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Introduction 
and
Scope



Molecular interactions play an important role in the many biochemical pathways and 
responses that can occur in biological systems. Examples of these interactions are the binding 
of substrates and co-factors to enzymes, antigens to antibodies, proteins to proteins, as well 
as the binding of small drugs and biopharmaceuticals with transport proteins and receptors. 
Molecular interactions often govern activity, distribution, excretion, and metabolism of solutes 
in organisms. Several techniques can be used for assessing molecular interactions. These 
techniques encompass X-ray crystallography, absorbance, fluorescence and nuclear magnetic 
resonance spectroscopy, ultrafiltration, equilibrium dialysis, capillary electrophoresis, and 
affinity chromatography. One technique that has seen extensive use in the study of molecular 
interactions in the last two decades, is surface plasmon resonance (SPR) spectroscopy.
SPR is an optical biosensor technique that measures molecular binding events at a metal 
surface by detecting changes in the local refractive index. SPR has shown highly useful for 
studying interactions between immobilized biomolecules and a solution-phase analyte. In 
SPR, detection of an analyte does not require any labels (radioactive or fluorescent) and 
can be detected directly, without the need for multistep detection protocols. Moreover, the 
measurements can be performed in real time, allowing collection of kinetic data. In principle, 
SPR is capable of detecting analytes over a wide range of molecular weights and binding 
affinities and has become a powerful tool for studying biomolecular interactions. This thesis 
describes several novel technical developments aimed at further extending the span of 
SPR. Angular-scanning surface plasmon resonance biosensing was hyphenated with liquid 
separation techniques, and variable-wavelength excitation and multiplexing capabilities were 
introduced.

Surface plasmon resonance
More than a century ago, in 1902, Robert Williams Wood reported his observation of the 
physical phenomenon of surface plasmon resonance (SPR) as anomalous dark bands in 
the spectrum of light reflected from a metallic diffraction grating.1, 2 The theory behind this 
phenomenon was not explained by Wood at that time. He referred to the dark bands as 
“singular anomalies”.2 The first explanation for the existence of these spectral anomalies 
was later proposed by Rayleigh et al. as “diffused anomalies” in 1907.3 In 1941, Ugo Fano 
explained Rayleigh’s theoretical predictions and the experimental observation of Wood’s 
anomalies as optical surface waves on the metal surface.4 In 1968, the complete explanation 
of this phenomenon as surface plasmon (SP) excitation was eventually introduced by Otto, 
where he demonstrated the ability to excite SPs with his proposed instrumental configuration.5 



SP observations were further demonstrated by Kretschmann and Raether in the same year 
using another configuration.6, 7 
SPR can occur when a plane-polarized light (i.e. polarized light with the electric field vector 
parallel to the plane of incidence8, e.g. from a laser source) is directed through a higher 
refractive index medium under the condition of total internal reflection (TIR). According to 
Snell’s law, when light travels from a higher refractive index medium (n1) to a lower refractive 
index medium (n2) at an angle θ smaller than the so-called critical angle, part of the incident 
light will be refracted to medium 2 and part of the light will be reflected on the interface 
between the two media (Figure 1). TIR of the incident light will occur when the incident 
angle is larger than the critical angle (θc). Under the condition of TIR, an electromagnetic 
component of the incident beam, known as the evanescent wave, will propagate a short 
distance (about half a wavelength) outside the dielectric and penetrate into medium 2.9-12 
When a very thin metal (e.g. gold) or metal-oxide film is applied to the surface, evanescent 
wave photons can interact with free electrons in the metallic layer and can excite plasmons 
(collective oscillations of free electrons) on the surface of the metal known as SPs. At a certain 
incident angle, excitation of the SPs by the evanescent wave results in a resonance oscillation 
of the conduction electrons and SPR occurs.
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Figure 1. 

SP excitation at a metallic interface can only take place when the wavevector of the plane-
polarized light and oscillation mode of SP are equal in magnitude and direction.13-15 A 
wavevector is a mathematical formula that describes the direction of propagation and 
magnitude of the wave. It has been shown that the SP wavevector is always higher than the 
light wavevector and therefore SPR cannot be achieved by direct illumination of light on a 
suitable surface.15, 16 To achieve the optimal condition for SP to happen, the incident light’s 
wave vector can be increased in magnitude by passing the light through a medium with a 
higher refractive index than the metallic medium at the boundary at which the SP is to be 
excited, such as by a prism.1, 17-19

As a result of SPR, the intensity of the reflected light is reduced. The intensity of reflected 
light is measured at different angles, of which SPR curves can be plotted. The specific angle at 
which minimum reflectance is observed is called the resonance angle or SPR dip angle.20 The 
resonance angle position depends on several factors such as the wavelength of the incident 
light and the type of metal (oxide) used. Additionally, as the amplitude of the evanescent 
wave decays exponentially with the distance to the interface, the position of SPR angle is 
also dependent on the refractive index of the medium that is very close to the metal surface. 
Consequently, the latter aspect opens up the attractive possibility of using SPR as a sensing 
technique: Any species that induces a change of refractive index at the surface vicinity, 
potentially will cause a measurable shift of the resonance angle. Thereupon, the detected 
SPR signal provides information about analyte molecules adsorbing or binding to the surface 

Reflection and refraction of a light beam hitting 
the interface of two media of different refractive 
index (n) with n1>n2. 9



without requiring tagging of the analytes with a fluorescent or radioactive label. Hence, SPR 
allows label-free sensing of (bio)molecular interactions avoiding the use of tags which may 
impair analyte binding properties.21-23

The Kretschmann design is the most widely used prism coupler design. A schematic view 
of a basic SPR setup employing the Kretschmann configuration1, 24 is shown in Figure 2. The 
system basically consists of an optical unit, a sensor chip, and a flow cell (usually designed 
for liquids). The optical unit comprises a light source (generally a laser or light emitting diode 
(LED), a detector (e.g. a photomultiplier, diode-array detector or a charge-coupled device 
(CCD) camera) and an optical coupling component (usually a prism). The coupling component 
is providing a higher refractive index medium compared to the medium surrounding the 
sensor chip in order to provide the TIR of the source light needed for SPR to occur.25 In order 
to protect the coupling component from damage, in some instruments the prism is attached 
to the sensor chip26, 27, while in others the prim is covered with a refractive index matching 
elastomer.28, 29 The sensor chip is positioned between the optical unit and the flow cell. A 
typical SPR sensor chip is a glass slide coated with a thin (50-65 nm) metal layer (e.g. gold).30, 

31 The glass chip is made of the same material as the coupling component (i.e. the prism). 
The flow cell is in most cases connected to a liquid handling system for sample delivery to 
the sensor surface and usually consists of several flow channels (measurement and reference 
channels). 

SPR based on prism coupler

SPR detection of refractive index changes (e.g. due to molecular binding) at the sensor surface 
in principle can be carried out in an angular scan or in fixed-angle mode.33 Figure 3 shows the 
SPR curves for a sensor before (t1) and after (t2) the refractive index at the sensor surface has 
been changed. Measured at a fixed angle (Figure 3A), the intensity of the reflected light will 
change in time due to the change in refractive index. Plotting the intensity change against 
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with (A.I) a light source and (A.II) a detector; (B) a coupling component (e.g. (B.I) 
a prism with (B.II) an optical index matching elastomer); (C) sensor chip consisting 
of (C.I) a glass slide covered with (C.II) a thin layer of metal (e.g. gold); (D) a liquid 
handling system (flow cell).



time yields a sensorgram. Alternatively, SPR curves can be measured at any angle in time 
(angular scan mode). In Figure 3B, the shift in resonance angle is plotted against time, also 
yielding a sensorgram. As the position of the SPR dip angle is the most sensitive to refractive 
index changes near the vicinity of the SPR sensor, using SPR dip angle shifts often is the 
preferred way of monitoring molecular binding in sensorgrams.32, 34, 35

Figure 4 gives examples of sensorgrams observed during typical SPR events. Figure 4A shows 
the shift in SPR dip angle caused by successive injection of two liquids of different refractive 
index. At the point where liquid 2 reaches the sensor chip, the resonance angle changes. 
When the flow switches back to liquid 1, the signal will return to the original baseline. SPR 
signals caused by a solvent or sample matrix are often referred to as bulk effect.36-38 Figure 
4B presents an example of a sensorgram where a molecule which has binding affinity to the 
sensor surface is added to liquid 2. The molecular adsorption on the surface sensor chip (by 
either specific or non-specific binding) is observed on top of the observed bulk effect and the 
molecules remain bound to the sensor chip surface after switching back to liquid 1. In Figure 
4C, an example of a processed sensorgram is shown where the adsorbed molecule is added 
to liquid 1 and therefore no bulk effect is observed.
The picture shown in Figure 4C can also be achieved by subtraction of the bulk effect 
(subtraction of the signal of Figure 4A from Figure 4B) which enables direct monitoring of the 
actual binding of molecules to the sensor surface. In practical SPR analysis, one channel is used 
as a reference channel to measure background liquid only and one or several channels are 
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Figure 3. Creating sensorgrams by monitoring the refractivity index changes between 
two time points t1 and t2, using (A) fixed angle detection mode, and (B) angular 
scan mode.32



used as sample channel(s). Subsequently, the sample channel sensorgram can be subtracted 
from the reference channel sensorgram, resulting in monitoring the actual binding of the 
molecules on the sensor surface plotted in a sensorgram.39-42

SPR sensor chips are usually made of glass substrates where a thin metal layer of 40 to 
50 nm thickness is evaporated, on top of an adhesion layer (usually chromium, ~ 2 nm). 
The most commonly used metal layers are gold and silver. According to Homola et al.14, 
silver has a higher detection sensitivity than gold due to exhibiting a narrower SPR curve 
and therefore having higher curve resolution which results in a more accurate detection of 
the SPR dip angle.43 However, silver is chemically less stable than gold and therefore gold 
dominates in SPR technology and applications.44 Other examples of metals applicable to SPR 
are aluminum, platinum, copper, rhodium, nickel and chromium. A metal oxide layer on the 
sensor chip can also be used and enables a variety of surface chemistries for immobilization 
techniques. Therefore, metal oxide layers are often deposited on SPR sensor chips after metal 
(commonly gold) deposition. Commonly used oxide coatings are titanium oxide, aluminum 
oxide, indium-tin-oxide, zinc oxide, zirconium oxide, hafnium oxide and tantalum oxide.45 
Many studies have been performed to determine the optimal metal thickness for selected 
wavelengths to improve the SPR peak resolution and consequently provide a more sensitive 
measurement of SPR angle shifts.30, 46-48

SPR sensors 

An SPR based biosensor experiment involves immobilization of a ligand on a sensor surface 

SPR sensor surface chemistry

Figure 4. Example sensorgrams of (A) bulk detection of changes in running buffer from 
liquid 1 (L1) to liquid 2 (L2), (B) bulk detection of L1 and L2 in combination 
with molecule M1 adsorption on the sensor chip, and of (C) molecule M1 in L1 
adsorbed to the sensor chip.
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and monitoring its interaction with an analyte, which commonly is presented in a solution 
flowing along the sensor. The amount of the complex formed is measured in real time without 
the need for analyte labeling.49 Limitations based on direct adsorption of a ligand on the 
metal sensor surface (such as non-specific binding, disturbance of the epitope, and limited 
surface regeneration possibilities) led to the introduction of more advanced techniques for 
ligand immobilization. SPR sensor surface modification and ligand immobilization based 
on covalent coupling have been introduced as strategies to control ligand immobilization, 
to reduce nonspecific ligand binding and to provide conditions for regeneration of sensor 
surfaces by disruption of ligand-analyte binding after each biosensing experiment without 
damaging the immobilized ligand.50 Various coupling techniques and functionalized surfaces 
have been proposed for SPR analysis. Covalent binding of the ligand to the SPR sensor 
surface based on carboxyl methyl dextran (CMD) hydrogels 25, 36, 38, 51-57 and self-assembled 
monolayers (SAM)58-66 are the most commonly used techniques in SPR analysis.

Covalent binding based on CMD hydrogels 
The CMD hydrogel is the most commonly used matrix in SPR biosensing. CMD 
matrix attachment to the metal surface is usually done via thiol bonds. Dextrans are 
glucopolysaccharide polymers with average molecular weight of 40,000 Da.67 The dextran 
layer is made of highly flexible non-cross-linked structures which are extending 100 to 200 nm 
from the surface into the bulk solution. The flexible hydrophilic structure of these hydrogels 
facilitates high analyte accessibility to the immobilized ligand on the surface.68 The ligand is 
covalently attached via the carboxylic acid groups of the dextran hydrogel. Dextran hydrogel 
is also used as a barrier to prevent the immobilized ligand and the sample components to 
come into direct contact with the metal layer, where they would otherwise bind irreversibly. 
Additionally, a relatively large amount of ligand can be immobilized on the surface of CMD 
hydrogels due to the 3-dimensional nature of the hydrogel layer, which eventually results 
in a more sensitive ligand-analyte SPR biosensing. Furthermore, the ligand-functionalized 
carboxymethyl groups of this hydrogel enable reproducible covalent ligand coupling and 
therefore reproducible ligand-analyte binding assays can be performed.69

Amine coupling techniques are most commonly used as a strategy for covalent immobilization 
of proteins and peptides on CMD surfaces. To achieve covalent binding between the carboxylic 
group on the surface of the CMD sensor (Figure 5) and the ligand (e.g. a protein), the surface 
is first activated using the EDC/NHS activation strategy. The activation is performed by 
injection of a carbodiimide reagent onto the CMD surface. For covalent coupling of ligands 
dissolved in aqueous solutions, water-soluble carbodiimides reagents such as EDC (N-(3- 
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride) are utilized. This activation and 
coupling chemistry can be performed under very mild biocompatible conditions which 
renders delicate analytes such as proteins in their native condition. The carbodiimide reagent 
creates a reactive O-acyl isourea intermediate with carboxylic groups which can then be used 
for covalent attachment of ligands with suitable nucleophiles as functional groups, such as 
amine groups of proteins. Since O-acyl isourea intermediates hydrolyze very quickly (within 
seconds), EDC is usually mixed with N-hydroxysuccinimide (NHS) which creates a more stable 
active ester, with a half-life of minutes at pH 8-9 to several hours at pH 4-5 (Figure 5A). 
Activation of the CMD hydrogel surface is directly followed by immobilization of the ligand 
on the activated surface. The activation and immobilization chemistry occurs in a solution 
with a suitable pH (i.e. compatible for the ligand to maintain its native conformation). After 
covalent attachment, the ligand is covalently bound via an amide bond to the CMD surface 
(Figure 5B). Finally, after the immobilization step, all the remaining activated reactive esters 
are deactivated with ethanolamine (Figure 5C).70-72

Immobilization of the ligand on the CMD sensor during the immobilization procedure can 
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be monitored by SPR, as a result of added mass on the surface of SPR sensor. Therefore, the 
immobilization procedure is commonly performed while measuring the SPR signal. Figure 
5 shows a typical three-steps immobilization procedure recorded in a sensorgram. The 
immobilization chemistries involved are shown below the sensorgram for each step in the 
procedure.32, 73

For a typical CMD immobilization procedure, first, the sensor surface is conditioned with a 
suitable buffer for immobilization. After obtaining a stable baseline with this buffer, the surface 
is activated by a solution of EDC and NHS in water (Figure 5A). The changes in solution 
composition cause a change in refractive index of the solution, which is observed in the 
sensorgram as an abrupt increase in signal intensity. After activation, the solution is changed 
to the buffer solution resulting in the signal to return to the initial baseline. The activation step 
is followed by the ligand immobilization step (Figure 5B). For this, a solution of the ligand 
is infused over the surface of the sensor chip. The change in refractive index by changing 
solution is again observed as an abrupt signal increase). After that, ligand immobilization 
can be monitored as a gradually slower increasing signal in the sensorgram. At the end 
of this immobilization step, the solution is switched back to the buffer, accompanied by a 
change in SPR signal. The signal now stabilizes at a higher intensity than the initial baseline, 
corresponding to the amount of ligand immobilized on the sensor chip surface. The last step 
in the procedure is the deactivation step (Figure 5C), where all the remaining active ester 
groups on the sensor surface are blocked by ethanolamine. Now the signal is usually a bit 
lower than during the previous step, as the non-specifically bound ligands (e.g. to the CMD 

Figure 5. Sensorgram of an amine coupling immobilization procedure. After obtaining a 
stable baseline using immobilization buffer (A) the sensor surface is activated 
with an EDC and NHS solution resulting in reactive ester groups. (B) The ligand 
is immobilized by covalent reaction of free amine groups on the ligand, e.g. a 
protein, with the activated reactive ester groups on the surface and, finally, (C) 
the remaining non-reacted active esters are deactivated using e.g. ethanolamine, 
which blocks the non-coupled activated sites.32, 74
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backbone) are washed away from the CMD surface. The eventual signal is commonly used to 
report the amount of ligand bound to the surface. When the immobilization is complete, the 
remaining non-specifically bound ligand is removed from the sensor surface, by a washing 
step with so-called regeneration buffer (not shown in Figure 5).32, 74-79

A reversed binding approach for normal CMD sensor surfaces may be preferred in which free 
amine groups are present on the sensor surface while activated carboxylic groups are attached 
to the ligand molecule to be immobilized. This approach is often used when the ligand 
molecule lacks free amine groups for the coupling reaction or when an amine nucleophile 
on the ligand is suspected to be involved in docking to the analyte, thereby causing steric 
hindrance for efficient analyte binding when covalently attached to the sensor chip. This 
can be an issue in case of a small molecular ligand and a binding protein as analyte. The 
reversed binding approach involves CMD surface activation and subsequent ethylenediamine 
reaction (i.e. without ligand immobilization step in between). The carboxylic groups on the 
CMD hydrogel are now changed into amine-functionalized attachment linkers. For ligand 
attachment, a ligand with accessible carboxylic groups can be activated using EDC and NHS 
chemistry. The activated ligand is then covalently bound to the amine groups on the sensor 
chip surface using the same immobilization chemistry, by directing a solution containing the 
activated ligand over the amine-functionalized sensor.1, 78

Covalent binding based on self-assembled monolayers (SAMs) 
Ligand binding on the surface of SPR gold sensors by using alkanethiols intermediate layers 
as a self-assembled monolayer (SAMs) is an attractive method for immobilization of ligands. 
Highly ordered alkanethiols monolayers on the surface of metals, such as gold and silver, are 
assembled by spontaneous chemisorption on the surface of these metals.80 Gold is the most 
commonly used metal58, 64 due to the absence of stable oxides under ambient conditions. 
The alkanethiol monolayers on the surface of the metal layer are generated through the 
chemisorption of the alkanethiols by gold-sulfur bond formation. This is usually performed 
by oxidative addition of the S-H bond to the gold surface and a reductive elimination of 
hydrogen bonds.81, 82 Thereupon, a highly ordered monolayer is formed by van der Waals 
interactions between the alkyl chains.83 Functionalized alkanethiol monolayers with carboxylic 
acid and amine functional groups are most commonly used for the surface preparation in SAM 
applications. The use of 11-mercaptoundecylamine (MUAM) or 11-mercaptoundecanoic acid 
(MUA) (with the amine or carboxylic acid, respectively, as functional groups) is extensively 

Figure 6. Ligand immobilization chemistry with (A) a MUA functionalized SAM surface. 
(B) The free carboxylic end-functionalized groups on the SAM surface are 
activated with a mixture of EDC/NHS, (C) then the activated carboxylic acid 
groups on the SAM surface are covalently reacted to amine groups on a ligand 
(e.g. a protein). Afterward, (D) all non-reacted activated groups are deactivated 
or blocked using an ethanolamine solution.101



described in literature.84-93 In these preparations, SAMs are formed by immersing the SPR 
sensor chips in a solution of MUA or MUAM in ethanol94-96 (Figures 6 and 7, respectively). 
After formation of a SAM surface, a ligand (such as a protein) can be covalently attached to 
the functionalized SAM. 
Immobilization of ligands on the MUA as SAM is very similar to the amine coupling techniques 
described in the previous section . The carboxylic acids are activated using mostly EDC/NHS 
chemistry to obtain reactive esters (Figure 6B). The ligand is then covalently attached to the 
surface via its amine groups (Figure 6C). After ligand immobilization, ethanolamine solution 
is used to block all non-reacted free active groups (Figure 6D).97-100

The ligand immobilization surface chemistry for SAMs with a MUAM functionalized group is 
shown in Figure 7. Carboxylic acid functional groups in ligands, especially in case of proteins, 
are offline activated with a solution of EDC/NHS (Figure 7B). The reaction of active ester 
groups on the ligand with primary amine groups on MUAM results in covalent attachment of 
the ligand on the surface of the SPR sensor.96

Real-time monitoring of biomolecular interactions on the surface of the sensor can be monitored 
by SPR. Binding of an analyte Y with the immobilized ligand X is measured continuously and 
plotted in a sensorgram, which can be used to determine the binding kinetics and the affinity 
of the analyte to the immobilized ligand. Affinity curves can be produced from data obtained 
by analyzing several concentrations of the analyte. SPR allows the determination of real-
time kinetic parameters (i.e. association rate (ka), dissociation rate (kd) and the equilibrium 
dissociation constant (KD)).102-105

A typical ligand-analyte binding sensorgram is shown in Figure 8. The signal in this sensorgram 
is obtained by assuming a simple interaction between molecule X and Y forming the complex 
XY. Analyte Y is assumed to be the only sample component that binds to ligand X, which is 

SPR detection for biomolecular interaction analysis 
(SPR biosensing)

Figure 7. Typical SAM surface chemistry for ligand immobilization. (A) MUAM surface; 
(B) free carboxylic acid functional groups in the ligand are activated with a 
mixture of EDC/NHS; (C) the activated ligand is covalently attached to the free 
end functional amine groups on the SAM surface thereby forming an amide 
covalent bond.96
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immobilized on the sensor chip. The concentration [X] is not the in-solution concentration, 
but a value representing the immobilized ligand density distributed on the sensor surface. 
The analysis starts by first conditioning the SPR sensor surface with a suitable buffer solution 
to obtain a stable baseline (Figure 8A). Next, the analyte, which is dissolved in conditioning 
buffer, is directed to the SPR sensor chip surface. When reaching the sensor chip, the 
analyte binds to the ligand that is immobilized on the sensor chip, resulting in XY complex 
formation. The association binding kinetics of the captured analyte is determined at this 
stage (ka, association rate). If all ligand binding sites become occupied by the analyte at this 
stage, saturation is observed. Otherwise, after a certain time, binding equilibrium is reached 
(Figure 8C). Subsequently, analyte plug infusion is stopped and the buffer is infused again 
over the surface of the sensor. Now, the dissociation rate constant (kd) of the analyte from the 
immobilized ligand can be monitored (Figure 8D). With the association rate and dissociation 
rate constants, the equilibrium constant (KD) can be determined, providing information on 
the affinity of the analyte to the ligand. Finally, to start a new experiment the sensor surface 
is regenerated. During this phase, the ideal situation is that all bound analyte molecules 
are removed from the sensor surface without detaching the immobilized ligand. After the 
regeneration step, the signal returns back to initial baseline conditions (Figure 8E). Next 
analysis can be initiated where the interaction of a new analyte with the same immobilized 
ligand can be monitored.106, 107

Figure 8. Sensorgram of a typical SPR binding assay obtained by monitoring the shift in 
the SPR dip angle (inserts below the sensorgram) in time. The buffer is infused 
over the sensor chip with immobilized ligand [X] (A) to obtain a stable baseline 
shown as black line on the left; (B) injection of analyte [Y] and measurement of 
the association (increasing signal shown as orange curve) of the analyte to the 
immobilized ligand, resulting in formation of [XY] complex (the increasing signal 
in the sensorgram is observed as a result of increased mass on the surface); 
(C) steady-state or binding equilibrium is reached (the signal in the sensorgram 
stabilizes, shown as blue line). After the ligand injection is completed, the buffer 
is infused over the surface where (D) the dissociation of the analyte [Y] bound to 
the immobilized ligand [X] on the sensor is measured (now a reverse shift in the 
SPR signal is observed (red line), as a result of decreased mass on the surface); 
(E) regeneration step (the SPR signal will eventually return back to the initial 
baseline by finally infusing the initial buffer after the regeneration step).106
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The association rate gives information on the rate of the formation of the XY complex in 
time. The dissociation constant on the contrary, gives the rate of XY complex dissociation 
resulting in X and Y. The shift in SPR dip angle, recorded in the sensorgram, is proportional 
to the amount of complex formed (Figure 8B) or dissociated (Figure 8D). Figure 9 shows two 
sensorgrams representing two different superimposed interactions. Figure 9A shows a slow 
association rate and a fast dissociation rate, indicative of a low-affinity interaction. Figure 9B 
shows a relatively faster association rate with a relatively slower dissociation rate, which is 
characteristic for a higher affinity of the analyte.105, 108

Software packages such as Scrubber109, Clamp110, BIAevaluation111  , Trace Drawer112 enable 
rapid and automated analysis of sensorgram data to obtain the kinetic parameters Kd, ka 
and kD for each biomolecular interaction measured. Kinetic constants can be determined by 
fitting a sensorgram to a kinetic model using mathematical algorithms. The most commonly 
used models for protein interactions are:

- The 1:1 Langmuir binding model which is used when one ligand molecule interacts 
with one analyte molecule, assuming all binding sites are equivalent and independent 
of one another.

- The heterogeneous ligand model which is used when one analyte is able to interact 
with two independent ligands (or ligand sites).

- The two state/conformational change model which is used when an analyte binds 
to a ligand and forms an initial complex which can undergo subsequent binding, 
conformation changes or insertion to form a more stable complex.

- The bivalent interaction model which is used when one analyte molecule can bind 
to two identical and independent ligand molecules. Kinetic constants of intact 
antibodies interacting with immobilized antigen are commonly determined by this 
model113, and it is used for fitting data in this thesis.

Figure 9. Sensorgrams of two binding analytes. (A) an analyte with a low association and 
high dissociation rate; (B) an analyte with a fast association and low dissociation 
rate.
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Scope of the thesis
The possibilities of SPR as a real-time, label-free technique for sensing molecular interactions 
were initially explored by Pharmacia in 1980. The first successful affinity measurements based 
on SPR detection were carried out and published in the mid-1980s. Following this, Pharmacia 
further developed appropriate sensor surfaces, such as hydrogel surfaces, and fabrication of 
silicon microfluidic cartridges. After several years of research, making essential advances in 
SPR technology, sensor surface chemistry and flow cell fluidics development, eventually the 
first commercial SPR instrument was launched by Pharmacia Biosensors AB in 1990.52-54 The 
system was based on the Kretschmann configuration and was equipped with a microfluidic 
liquid handling system for sample introduction. In 1994, a more advanced SPR system was 
introduced equipped with a four-channel liquid handling system where one of the channels 
can be used as a reference channel for signal correction and the other three are used for 
sample measurement. Over the years many manufacturers and academic groups developed 
different SPR systems and configurations thereby advancing the SPR detection technology. For 
example, spectral measurement setups in SPR biosensing have been introduced by Homola 
et al. In this type of SPR biosensing, a Kretschmann configuration is used with p-polarized 
light from a halogen light source in combination with a spectrometer as a detector, where a 
shift in plasmon wavelength is monitored in time.114, 115 High throughput SPR imaging (iSPR) 
with multi-channel sensing systems, which enables multi-analyte measurements, is another 
advancement in SPR biosensing and was first described by Rothenhausler and Knoll.116, 117 
In these setups, a charge-coupled device (CCD) camera is used as a detector for real-time 
capturing of images resulting from illuminating the sensor chip surface. Shifts in SPR dip 
angle are monitored in time for pre-defined regions of interest (ROIs), where ligands are 
immobilized, and are then processed as multiplexed sensorgrams.90, 118-120 Another example 
of technical advancements in the field of SPR biosensing is the multi-angular scanning SPR 
system. This so-called multi-parametric surface plasmon resonance (MP-SPR) was introduced 
to the market in 2011 by BioNavis Ltd. It makes use of an angle-scanning light source aligned 
with an angle scanning detector component. This principle allows the measurement of a 
broad range of incident angles (between 39 to 78 degrees), allowing recording of full SPR 
curves. These are covering several regions of incident angle such as 1) TIR angle, providing 
information about the dielectric layer as well as the bulk solution, 2) the peak minimum 
angle and 3) the peak minimum intensity, utilized for monitoring the changes in the refractive 
index near the sensor chip surface.121 This thesis reports on method development for and 
hardware improvements of angular-scanning SPR by introducing hyphenation (coupling to 
liquid chromatography (LC)) and hardware improvements of angular-scanning SPR using 
variable wavelengths and multiplexing utilities.
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One of the major drawbacks of SPR detection is that it cannot distinguish the affinity of the 
individual binding components present in the sample. Combining analytical separation with 
SPR is an option to circumvent this limitation. Chapter 2 describes the hyphenation of size 
exclusion chromatography (SEC) to SPR, allowing affinity assessment of individual binders 
in the sample. Until now, online LC-SPR has been used for monitoring weak affinity or non-
specific interactions. In this thesis, LC-SPR was explored for probing high-affinity interaction 
of separated proteins with target compounds. In this chapter, analytes were separated by 
SEC followed by UV detection for assessing their concentration and online SPR biosensing 
for measuring the interactions of individual analytes with an immobilized ligand on the 
sensor surface. Human serum albumin (HSA) and a polyclonal anti-HSA antibody were used 
as a model system for optimization. The affinity of individual separated sample components 
toward the immobilized ligand was monitored by performing heart-cutting, using external 
switching valves. In addition, papain digested antibody was used as a test sample to monitor 
the binding of antibody fragments after incubation for different time points.
Chapter 3 describes the evaluation of LC-SPR in the area of profiling biopharmaceutical 
preparations. Biopharmaceutical antibodies may contain aggregates and degradation 
products due to manufacturing, formulation and storage conditions. Monitoring the affinity 
of these minor components toward the antigen is challenging due to their low concentration. 
Online LC-SPR was studied as a potential method for analyzing the affinity of individual 
sample constituents. For this, preparations of the monoclonal antibody (mAb) trastuzumab 
and its antibody-drug conjugate (ADC) T-DM1 were used to monitor their affinity toward the 
human epidermal growth factor receptor 2 (HER2), immobilized on the sensor chip. First, 
SEC-SPR was used for affinity monitoring of separated size variants (aggregates) before and 
after exposing the antibodies to stress conditions for generation of higher concentrations of 
aggregates. SEC-SPR allowed the comparison of affinity of antibody aggregates and antibody 
monomers in the sample. Furthermore, cation exchange chromatography (CEX) was coupled 
to SPR and the system was evaluated by monitoring the affinity of individual charge variants 
present in the mAb sample. Finally, SEC-SPR with parallel mass spectrometric (MS) detection 
was investigated, integrating sample structural characterization and affinity monitoring using 
mAb and ADC samples. 
Another current limitation in SPR biosensing is the lack of choice of excitation wavelength 
in most available SPR instruments. The possibility of selecting the appropriate wavelength 
to achieve optimal SPR analysis for different sensor materials would be an advantage. A 
multi-wavelength angle-scanning Kretschmann configuration SPR device is introduced in 
Chapter 4, allowing to tune the wavelength towards an optimum based on sensor chip metal 
material and on sample properties. The system was designed and developed in-house by 
changing the light source of a multi-parametric BioNavis SPR instrument. Light from a white 
light source was polarized and directed through a monochromator from a spectrophotometer 
for wavelength selection, and optical lenses for focusing toward the SPR sensor surface were 
employed. The intensity of the reflected light was then monitored at variable angles. The 
system was evaluated by monitoring the resulting SPR curves for different sensor materials 
exposed to air and aqueous media at wavelengths ranging from 500-890 nm. Polyelectrolyte 
multilayer adsorption on the sensor of several sensor materials was used for evaluation of 
the SPR curve width, resonance angle shift, the angular detection window, signal to noise 
ratio and sensitivity of the analysis at several wavelengths. Furthermore, HSA and anti-HSA 
were used as a model system for an evaluation of its potential as biosensor applying 890 nm 
wavelength and an aluminum oxide coated gold sensor.
Assessing multiple samples simultaneously is a way to increase throughput in SPR biosensing. 
As previously mentioned, several iSPR setups have been developed of which some are 
commercially available. Still, the currently available iSPR systems do not allow angular scanning 
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over a wide range (only up to 8 degrees). Chapter 5 introduces multiplexing possibilities to an 
angle-scanning SPR instrument based on the Kretschmann configuration. For this, a laser line 
generator, stretching the narrow laser beam to a uniform light line, is incorporated. A CCD 
camera is used as a detector, enabling the detection of the reflected light from multiple ROIs 
in angle scanning mode, providing full SPR curves in time for each ROI. This new technique 
was tested employing two different flow cell configurations: 1) a six-channel flow cell allowing 
parallel analysis of samples (e.g. different samples or different concentrations of the same 
sample), and 2) a single-channel flow cell in which different immobilized ligands (up to sixteen 
in this study) are positioned as ROIs in a row. The performance of the new multiplexed SPR 
system was first evaluated by simultaneous monitoring of multiple full SPR curves derived 
from measurements on a sensor surface exposed to air, water, ethanol and different protein 
concentrations. Then, multiplexed SPR detection of polyelectrolyte adsorption on the 
gold sensor was studied. Additionally, protein adsorption to layers of polyelectrolytes was 
evaluated. In order to study the usefulness of the new system for probing antibody-protein 
interactions in a multiplexed fashion. Several target proteins were immobilized on different 
positions along the sensor, and the binding of various antibodies to these proteins was 
monitored by performing direct and competitive assays. 
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