd3+-containing, Chelating Sepharose 
beads (figure 4.5b).

Figure 4.7 Intensity profiles of Nd3+ fluorescence in a wet Chelating Sepharose bead, 
measured with a) dry metallurgical 50x-objective. b) water-immersion 63x-
objective.

The reason for the different results is probably that the dry metallurgical 
objective is adapted for measurements in air, while the chromatographic 
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beads are wet, leading to a mismatch in refractive index. The mismatch 
causes an increase in the focal volume, which will be larger at the bottom of 
the bead than at the top. When the focal volume is increased, the photons 
will be smeared out over a larger volume since the amount of photons is the 
same, independent of the size of the focal volume. In the profile measured 
from side to side with the dry objective, low intensities are obtained at the 
edges of the bead. If the focal volume is increased, a large portion of this 
volume will consist of water at the edge and only a smaller portion will con-
tain the bead. Thus a low fluorescence signal is obtained. In the middle of 
the bead, the focal volume is exclusively from the bead, hence a strong Nd3+ 

signal can be obtained. In the profile measured from bottom to top with the 
metallurgical objective, the largest focal volume is obtained at the bottom. 
Weaker signals are obtained at the bottom, since part of the focal volume 
will contain the metal plate. When the focus is moved upwards, the focal 
volume will decrease at the same time as the portion of the focal volume that 
is filled by the particle is increased. Thus an increase in the signal is ob-
tained. At the top of the particle the problem with the refractive index mis-
match is not so pronounced and the focal volume is mostly filled of particle 
and a high signal is obtained. When the immersion objective is used, the 
focal volume is smaller and the focal volume does not change at different 
depth in the bead. Thus, a flat profile can be obtained. However, a slight 
decrease of the signal is observed at one edge of the particle and at the top, 
this is probably caused by focusing difficulties. The result that different pro-
files are obtained if a dry objective or an immersion objective is used, show 
the importance of using an objective that is as adapted as possible for the 
sample.

4.3.2 Distribution of protein A in IgG Sepharose Fast Flow using 
confocal scanning laser microscopy 
The same kind of chromatographic beads that were analysed with confocal 
Raman spectroscopy in a dry condition have been analysed in a wet condi-
tion with confocal scanning laser microscopy. In CSLM, protein A, fluores-
cently labelled with Cy5, was used for visualisation of the distribution of 
IgG in beads of IgG Sepharose Fast Flow.  Since protein A has a very high 
binding affinity to IgG, an indirect measure of the distribution of IgG could 
be obtained by following the intensity of the fluorescently labeled protein A.
In the measurements, a 63x, 1.2 N.A water immersion objective was used. 
The laser provided excitation at 647 nm and the emitted fluorescent light 
was detected between 660 and 800 nm. In figure 4.8 the intensity profile 
obtained from IgG Sepharose 4 Fast Flow incubated with Protein A-Cy5 is 
shown. The profile was measured from side to side across the middle of the 
bead. The results indicate a uniform distribution of IgG in agreement with 
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the confocal Raman measurements. More details of these experiments can be 
found in paper I. 

Figure 4.8 Intensity profile of Protein A-Cy5 fluorescence in a wet IgG Sepharose 4 
Fast Flow bead. The x-axis shows the position (µm) and the y-axis the intensity. The 
bead size was ~90 µm.  

4.3.3 Analysis of prototype beads using confocal fluorescence 
and Raman spectroscopy 
To evaluate the use of confocal spectroscopy as a tool for following the syn-
thesis of chromatographic beads with homogenous and inhomogeneous dis-
tributions of functional groups, three test particles were analysed. The sam-
ples (not commercially available), named A, B and C, all consisted of 
spherical agarose particles (base matrix Sepharose Big Beads), which after 
swelling in water had a diameter of approximately 150 µm. In particle A, 
allyl groups have been linked to the agarose matrix throughout the whole 
particle. Allyl groups are used in the coupling process of functional groups 
as described by Bergström et al.47,48. By analysing the distribution of allyl 
groups, it is possible to follow how far the coupling process has proceeded. 
In particle B, allyl groups should only be found in the core of the bead, be-
cause an outer layer of sulphopropyl groups has been added to the bead. The 
sulphopropyl groups were coupled via allyl groups after bromine activation, 
but since bromine was added in deficiency, only a thin layer of allyl groups 
at the surface was activated, and therefore only a thin layer is expected to be 
coupled with sulphopropyl groups47,48. Sulphopropyl groups are strong ca-
tion exchange groups, and are commonly used in ion exchange chromatog-
raphy39. The distribution of sulphopropyl groups is important since it has an 
influence both on mass transport properties and protein binding capacity. 
Particle C, can be seen as following on from particle B in the synthesis se-
quence. Particle C also contains an outer layer of sulphopropyl groups, but 
the allyl groups in the core have been activated and coupled with dextran. 
Dextrans have been used as spacer arms or surface modifiers49,50 and also to 



30

provide a larger surface area in order to increase the available area with 
charged groups in ion exchange media51. Schematics of the three different 
particles are shown in figure 4.9. 

Figure 4.9 Schematics of the three different prototype beads.

Particle A, B and C have been investigated by Raman spectroscopy whereas 
particle B has also been investigated by confocal Nd3+ spectroscopy and 
particle C by Confocal scanning laser microscopy.  

4.3.3.1 Raman 
In the lateral profiles of particles A, B and C, the distributions of allyl 
groups, sulphopropyl groups and dextran were followed. In figure 4.10a-c, 
Raman spectra with bands from the three groups are shown. As comparison, 
the spectrum from the Sepharose Big Beads base matrix has been included in 
all the figures. The band at 1650 cm-1 in figure 4.10a, can be assigned to the 
C=C stretching in the allyl group52. In figure 4.10b, the SO3

- symmetric 
stretching band, originating from the sulphopropyl groups, can be observed 
at 1040  cm-1.53 The distribution of dextran can be investigated by using the 
band at 540 cm-1, shown in figure 4.10c. This band originates from bending 
vibrations of C-C-O of the glycopyranose ring and of C-O-C groups in the 
glycoside bond54.
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Figure 4.10 a) Reference spectra of particle B and base matrix (Sepharose Big 
Beads) showing the allyl band at 1650 cm-1. b) Reference spectra of particle C and 
base matrix showing the SO3

- band at 1040 cm-1. c) Reference spectra of particle C 
and base matrix showing the dextran band at 540 cm-1.

In figure 4.11a, the lateral profile from allyl groups in particle A is shown. 
As can be seen, the profile shows the expected appearance with allyl groups 
distributed throughout the particle. The distributions of allyl groups, and 
sulphopropyl groups in particle B, are shown in figure 4.11b. The signals 
from the sulphopropyl groups are strongest at the edges, whereas the signals 
from the allyl groups are strongest in the middle. This indicates that the syn-
thesis was successful, with sulphopropyl groups only in a thin layer on the 
surface, and unreacted allyl groups in the middle. In particle C, no Raman 
signal from the allyl groups can be observed, which implies that all allyl 
groups have been activated. In figure 4.11c, the lateral profiles showing the 
distributions of sulphopropyl groups and dextran can be found. As shown in 
the figure, the Raman signals from dextran are strong in the middle, but low 
at the edges, whereas the signals from the sulphopropyl groups are strong at 
the edges, but low in the middle. This result shows that the thin layer of sul-
phopropyl groups is still intact after the activation process of the allyl groups 
in the middle of the particles, and that dextran has been successfully coupled 
to the middle. 
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Figure 4.11 a) Lateral intensity profile of the allyl band in particle A. b) Lateral 
intensity profiles of the allyl band and the SO3

- band in particle B. c) Lateral inten-
sity profiles of the SO3

- band and the dextran band in particle C.

One problem with the Raman measurement of beads in water was to ensure 
that the beads did not move or dry during the long measurements. To avoid 
these problems the beads were placed on a metal net, with a mesh size corre-
sponding to the diameter of the bead, in a plastic container. The plastic con-
tainer was covered with parafilm to prevent the evaporation of water. 

4.3.3.2 Nd3+

The distribution of sulphopropyl groups in particle B was also investigated 
using Nd3+ as a fluorescence probe. Nd3+ was attached to the negatively 
charged sulphopropyl groups, and by following the intensity variation of the 
fluorescence signal, the distribution of sulphopropyl groups could be inves-
tigated indirectly. Measurements were performed both from side to side and 
from bottom to top. The resulting profiles are shown in figure 4.12. As can 
be seen, the distributions show the expected appearance with a decrease of 
sulphopropyl groups in the middle of the particle. 
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Figure 4.12 Intensity profile of Nd3+ fluorescence in particle B.   

4.3.3.3 Confocal Scanning Laser Microscopy  
The distribution of sulphopropyl groups in particle C was also investigated 
with confocal scanning laser microscopy. Monoclonal IgG antibodies, la-
belled with fluorescence dye Cy5, were attached to the sulphopropyl groups 
and the distribution of the fluorescence signal was monitored. In the meas-
urements a 63x, 1.2 N.A water-immersion objective was used. The laser 
provided excitation at 633 nm and the emitted fluorescent light was detected 
between 645 and 800 nm. In figure 4.13, it can be seen that IgG-Cy5 can 
only be found in the outer sulphopropyl-group-containing layer. 

Figure 4.13 Confocal image obtained from particle C incubated with IgG-Cy5.  

The results from the three different confocal techniques show that it is possi-
ble to use confocal measurements to analyse, and follow the synthesis of 
layered chromatographic beads. The details of the experiments can be found 
in paper II and III. 
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4.4 Neodymium ions as environmental probes
Neodymium ions cannot only be used as fluorescence probes and indicate 
the presence of negatively charged or chelating groups, but also to obtain 
information about the surrounding of the Nd3+ ions. In figure 4.14a, the fluo-
rescence spectra from Nd3+ in water and from Nd3+ in Chelating Sepharose 
Fast Flow in water, are shown. The difference in the spectra can be ex-
plained by different coordination of the neodymium ions. Smaller changes in 
the fluorescence spectra (fig.4.14b) can also be observed, when comparing 
the fluorescence spectra from Nd3+ in Chelating Sepharose Fast Flow in wa-
ter and in a buffer solution. The buffer solution (pH 7.4) used in the experi-
ment contained 20 mM phosphate and 150 mM NaCl, and it is possible that 
some of the negatively charged ion in the buffer, i.e. Cl-, H2PO4

- or HPO4
2-

have coordinated to the Nd3+ ions. This could explain the observed changes 
in the fluorescence spectra, when a buffer solution is used.  

Figure 4.14 Fluorescence spectra from Nd3+ in a) water solution and Chelating 
Sepharose Fast Flow in water b) Chelating Sepharose Fast Flow in water and in 
buffer. 

Chelating Sepharose Fast Flow is used in Immobilised Metal Affinity chro-
matography (IMAC). Peptides, containing histidine residues, form stable 
coordination compounds with metal ions (usually Cu, Zn or Ni) due to the 
participation of imidazole side-chains in chelation. In our experiments, we 
have used imidazole to mimic the adsorption of protein to Nd3+ ions immobi-
lised to Chelating Sepharose. Smaller changes in the fluorescence spectra 
can be observed, when comparing the fluorescence spectra from Nd3+ in 
Chelating Sepharose Fast Flow in a buffer solution, with and without addi-
tion of 500 mM imidazole. The spectra are shown in figure 4.15a. To 
strengthen the changes, second derivative analysis was performed on the two 
fluorescence spectra, and the result is given in figure 4.15b. Since shifts in 
the Nd3+ spectra can be observed when imidazole is adsorbed, it might be 
possible to analyse how proteins are distributed in the particles by perform-
ing a depth profile, and analysing the Nd3+ spectra. Another issue of interest 
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is whether the adsorbed proteins occupy all available sites or if there exists 
both occupied and unoccupied sites.  

Figure 4.15 a) Fluorescence spectra from Nd3+ with Chelating Sepharose in buffer 
and in buffer + imidazole. b) Second derivative analysis of the fluorescence spectra 
from Nd3+with Chelating Sepharose Fast Flow in buffer and in buffer + imidazole.  

4.5 Conclusions 
When performing depth or lateral profiles of chromatographic beads, the 
choice of objective is of great importance. If beads in air are analysed, it is 
possible to use a dry metallurgical objective, but if beads in water are going 
to be analysed, a water immersion objective has to be used. By choosing an 
appropriate objective, it was possible to analyse homogenous and inhomo-
geneous distributions of functional groups in both dry and wet chroma-
tographic beads. 

Three different techniques have been used to obtain the depth or lateral 
profiles presented above. Each technique has both advantages and disadvan-
tages. The advantages of using confocal Raman spectroscopy are that it is 
possible to detect vibrations directly from the group of interest, and that no 
sample preparation is required. However, since the sensitivity in Raman 
spectroscopy is low, the measurement times are much longer as compared to 
the fluorescence measurements, especially for wet samples. Furthermore it is 
necessary to identify a Raman band originating from the group of interest 
that can be separated from the signals from the base matrix. When Nd3+ is 
used as fluorescence probes the measurement times can be decreased and 
changes in the surroundings of the fluorescence probe can be observed. The 
disadvantage of this method is that it is only possible to detect distributions 
of negatively charged, or chelating functional groups, and that some sample 
preparation is necessary. The method with the greatest sensitivity, and short-
est measurement times is Confocal Scanning Laser Microscopy. With this 
technique it is possible to perform dynamic measurements, and follow the 
diffusion of the fluorescent probes inside chromatographic beads24. How-
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ever, only indirect measurements of the distributions of functional groups 
can be performed, and a more complicated sample preparation is necessary. 
It is also necessary to find an appropriate fluorescent probe to analyse the 
distribution of the group of interest. 
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5 Surface-enhanced Raman scattering applied 
to chromatographic beads 

The weak Raman signals have been a problem in analysis of analytes ad-
sorbed inside the chromatographic beads. One way to overcome this problem 
was to use surface-enhanced Raman scattering (SERS). Unfortunately, the 
chromatographic beads had to be modified to work as SERS active sub-
strates. This was done by incorporation of gold nano-particles. The polymer 
matrix of the beads worked as a stabilising matrix since aggregation of the 
gold particles was made more difficult. Several other research groups have 
also used metal nano-particles incorporated into stabilising matrices as SERS 
substrates55-66.

The chromatographic beads used in the experiments, SOURCETM 30Q are 
normally used in ion-exchange chromatography. They are designed to be 
porous, and to have a large inner area, which is utilised when the beads are 
filled with metal particles. The porous nature allows the diffusion of large 
molecules inside the beads, and analytes can therefore diffuse and adsorb to 
metal particles in the interior of the bead. A schematic diagram, showing a 
chromatographic bead with gold particles and adsorbed analytes, is given in 
figure 5.1. 

Figure 5.1 Schematic diagram of a chromatographic bead with gold particles.  
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5.1 Preparation of gold-containing chromatographic 
beads
The chromatographic beads used in the SERS experiments have a base ma-
trix of polystyrene-divinylbensene. The beads are rigid with a controlled 
pore structure, and are monodisperse, with a diameter of approximately 30 
µm.39 Side chains, with positively charged quaternary ammonium groups, 
have been linked to the base matrix. The chemical structure of a side chain 
with a functional group is shown in figure 5.2.

Figure 5.2 Chemical structure of a side chain with a functional group.  

A variety of methods for synthesising colloidal gold can be found in the 
literature. The most commonly used methods have been compiled by Hand-
ley.67 The described methods have the use of tetrachloroauric acid (HAuCl4)
in common, but vary considerably with respect to reducing agents. We have 
also used HAuCl4 as the gold source, but we have not used any external re-
duction agent. When the chromatographic beads are placed in HAuCl4, the
beads turn slightly yellow after approximately 6h. Since the beads are still 
yellow after excess HAuCl4 have been washed away, it is assumed that the 
yellow coloured AuCl4

- complex is adsorbed to the positively charged qua-
ternary ammonium groups. If the washed beads were left in distilled water, 
the colour of the beads changed from yellow to grey, and then turned more 
purple the longer the beads were left in the water. The colour change indi-
cates that gold nano-particles have formed in the polymer beads. We assume 
that it is the alcohol groups in the side chains, which link the functional 
groups to the base matrix, that are active in the reduction process. It has been 
observed in other work that alcohols can be oxidised to aldehydes or ketones 
in the presence of HAuCl4

68,69. We have also tried other reduction methods, 
where external reduction agents, such as sodium citrate or hydroxylamine, 
were used. However, only the method without external reduction agents 
produced beads with gold particles in the interior.

5.2 Analysis of the gold content of the chromatographic 
beads
5.2.1 Absorption spectroscopy 
Absorption spectroscopy in the UV-visible region can be used to character-
ise material that contain metal nano-particles, since different particle sizes of 
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the same metal have different colours and the absorption spectra are differ-
ent. The colours of the metal particles are caused by Mie absorption of sur-
face-plasmon oscillations, originating from the metal particles.70-72. The col-
our depends on the type of metal, the particle size and aggregation of the 
nanoparticles.70,71 In the literature, gold sols with different reddish-purple 
colours have been reported.70,71,73 The smallest gold colloids (2-5nm) are 
yellow-orange, the mid-range (10-20 nm) are wine red and larger particles 
(30-64 nm) are blue-green.67

In figure 5.3, absorption spectra originating from different beads are 
shown. The spectra were recorded from individual, dried beads, but during 
the measurements the particles were embedded in immersion oil. Spectrum 
A was obtained from a polymer particle without gold, whereas spectra B and 
C originate from two different particles with gold. The absorption peak at 
about 545 nm for the gold-containing beads corresponds to the absorption 
band for gold sols reported in the literature.72-75 The rather broad absorption 
bands, could indicate that the chromatographic beads contain gold particles 
with a wide range of particle sizes. The two spectra from the gold-containing 
beads originate from beads of slightly different colour, one more bluish and 
one more reddish. The absorption band from the bluish particle is slightly 
red-shifted, compared to the spectrum from the reddish particle. The shifts in 
the spectra could indicate chromatographic beads with different sizes of gold 
particles. The spectrum from the bluish bead also shows a more pronounced 
absorption towards longer wavelength, which could be explained by more 
aggregation of gold particles. In the SERS experiments, a laser with the 
wavelength 783 nm was used. Hence, the existence of aggregates is favour-
able since this extends the absorption spectra into the near-infra-red region.   

Figure 5.3 Absorption spectra from chromatographic beads, without (A) and with 
gold nano-particles (B and C).  
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5.2.2 X-ray diffraction 
By using x-ray diffraction (XRD), it was possible to verify that gold was 
obtained in the beads, and also to obtain an estimate of the gold crystallite 
size from the Scherrer equation76. The XRD pattern, obtained from dried 
gold-containing beads, is shown in figure 5.4. The pattern corresponds well 
with the expected peak position for gold. From the Scherrer equation, an 
estimated crystallite size of 30 nm was obtained. However, it is possible that 
these crystallites have formed aggregates, which give rise to the red-shifted 
and broad absorption spectra shown in Fig 5.3.  

Figure 5.4 X-ray diffraction pattern from dried gold-containing chromatographic 
beads.

5.2.3 Transmission electron microscopy 
With Transmission Electron Microscopy (TEM), it is possible to investigate 
both the particle sizes and the distribution of nanoparticles. In figure 5.5 a-c, 
three TEM images of different magnifications are shown. A low magnifica-
tion image of a cross-section of a gold-containing bead is shown in figure 
5.5 a. Gold particles can be observed all over the surface, but the particles 
vary in size. The dark ring in the figure corresponds to the bead surface, 
covered with gold particles. A more detailed image of the surface is shown 
in figure 5.5 b. Larger gold particles (20-100 nm), can be observed at the 
surface, whereas smaller particles can be observed in the interior (top part of 
the figure). In figure 5.5 c, a high-magnification of the interior is shown. The 
particle sizes in the interior vary between 2 and 10 nm.  
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Figure 5.5 TEM images of gold containing chromatographic beads; a) Low magnifi-
cation image of a cross section, the black ring represents the bead surface, covered 
by Au particles. b) A more detailed image of the surface of the bead, where larger 
gold nano-particles can be observed at the surface and smaller in the interior. c) A 
high-magnification image of the interior of the bead. 

5.3 Surface-enhanced Raman scattering
5.3.1 Different analytes 
The gold-containing beads have been used to record SERS spectra from five 
different analytes (thiocyanate ions, mercaptopropionic acid (MPA), mercap-
toethanesulfonate (MES), glutathione and Immunoglobuline G (IgG)).  The 
details of the measurements, and band assignments can be found in paper IV 
and V. 
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5.3.1.1 Thiocyanate ions 
Thiocyanate ions (SCN-) were used as a test analyte since it is a small mole-
cule with an easily interpretable Raman spectrum. In figure 5.6, a spectrum 
from SCN-, recorded from a gold-containing chromatographic bead, which 
had been soaked in 1 mM SCN-, is shown. Three bands, originating from 
SCN- can be observed. The band at 2123 cm-1 has been assigned to a CN 
stretching, and the band at 744 cm-1 to a CS-stretching. The bands are 
slightly shifted, compared to bands from unadsorbed SCN-, which is ex-
pected since a surface complex is formed77,78. The band at 442 cm-1, has been 
assigned to an S-C-N bending, which is only observed when SCN- is ad-
sorbed on a metal surface77-79. At 246 cm-1, an intense band attributed to a 
surface-adsorbate vibration ( Au-S) can be observed.  

Figure 5.6 SERS spectrum of 0.1 mM SCN-.

5.3.1.2 Mercaptopropionic acid and mercaptoethanesulfonate 
Mercaptopropionic acid (MPA) and mercaptoethanesulfonate (MES) were 
used as more realistic test analytes for application purposes, since it is ex-
pected that thiols can form monolayers on the gold particles, and therefore 
make the gold surface more biocompatible73,80. To the monolayer of thiols, it 
should also be possible to adsorb an additional molecule that cannot interact 
with the gold directly. The chemical structures of MES (HSCH2CH2SO3

-)
and MPA (HSCH2CH2COOH) are similar, but differ in the functional group. 
It is of interest to investigate two thiols with different functional groups 
since these will affect the properties of the monolayer. The Raman spectra 
from MES and MPA, adsorbed to gold nano-particles are shown in figure 
5.7.
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Figure 5.7 SERS spectra of MES and MPA. 

In none of the spectra, a band at about 2500 cm-1, corresponding to a SH 
stretching vibration, can be observed (not shown in this figure). This indi-
cates that the S-H bond is broken when MPA and MES are adsorbed to the 
gold surface. The top spectrum originates from MES and the strongest band, 
observed at 795 cm-1, has been assigned to a CS stretching, where S origi-
nates from the sulphonate group81. The broad band with maximum intensity 
at 1037 cm-1 corresponds to the symmetric stretching of the SO3

-.82 The 
bands at 704 cm-1 and 635 cm-1, originate from C-S stretching vibrations, 
where S is from the thiol group81,83-86. There are two bands since the position 
of this CS stretching vibration is dependent on the conformation of the thiol. 
The band at lower wavenumber corresponds to the gauche conformer, and 
the one at higher wavenumber to the trans conformer. The bottom spectra in 
figure 5.7 originate from MPA, and the strongest band in this spectrum can 
be observed at 905 cm-1. The assignment of this band is difficult but it has 
been suggested by Kudelski, that the band originates from the vibration of 
non-dissociated carboxylic groups83. The bands at 735 cm-1 and 657 cm-1

correspond to CS stretching vibrations of the trans and the gauche con-
former, respectively81,83-86. For both MES and MPA, the intensity ratio of the 
gauche and trans bands is of importance, since this reflects the ratio between 
molecules adsorbed in gauche and trans conformations on the surface. If 
MPA or MES is adsorbed in a gauche conformation, it is possible for the 
molecules to interact with the gold surface not only with the thiol group, but 
also via the sulphonate and the carboxylic group, respectively. Such bifunc-
tional adsorption makes the functional group less available for interactions 
with a secondary adsorbed molecule, which would make it difficult to mod-
ify the surface further. When the intensity ratios, of the trans and gauche
bands of the CS stretching in MES and MPA, are compared, it is found that 
the trans conformation is slightly more common in MES than in MPA. This 
tends to make MES a better candidate for forming a monolayer on gold, to 
which other molecules can attach. However, which candidate is actually the 
better one, MES or MPA, is of course dependent on the molecule to be at-
tached.
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5.3.1.3 Glutathione 
The tripeptide glutathione, is an important constituent of living cells, and has 
therefore been the subject of several spectroscopic studies87-91. However, no 
SERS studies where glutathione adsorbed to gold is investigated, have been 
found in the literature, but SERS spectra of glutathione adsorbed to a silver 
surface have been recorded by Fredricks et al92. Glutathione consists of the 
amino acids glutamic acid (glu), cysteine (cys) and glycine (gly), and the 
chemical structure is given in figure 5.893.

Figure 5.8 Chemical structure of glutathione.93

SERS spectra of glutathione at different pH values were recorded since it has 
been reported that the conformation of glutathione is sensitive to pH 
changes94-97. In glutathione, several possible adsorption or anchoring points 
exist, which make different adsorption modes possible. The sulfur atom in 
the cysteine residue, and the two carboxylic groups in the glutamic acid and 
glycine residues are some of the possible adsorption points. The pKa values 
corresponding to the two carboxylic groups have been determined to 2.56 
and 3.50,95 and for the cysteine residue a pKa of 9.42 has been obtained98.
However, it is not possible to judge which adsorption mode that can be ex-
pected solely from the pKa values, since the acid-base character of a certain 
group can change on adsorption on a metal surface.99 The spectra recorded 
from glutathione at pH 2, 7, and 10 are shown in figure 5.9 a-c.  
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Figure 5.9 SERS spectra from glutathione at a) pH 10 b) pH 7 and c) pH 2.

As can be seen, the spectra do not have the same appearance, which shows 
the dependence on the pH value of the glutathione solution. The changes in 
the spectra were expected, since the absorption mode of glutathione is sensi-
tive to the experimental conditions. This sensitivity also caused some prob-
lems with the reproducibility during the experiments, especially for meas-
urements at pH 7, but several spectra have been recorded at each pH-value to 
verify that the spectra shown in figure 5.9 a-c were reproducible. However, it 
should be mentioned that in a few measurements, slightly different spectra 
were obtained. The strongest spectra were obtained from glutathione solu-
tions with pH 2 and 10. In both these spectra, intense bands at 662 cm-1 and 
655 cm-1 corresponding to the CS stretching, can be observed. This indicates 
that glutathione is interacting with the gold surface via the sulphur in the 
cysteine side chain. The spectra also have in common a low wavenumber 
band at 257 cm-1 that originates from a gold-adsorbate vibration. The spec-
trum recorded from a glutathione solution of pH 7 shows no CS stretching 
band, and the gold-adsorbate band can be found at higher wavenumbers 300 
cm-1. Hence, no indication of adsorption through sulphur can be observed in 
the spectrum. This is surprising, and we have not found any explanation for 
this behavior of glutathione. It is difficult to deduce exactly how glutathione 
is adsorbed at the different pH values by analysing the spectra, since it is 
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possible that several anchoring points are used. It is also possible that the 
results obtained at different pH values are not only caused by the change in 
pH, but also by the influence from counter ions in the different pH solutions. 
It has been found in the literature that the adsorption of glutathione is greatly 
influenced by counter ions in the surrounding solution.95,97 The band at 1002 
cm-1, which appear in all three spectra, originates from the base matrix. 

5.3.1.4 Immunoglobuline G 
Human Immunoglobuline G (hIgG) was used as a test molecule for protein-
analysis with gold-containing chromatographic beads. IgG is known to ad-
sorb on metal surfaces through disulfide bonds, and was therefore thought to 
be a good test molecule for protein analysis12. In our experiments, human 
IgG have been used but since it is polyclonal, i.e. a mixture of different anti-
bodies, the spectra could be more difficult to interpret, and for a more thor-
ough spectroscopic study, monoclonal IgG should be used. Thus, in our ex-
periments, IgG has only been used to verify that it was possible to obtain 
Raman spectra from gold-containing chromatographic beads. 
In figure 5.10, the spectrum obtained is shown. No amide bands can be ob-
served, instead all major vibrations can be assigned to tryptophan, tyrosine 
and cystine residues.12,92 At 497 cm-1 the S-S stretching of cystine can be 
observed and the band at 639 cm-1 corresponds to the C-S stretching of 
cystine12,92,100. Most of the other observed bands can be assigned to different 
ring vibrations of tryptophan and tyrosine12,92,100. A low wavenumber band at 
283 cm-1 (shown in the inset in figure 5.10), corresponds to metal-adsorbate 
vibrations. Although no complete band assignment has been made, the 
spectrum has been used to verify that it is possible to detect Raman spectra 
from a protein with the gold-containing beads.

Figure 5.10 SERS spectrum from IgG.
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5.4 Confocal Raman spectroscopy 
Confocal Raman spectroscopy was used to investigate how the analytes, 
adsorbed on gold nano-particles, were distributed throughout the beads. This 
information is of importance, since it shows how well the volume of the 
bead can be utilised. If analyte spectra can be recorded from the middle of 
the bead, it means that it is possible for analytes to diffuse and adsorb on 
gold particles in the interior. In figure 5.11, the results from confocal meas-
urements of the distribution of SCN- in a bead with gold nano-particles are 
given. The variation of the intensity of the CN stretching band at 2123 cm-1

at different positions in the bead is shown. The graph marked (I) was re-
corded from bottom to top, whereas the graphs marked (II) were measured 
from side to side across the middle of the bead. The graphs marked II were 
measured on two different beads. All three measurements indicate a slightly 
higher distribution of SCN- at the edges, but the SCN- signal can be observed 
at every measuring point. 

Figure 5.11 Intensity of 2123 cm-1CN stretching band at different positions in the 
bead. Graph (I) was recorded from bottom to top and graphs (II) from side to side. 

5.5 Conclusions
Gold-containing SOURCETM 30Q can be used as a SERS-active material. 
The existence of gold nano-particles inside the chromatographic beads was 
confirmed by absorption spectroscopy, X-ray diffraction, transmission elec-
tron microscopy and confocal Raman spectroscopy. However, the results 
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concerning the particle sizes vary slightly. From the TEM measurements a 
distribution of particles was observed. It is probably the larger particles, 
observed at the surface, that give the colour to the beads observed in the 
absorption spectra, and also contribute in greatest extent to the crystallite 
size obtained from the Scherrer equation. The broad bands in the absorption 
spectrum can be explained by the wide size distribution of gold particles, and 
the absorption observed in the near-infrared region can be caused by the 
aggregates formed at the surface. The change in particle size from the sur-
face to the interior is not ideal, but it is of importance that gold particles can 
be observed in the interior. On comparing the results from the confocal Ra-
man measurements with the TEM results, it is not surprising that a higher 
analyte signal is obtained at the surface. However, considerable SERS sig-
nals are also recorded from the interior, which shows that it is possible to 
obtain enhanced signals also from the small gold particles. The problem with 
having different particle sizes is that it is difficult to determine if the ob-
served difference in signal intensities should be explained by an inhomoge-
neous distribution of analytes, or an uneven distribution of gold particles. An 
additional complication is that different particle sizes may give different 
enhancements, and hence different Raman intensity.

SERS spectra have been recorded from several different analytes inside 
the chromatographic beads, but the intensities and the obtained spectra have 
been of different quality. Intense spectra from the simple analytes thiocy-
anate ions, mercaptopropionic acid and mercaptoethanesulfonate could be 
recorded in about 10s using a laser power of 6 mW at the sample. The ob-
tained SERS spectra from the biomolecules, glutathione and immunoglobu-
line G, were rather weak and much longer measuring times, ~30 minutes, 
had to be used. One reason for the long measuring times was the low laser 
power (0.6 mW) that had to be used in the measurements to avoid damage of 
the biomolecules. Although acquisition times of 30 minutes are rather long 
measuring times for a SERS experiment, it should be remembered that the 
sensitivity has been greatly increased compared to a normal Raman experi-
ment. For reference spectra of glutathione and hIgG solutions, 0.5 M and 
165 mg/ml respectively, measuring times of about 15 hours, with a laser 
power of 6 mW were needed to obtain decent spectra. We have also tried to 
get an estimate of the enhancement effects for the simpler analyte SCN-.
Raman spectra were recorded from chromatographic beads without gold, 
which had been soaked in a 0.1 M SCN- solution. To be able to observe the 
CN stretching band, measuring times of 30sx50 were necessary. When gold 
had been incorporated, it was possible to detect much lower concentrations 
for shorter measuring times, i.e. the CN stretching band from a 0.025 mM 
solution could easily be detected after 10 s. 
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6 Concluding remarks and future 
improvements

Confocal spectroscopy has proven to be a technique suitable for measure-
ments of ligand distributions within individual chromatographic particles. 
The different confocal techniques used in this thesis all have their advan-
tages and disadvantages. Which technique to chose depends on the type of 
information to be obtained and the time limits for both the measurement and 
the sample preparation. The fast fluorescence measurements can be used to 
investigate diffusion phenomena and also to give an indirect measurement of 
the ligand distribution. Raman measurements are more time consuming to 
perform, but no sample preparation is necessary. Direct measurement of both 
the ligand and the adsorbed species can be obtained if their Raman signals 
can be separated. For many applications a combination of the techniques is 
practical, where confocal fluorescence spectroscopy can be used to probe 
which part of the chromatographic particles that should be investigated with 
confocal Raman spectroscopy.  

In the experiments, Nd3+ has been used both as an environmental probe 
and to investigate the distributions of negatively charged and chelating func-
tional groups. In a future study, it would be of interest to search for another 
but similar probe, which could be used to analyze the distribution of posi-
tively charged groups. In the results obtained from Nd3+ it was found that the 
fluorescence spectrum changed when the coordination was changed. By 
performing reference measurements, where the coordination of a species to 
Nd3+ is known, it should be possible to get information also about the coor-
dination inside the chromatographic beads. This kind of information could 
for example be used to analyze if a protein occupy all available sites within 
the chromatographic bead, or if there exist both occupied and unoccupied 
sites.

Surface-enhanced Raman spectra have been obtained from analytes inside 
chromatographic beads. Strong spectra were obtained from some simple test 
analytes, but in analyses of larger biomolecules the spectra were weaker and 
more difficult to reproduce. To be able to record stronger spectra from the 
chromatographic beads, the SERS activity of the chromatographic beads has 
to be improved. In the results presented in the thesis, gold nanoparticles have 
been incorporated inside the chromatographic beads. Usually, higher en-
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hancements of the Raman signals are obtained from silver than from gold, 
and one way to improve the signals could be to use silver nanoparticles in-
stead. Some preliminary studies have been performed for silver nanoparti-
cles inside chromatographic particles, but more work need to be done. An-
other approach to improve the signals is to increase the content of metal 
nanoparticles inside the chromatographic beads, and to get a more homoge-
nous size distribution of the metal particles. Since strong signals are obtained 
from the simple analytes, it is possible that the interaction between the bio-
molecules and the gold surface needs to be improved. This might be ob-
tained, if another metal is used as SERS substrate, or by further optimising 
the experimental conditions, i.e. pH, counter ions or ionic strength.  
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Summary in Swedish 

Analys av enstaka kromatografiska pärlor med Raman 
och fluorescensspektroskopi 
Kromatografimaterial
Kromatografimaterialet som undersökts i den här avhandlingen används i 
vanliga fall vid kemisk analys och renframställning av biomolekyler inom 
forskning och industri. Kromatografi är en separationsteknik där olika äm-
nen kan särskiljas. Hur effektiv separationen blir beror bl.a. på kromatogra-
fimaterialet; ju mer selektiv man vill att den ska vara desto mer specialde-
signat måste materialet vara. Ett sätt att erhålla en selektiv separation är att 
binda funktionella grupper till kromatografimaterialet.  

Det material som undersökts består av sfäriska och porösa polymerpartik-
lar. Partiklarna har varierat i storlek från ca 30 µm-200 µm. Partiklarna har 
innehållit olika funktionella grupper, t.ex. laddade grupper som SO3

- och 
N+(CH3)3  eller mer biospecifika som Immunoglobulin G.  

Arbetet i denna avhandling har inte inneburit ett studium av olika separa-
tionsprocesser utan har bestått av analys av den stationära fasen och däri 
fasthållna molekyler. En del av analysmetoderna har inte tidigare använts för 
kromatografipartiklar, varför en stor del av arbetet har bestått i metodutveck-
ling. Främst har olika spektroskopiska tekniker använts; bl.a. konfokal fluo-
rescens- och Ramanspektroskopi samt ytförstärkt Ramanspektroskopi.

Spektroskopi
Med Ramanspektroskopi studerar man vibrationsövergångar. Vibrationsfre-
kvensen hos atomer som är bundna till varandra beror på atomernas massor 
och styrkan hos bindningen mellan dem. Dessa frekvenser mäts och informa-
tion om vilka bindningar som ingår i provet kan erhållas.  

Med fluorescensspektroskopi studerar man inte vibrationsövergångar hos 
ett ämne utan istället elektronövergångar. Energin hos den inkommande 
strålningen tas upp av en elektron som exciteras (ökar i energi) till ett högre 
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energitillstånd. När elektronen relaxerar (minskar i energi) kan strålning 
sändas ut och det är denna strålning som kallas fluorescens. I detta arbete har 
fluorescenssignalen från neodymjoner studerats och på så vis har informa-
tion om neodymjonens omgivning erhållits. I figur 1 visas hur fluorescens-
signalen förändras då neodymjoner finns i en vattenlösning respektive inuti 
en kromatografipärla med kelatiska grupper. En kelatisk grupp binder till 
neodymjonen med flera atomer samtidigt.  

Figur 1 Fluorescensspektra från Nd3+ i vattenlösning samt i kromatografipärla. 

Konfokal spektroskopi
Många av fluorescens och Ramanmätningarna har utförts med konfokala 
inställningar. När konfokala inställningar används får man förutom den 
spektroskopiska informationen även en förbättrad djupupplösning, dvs man 
kan bättre analysera en liten del av provet i taget. Med en konfokal mätning 
behövs därför ingen komplicerad provberedning. För att analysera hur mate-
rialet ser ut vid olika djup behöver man enbart fokusera det ingående ljuset 
på olika djup i materialet.  

I det här arbetet har konfokal fluorescens- och Ramanspektroskopi främst 
används för att studera om olika kromatografimaterial, i form av små pärlor, 
har en heterogen eller homogen fördelning av funktionella grupper. Prover 
med känd fördelning av funktionella grupper har använts för att utveckla 
metoden, som sedan har utnyttjats för analys av prover med en okänd fördel-
ning.

I figur 2 visas hur djupprofiler från två olika prov kan se ut. Prov 1 inne-
håller två olika typer av funktionella grupper (SO3

- och allyl) som inte är 
homogent fördelade i pärlan. I grafen från prov 1 kan man se hur intensiteten 
av Ramansignalen från de olika grupperna varierar i provet. För prov 2 där-
emot, som har en homogen fördelning av funktionella grupper, erhålls lika 
starka signaler rakt igenom hela provet. 
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Figur 2 Djupprofiler från två olika pärlor med heterogen (prov 1), respektive homo-
gen (prov 2) fördelning av funktionella grupper. 

Arbetet i denna avhandling har visat att analyser med konfokal Ramanspek-
troskopi kan utnyttjas för att bestämma fördelningen av funktionella grupper 
i kromatografipärlor. Vidare har det också visats att i de fall då Nd3+ används 
kan information angående förändringar i koordinationen kring Nd3+ i kroma-
tografipärlor med kelatiska grupper erhållas.   

Ytförstärkt Ramanspektroskopi 
I ytförstärkt Ramanspektroskopi utnyttjar man att Ramansignalen från en 
molekyl som har adsorberats på en metallyta kan förstärkas åtskilligt. I detta 
arbete har små guldpartiklar fällts ut inuti det kromatografiska materialet. 
Tanken är att molekyler från mycket utspädda lösningar ska kunna gå in i det 
porösa materialet och sedan fästa på de utfällda metallpartiklarna. Från dessa 
molekyler kan man sedan registrera förstärkta Ramansignaler. I experimen-
ten har flera olika metoder för utfällning av guldpartiklar utprovats. Att 
guldpartiklar erhållits har bekräftats från absorptionsspektra, transmissions-
elektronmikroskopi (TEM) samt röntgendiffraktion. Försök att fästa moleky-
ler på guldpartiklarna har utförts både med enkla testmolekyler, såsom tiocy-
anatjoner, merkaptopropionsyra, merkaptoetansulfonat, samt de mer kompli-
cerade molekylerna glutation och Immunoglobulin G.  

Experimenten visade att från de enkla testmolekylerna var det lätt att er-
hålla skarpa och reproducerbara Ramanspektra med  korta mättider. Även 
för glutation och IgG var det möjligt att erhålla förstärkta Ramanspektra men 
här krävdes längre mättider. 
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Appendix - Chromatographic material

Table 1. Base matrices 

Name Based on Bead size / µm 

SOURCE polystyrene/divinyl benzene 15 or 30 
Sepharose 4 Fast Flow highly cross-linked 4% agarose 45-164 
Sepharose 6 Fast Flow highly cross-linked 6% agarose 45-164 
Sepharose Big Beads highly cross-linked 6% agarose 100-300 

Table 2. Chromatographic material used in the experiments 

Name Base matrix Characteristic 

Cytodex cross-linked dextran Gelatine surface layer 

IgG Sepharose 4FF Sepharose 4 Fast Flow 
Immunoglobuline G as functional 
group

IgG Sepharose 6FF Sepharose 6 Fast Flow 
Immunoglobuline G as functional 
group

Chelating Sepharose FF Sepharose 6 Fast Flow 
Iminodiacetic group as functional 
group

SOURCE 30Q SOURCE Quaternary ammonium groups 

Particle A Sepharose Big Beads 
Allyl groups have been linked to 
the base matrix 

Particle B Sepharose Big Beads 
Surface layer of sulphopropyl 
groups and core with allyl groups 

Particle C Sepharose Big Beads Surface layer of sulphopropyl 
groups and a core with dextran 

The chromatographic material listed above were kindly donated by GE 
Healthcare, Amersham Biosciences AB, Uppsala, Sweden. 
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