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1. Introduction and aim of the thesis 
 

The vascular development in an organism comprises two main processes: vasculogenesis, which 

involves the formation of blood vessels from endothelial cells derived from precursor cells such as 

hemangioblasts and angioblasts. This process results in the formation of a primitive, poorly 

differentiated primary vascular plexus. The second process, angiogenesis, involves the growth, 

sprouting, and remodeling of this initial tubular network to establish a mature vascular system.1,2 This 

system provides its surrounding environment the continuous supply with nutrients and oxygen as well 

as the ability for the transportation of hormones to coordinate physiologic responses and to enable 

cell-cell communication. Its formation is mediated by the so called Vascular endothelial growth factor 

(VEGF), which was discovered in the 1980s by three independent research groups.  

Further characterization experiments have demonstrated that it is potentially angiogenic and mitogen 

specific, when interacting with endothelial cells; it promotes their growth, migration, and survival as 

well as it regulates blood vessel permeability and vasodilation.3 Ferrara et al. showed the necessity of 

VEGF as a central regulator of vasculogenesis, by using a technique of targeted gene disruption in mice. 

They revealed that only precise VEGF concentration gradients lead to a normal development of the 

embryo whereas aberrations directly lead to an abnormal angiogenic behavior.4  

Although this remarkable system is designed to supply the organism, tumors exploit it by taking 

advantage of the angiogenesis to satisfy their own nutritional requirements and to create a pathway 

for metastasizing to other tissues by destabilizing the walls of mature blood vessels. Figure 1 shows 

the formation of the vascular system and the subsequent sprouting of angiogenesis. 

However, the reason why research started to focus on the investigation of VEGF and its role in 

facilitating or inhibiting angiogenesis derived from the fact that it has been associated with several 

pathologies such as atherosclerosis5, diabetic retinopathy6,7, amyotrophic lateral sclerosis (ALS)8, 

arthritis, cardiovascular disease and most prominently malignant cell growth i.e. tumor growth.9,10 

 

Figure 1:(a) The vascular system originates from mesodermal cells. Those differentiate in angioblasts and hemangioblasts 
and form a primary vascular plexus. In the case of embryonic vasculogenesis, the blood vessels within the vascular plexus 

develop arterial (red) and venous (blue) characteristics along an arterial-capillary-venous axis. In comparison during 
extraembryonic vasculogenesis the yolk sac vasculature is built. (b) In the process of angiogenesis, new blood vessels form 
through sprouting from an existing vascular network. This sprouting is initiated by a leading tip cell in response to vascular 

endothelial growth factor (VEGF) and its receptors, VEGFR. Following the tip cell, stalk cells develop to form the lumen of the 
newly sprouting vessel. 11 



8 
 

Thus, VEGF within the blood stream can yield information on health status of an individual, i.e. it acts 

as a biomarker. For that reason, this thesis focused on developing a sensor to detect VEGF via two 

approaches.  

The first approach aimed at analyzing VEGF directly via Surface Plasmon Resonance (SPR) by 

sandwiching the analyte via an Enzyme Linked Immunosorbent Assay. The second approach relied on 

direct detection of a particular VEGF epitope sequence and its complementary MIPs via QCM. The MIPs 

were synthesized to match the epitope sequence.  

A first goal for the first approach included finding a matching capture antibody - antigen-pair. 

Moreover, it was necessary to optimize the detection antibody concentration, in order to avoid too 

high signals from unspecific binding. The next step was to establish a titration curve to figure out the 

concentrations of VEGF in unknown samples. The steps comprised of finding a suitable regeneration 

solution, followed by control experiments regarding the selectivity of the system as well as the 

influence of other serum components on the system. 

The goal for the second approach was to establish a system to detect a VEGF epitope via tailormade 

nanoMIPs. These MIPs were used on a QCM and have the potential to be also implemented in SPR-

based sensing in the future. For that reason, two different mixtures of MIPs were synthesized. As a 

starting point the VEGF epitope template was immobilized on a solid phase followed by the nanoMIP 

polymerization based on the work of Canfarotta et al.12 It was tested if the template, after being flown 

over the cell, attach the QCM surface. Moreover, nanoMIPs were tested for their ability to bind to 

VEGF. To create the interface, different concentrations were tested, to check their influence on the 

system. 

2. Background and importance 
 

2.1 Vascular endothelial growth factor (VEGF) 
VEGF is part of a gene family of cysteine cross-linked homodimeric growth factors, which are divided 
in VEGF- A, -B, -C, -D, orf proteins referred to as VEGF-E, placenta growth factor (PlGF) and VEGF-F 
derived from a series of snake venoms. Figure 2 displays most of the family members, except VEGF-F, 
and the receptors they are binding to. 
 
The mRNA transcript emanating from the gene encoding VEGF, also designated as VEGF-A, includes 8 

exons which lead to the following five different isoforms after alternative splicing: VEGF121 , VEGF145, 

VEGF165, VEGF189  and VEGF206 . The index indicates that these peptides can chemically be differentiated 

based on their number of amino acids. The inclusion of exon 6 and 7 is the factor that sets them apart 

from each other by providing the ability to bind extracellular heparin, heparan-sulfate proteoglycans 

and neuropilin-1 co-receptor.13  

Within those isoforms, VEGF165 is widely considered to have the potency to enhance vascular 

permeability and to act as the predominant regulator of physiological and pathological angiogenesis. 

It induces proliferation, migration and survival in endothelial cells due to its interaction with several 

receptors such as VEGFR-1 and -2 as well as neuropilin-1 co-receptor. It has the ability to bind to 

heparin, which allows 50-70% of its isoform to remain associated to cells and the extracellular matrix 

to regulate the bioavailability. Figure 2 depicts the crystal structure of VEGF-A in complex with one of 

its receptors, VEGFR-1. 

VEGF family members, PlGF and VEGF-B, have been demonstrated to be non-essential during 
embryogenesis, however in pathological conditions PlGF synergize with VEGF-A by contributing to 
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angiogenesis. The expression of VEGF-C occurs within embryogenesis, whereas VEGF-D is only 
expressed during adult stages after birth. VEGF-E is a gene product, inducing angiogenesis at sites of 
infection on the skin, occurring in the orf virus. It infects especially sheep and goats but also human 
beings. VEGF-F, derived from T. flavoviridis snake venom bears strong vascular permeability activity. 
Interestingly, this protein is sequestered in the venom tissue, suggesting that the increase of vascular 
permeability is not desired within the snake body itself, but rather promoting vascular permeability 
within targeted animals.14 
 

 

Figure 2: (Left) Crystal Structure of the VEGFR-1 extracellular domain in complex with VEGF-A. The chains of the VEGF-A 
homodimer are depicted in grey and light blue whereas the VEGFR-1 D1-D6 chains are in deep blue and magenta.15 (Right) 
VEGF family members and the receptors they’re binding to.16 

2.1.1 Clinical significance of VEGF-A 
The increase of the amount of VEGF-A in body fluids has been shown to correlate with many types of 

tumors including carcinomas of the breast, kidney, colon, brain, ovary, cervix, thyroid, bladder, 

esophagus, and prostate, and in osteoid and soft tissue sarcomas and pediatric tumors. For that 

reason, it is clear that it is desirable to establish a routine for monitoring its amount in body fluids. This 

is especially interesting for patients being either predestinated for getting cancer, or those being 

already in therapy, to monitor the corresponding tumor response.16 

Yamamoto et al. used a sensitive enzymatic immunoassay to determine the levels of circulating VEGF-

A concentrations within sera of cancer patients and healthy individuals. They demonstrated that the 

VEGF concentration within the sera of cancer patients showed abnormal increase compared to those 

of healthy participants. Overall, the study included almost 300 cancer patients, of which more than 

half where related to breast followed by gastric, hepatobiliary, pancreas, colorectal, lung and 

esophageal. The mean concentration of VEGF-A within healthy controls was determined to be 

77 pg/mL whereas in comparison the highest level was 833.3 pg/mL in gastric cancer patients with 

peritoneal metastases. Figure 3 (left) shows the circulating levels of VEGF-A in sera of controls as well 

as cancer patients. Moreover, it has been shown that after breast cancer, the levels of VEGF decreased, 

as can be seen in Figure 3 (right).17 
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Figure 3: (left) Circulating levels of VEGF in sera in cancer patients and healthy individuals. (right) Serum VEGF levels of 
breast cancer patients before and after operation.17 

For that reason, VEGF is used as a biomarker indicating regression, increased growth, recurrence, or 

metastatic spread in individual patients. 

Although measuring VEGF-A in body fluids is more convenient compared to tumor homogenates, it 

has been demonstrated that the levels of VEGF-A can differ between blood serum and blood plasma 

from the same individuals. For example, VEGF-A is also released from platelets and leukocytes during 

blood clotting. In serum there was a 6 times higher amount measured compared to that of plasma. 

This leads to the insight that the amount of VEGF-A being measured is not necessarily only associated 

with tumors.16 

 

2.2 (Bio-)sensors 
To track and visualize physicochemical changes, which are hidden within the invisible world of 

microcosm, a device, termed (bio-)sensor, is used to convert a chemical change into an adequate 

signal. By taking advantage of its inherent, physical, measurable characteristics it helps to make 

objective statements about its current state. Alterations within the system lead directly to changes in 

the output. 

A sensor, Figure 4, comprises of three parts including a sensitive layer, a transducer, and a detection 

unit. The first serves as a platform where physical or chemical interaction with the analyte occur. In 

case of a biosensor enzymes, antibodies or a (biomimetic) receptor are used to recognize specifically 

the analyte of interest by noncovalent interactions, leading to a certain change of chemical/physical 

properties. To extract a response, as a result of recognition, a stimulus is needed whose inherent 

characteristics change, depending on the physicochemical changes occurring during recognition. A 

transducer, then, assesses those changes and converts them into a measurable signal which can 

further be read out by a signal processing element.18  

 

 

Figure 4: Schematic illustrating the fundamental components of a chemical sensor.19  
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2.2.1 Bio-interface and bioconjugation techniques 
To detect the biomolecule of interest, a (bio-)interface is first needed to attach the recognition 

element. For this purpose, a common approach is to submerge a gold - or silver - coated surface into 

a thiol solution to generate self-assembled monolayers (SAM). Since the interaction between a noble 

metal and thiol-groups is very strong, this method offers an easy way to attach the recognition element 

on terminal hydroxy or carboxy functionalized thiol-alkane chains, which can be seen in Figure 5. 

Another approach to conjugate the analyte is achieved by modifying the surface with avidin, 

streptavidin or neutravidin molecules. For this purpose, the analyte must carry at least one biotin 

residue, to ensure binding between one of the three analogues and biotin.20 

 

Figure 5: An illustrative representation of a conventional self-assembled monolayer (SAM) formed by an alkanethiol 
derivative on a metal surface. Adapted from21. 

2.2.2 Self-assembled molecules 
Since metal substrates such as gold and silver tend to adsorb proteins and other molecules, leading to 

loss of bioactivity, it is crucially important to avoid unspecific binding on the noble metal surface. Thus 

self-assembled monolayers minimize irrelevant signals deriving from unspecific binding and 

additionally allow for immobilizing functional groups. These form a linker that the analyte can attach 

to or be derivatized for further surface modifications, as mentioned previously.22  

2.2.3 Avidin, Streptavidin and Neutravidin 
The three proteins Avidin, Streptavidin and Neutravidin are structural and functional analogues 

exhibiting high binding affinity towards biotin. Avidin and Streptavidin occur naturally, whereas 

neutravidin is a chemically modified version of avidin lacking its glycosylation. Even if those three 

proteins share high affinity to biotin and have a similar tetramer structure, they differ physically and 

chemically. The high pI of avidin at physiological pH (pI ~ 10) makes it less attractive in some assays. It 

shows enhanced non-specific binding to negatively charged molecules and surfaces, such as silica and 

cell membranes. In contrast, the nearly neutral charge of neutravidin prevents it from those 

undesirable interactions. Moreover, the neutravidin-biotin interaction is often preferred over the 

streptavidin-biotin one since it shows higher positive cooperativity.23 Furthermore, Neutravidin is 

more stable at high pH than streptavidin. It also shows higher resistance against denaturants, which is 

especially important in assays demanding harsh conditions.24 Figure 6 shows the ribbon diagram of 

neutravidin , as well as its conformation, when carrying two biotin molecules in its pockets.25 
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Figure 6: (a) Tetrameric structure of neutravidin. (b) Tetrameric structure of neutravidin bound to two biotin molecules. (c) 
Chemical structure of a biotin molecule also known as vitamin B7. 25 

 

2.3 Molecularly imprinted polymers (MIPs)  
The term molecularly imprinted polymers refers to the template-assisted synthesis of biomimetics. 

This technique allows for producing polymers exhibiting high affinity towards a chosen template 

molecule by copolymerizing monomers and crosslinkers in the presence of a target analyte. After 

polymerization is completed, the template is extracted; the remaining material contains 

complementary cavities being ready for rebinding ( 

Figure 7). 

For that reason, MIPs act as artificial antibodies by displaying high affinity and specificity for the targets 

used during synthesis. Due to their molecular structure i.e., being polymers, MIPs show some 

advantages compared to their natural counterparts, including resistance against extreme pH, 

temperature, tolerance to solvents, robustness, and processability. 

Replacing antibodies by MIPs seems to be a promising way to overcome the difficulties antibodies 

implicate. Nevertheless, during the polymerization process an antigen is exposed to conditions, i.e. 

temperature, solvents, concentration of monomers, pH change etc., which make it difficult to keep its 

innate folding intact. For that reason, it is very challenging to imprint proteins, nucleic acids, viruses, 

bacteria or cells. In contrast the imprinting of small molecules has been investigated and there are 

protocols existing which allow their reliable synthesis. 26 

 

 

Figure 7:Synthesis of molecularly imprinted polymers. Adopted from 27. 
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2.3.1 Epitope imprinting 
Studies about protein-protein interactions revealed that only a defined part of the protein surface is 

involved in recognition and binding28,29. For that reason, it is remarkable that the resulting interaction 

appears to be strong enough for achieving dissociation constants in the picomolar range. Such strong 

binding results from non-covalent interactions such as electrostatic interactions, hydrogen bonds and 

Van der Waals forces. Surprisingly, antibody-antigen binding relies mainly on the additivity of 

hydrophobic interactions and π-π stacking. Moreover, the areas, where hydrophobic interactions are 

active create a water-free environment characterized by low dielectric constants. Those lead to a 

strong driving force to keep the proteins even more strongly bound. Based on these findings, Rachkov 

suggested the idea of epitope imprinting in 1999.30 Instead of imprinting the whole sequence of an 

antigen it’s sufficient to imprint only that fragment that is actually involved in the binding process - the 

epitope. 

However, it is crucial that the conformation of the epitope remains stable throughout the MIP 

synthesis. Any conformational change of the epitope can hinder its binding to its target, as the folded 

state of a protein or an epitope is vital for successful binding. For that reason, it is necessary to have a 

closer look on the structure of the natural epitope. They can be found in turns and loops of the protein 

structure, either in a conformational manner, or in a continuous or discontinuous manner. The latter 

emanates from the natural 3D structure of a protein, which leads to epitopes consisting of amino acids 

not being direct neighbors. For the imprinting process the continuous sequence of amino acids suits 

better, compared to the discontinuous one.  

Moreover, the sequence should feature at least 5 amino acids and at most 30. Other characteristics 

the ideal epitope-template should offer are: resistance against polymerization conditions as well as its 

easy synthesis to reduce costs. 

It is worth mentioning that each kind of epitope requires adjusting the imprinting process. The position 

and the configuration of continuous epitopes within a protein play an important role during selection. 

Figure 8 shows the different ways an epitope appears, including terminal- and internal- peptides. 

Moreover, the epitopes can be part of the secondary structure a protein exhibits such as α-helix or a 

β-strand.  

Finally, when planning to imprint an epitope, its orientation has to be taken into account, since 

rebinding is only possible when the cavities in the MIP fit to its target. Apart from epitope placement 

and structure it should bear a signature of its parental’s protein, ensuring selectivity of the binding 

site.26 

 

Figure 8: (A) Epitopes appearing terminal or internal within a protein. (B) The epitopes are part of the secondary structure of 
its protein. (C) The accessibility of the epitopes might be covered due to its structure. 26 
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2.3.2 Strategies for imprinting epitopes 
As mentioned above, the structural differences in epitopes require different protocols to enable their 

imprinting. The following paragraphs introduce three different methods for either linear or structured 

epitopes. 

The “In solution” method enables imprinting of the epitope in a straightforward way, where the 

template peptide as well as the monomers and the crosslinker are all brought together, and the 

polymerization takes place. Although this method is easy to perform, the lack to control the stamping 

process leads to undesirable, heterogeneous binding sites.  

Titirici et al. 31was the first group proposing a concept in which the epitope is immobilized on a solid 

support, leading to directional imprinted binding sites. However, this method requires coupling 

chemistry to immobilize the epitope as well as adapting the MIP synthetic protocol to the coupling 

steps. 

The third strategy combines both, but considers the fact that proteins are surrounded by many other 

molecules in their natural environment. Thus, an epitope does not only occur with a directional 

organization but also with a stereochemical one. For that reason, this strategy aims to imprint 

conformations of artificially synthesized linear epitopes to mimic the native conformational epitope by 

inducing a helix structure.26 

 

2.3.4 Selecting the VEGF-A epitope template 
To generate MIPs showing high affinity to VEGF, it is crucial to select an appropriate amino acid 

sequence. For this purpose, the present thesis has relied on the structural and functional studies of 

the receptor binding domain of VEGF based on the work of Muller et al. 32,33 which identified the 8-109 

fragment to be involved in binding to its receptors VEGFR1 and VEGFR2. As already mentioned above, 

the ideal epitope should consist of at least 30 amino acids. For that reason, the work of Fuh et al.34 was 

helpful to choose a sequence being a promising candidate for the synthesis of MIPs with high binding 

affinity to VEGF. They investigated three antibodies which are compatible to VEGF. Furthermore, they 

carried out extensive alanine-scanning mutagenesis to identify those amino acids that are 

unconditionally necessary for binding. Among others, they used the monoclonal antibody A4.6.1 

originating from hybridoma technology when immunizing mice with human VEGF35, whereas the two 

other antibodies, named G6 and B20-4, derived from a synthetic antibody library 36. 
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Figure 9 displays the relative affinities (EC50) 
toward those antibodies and VEGFs receptors 
after mutating selected residues of the 8-109 
fragment of VEGF to alanine (ala mut). The 
residues being selected in this study are all 
surface exposed with those in the top half 
emanating from one VEGF monomer and those 
in the lower half originating from the second 
monomer to form one pole of the VEGF dimer. 
Moreover, the crystal structure of VEGF in 
complex with B20-4-Fab as well as the structure 
of G6-Fab were used to identify those 
determinants being responsible for high affinity 
binding. Finally, they demonstrated that the 
original VEGF receptor VEGFR1 binds at the 
similar hotspot as the synthetic antibodies do.34 
 
Since the exchange to alanine of most of the 
residues in the fragment 17-25 led to severe loss 
in binding affinity we concluded them to be the 
mainly responsible ones for binding. For that 
reason, we decided to imprint an epitope with 
the sequence H-KFMDVYQRSYC-OH. The chosen 
epitope allows for selective immobilization 
either via cysteine (aa 26 – SH group) or lysine 
(aa 16 – NH2 group), while the core motif remains 
unchanged for the imprinting process. Figure 10 
shows a representation of a α-helix structure 
with an amino- and thiol residue. 
 
  

Figure 9: Relative affinities of VEGF towards the synthetic antibodies G6 and B20-4 as well as the monoclonal antibody A4.6.1 
and the VEGF receptors VEGFR1 and VEGFR2. If the values of the relative affinities are >1 the binding is reduced when 
compared to the VEGF wild type. Values >4 are highlighted yellow, >10 orange and >20 red. Those amino acids being 
highlighted in green differ between human and murine VEGF, whereas the letters in the superscripts correspond to the 
sequence in mouse. 34 

 

Figure 10: Representation of a α-helix structure with amino- and thiol residue. Adopted from 37. 

2.4 Transducers 
Depending on the characteristic to be measured there are different transducers. Within an optical 

sensor the transducer measures a change in either the amplitude, phase, frequency, or polarization of 

light. In contrast, to measure changes in mass, an electrical signal of a specific frequency is required, 

which causes a quartz crystal to vibrate.38 Finally, the determination of glucose in blood represents an 

example of electrochemical sensors. Changes of the current are measured and transduced into an 

electrochemical signal.39 
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2.4.1 Surface plasmon resonance (SPR) 
The principle of SPR was first documented by Wood et al., who observed a new phenomenon regarding 

diffraction of light.40 Biomolecular interactions cause changes in the refractive index on the layer of a 

metal surface. The SPR instrument detects those changes by means of the polarized laser light. It is 

directed towards the metal surface, and its reflection varies depending on the refractive index of the 

solution flowing over the metal surface. Finally, any successful binding event provokes a shift in the 

angle of the reflected light whose magnitude is proportional to the amount of binding that has 

occurred. For that reason, SPR is a very valuable tool to study and understand the mechanisms 

occurring between proteins, proteins and ligands as well as between antibodies and their 

corresponding antigens. Moreover, SPR has become many attention in the field of drug discovery and 

diagnostics since it is an extremely sensitive technique, enabling the detection of molecules at 

concentrations as low as picomolar in real-time.22 

2.4.1.1 Refraction of light 

To describe the optical density a medium has, the refractive index n is used. It is the ratio of the velocity 

of light c in vacuum, to the velocity v of a medium a wave is propagating through. 

𝑛 =
𝑐

𝑣
 

Equation 1: The refractive index is described as the velocity of light in vacuum divided by the velocity the light is going 
through a medium. 

When a ray of light is traveling from a denser medium n1 towards a less dense one n2, it can be either 

refracted or reflected depending on the angle of incidence θ, as can be seen in Figure 11. There are 

three options of how the ray of light behaves: it can be refracted θ1< θc,,travel along the interface  

θ1= θc  or it can be total internal reflected θ1> θc. Snell’s law, Equation 2, explains this correlation 

between angles and indices of refraction.41 

𝑛1𝑠𝑖𝑛θ1 = 𝑛2𝑠𝑖𝑛θ2 

Equation 2: Snell‘s law 41 

 

Figure 11: When the index of refraction decreases after a ray of light travels from one medium into another, the ray can be 
a.) refracted θ1< θc, , b.) travel along the interface θ1= θc , or c.) total internal reflected θ1> θc . Adopted from 41. 
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2.4.1.2 Surface plasmons and their excitation by light 

Surface plasmon waves (SPW) are collective oscillations of electrons propagating along a metal-

dielectric interface, which are accompanied by an electric field that decays exponentially in metal as 

well as in the dielectric medium (Figure 12). The entity of those oscillations is termed surface plasmon.  

 

Figure 12: Schematic drawing of the electromagnetic field generated by surface plasmons. Adopted from 42. 

To excite surface plasmons, one needs a transverse magnetic field or p-polarized light. The energy and 

the momentum of both, the incident light and the SPW, needs to be in resonance, which is also referred 

to as surface plasmon resonance condition. The propagation constant (KS) of the light wave 

propagating through the dielectric medium is given by Equation 3. Equation 4 explains the propagation 

constant of the surface plasmon wave along the metal-dielectric interface. εm and εs are the dielectric 

constants of metal and dielectric medium, 𝜔 is the frequency of incident light and c is the velocity of 

light. 

𝐾𝑆 = 
𝜔

𝑐
√ɛ𝑆     𝐾𝑆𝑃  =

𝜔

𝑐
(

ɛ𝑚 ɛ𝑆

ɛ𝑚+ɛ𝑆
) 1/2 

Equation 3: Propagation constant of a light wave. Equation 4: Propagation constant of a surface plasmon wave. 

To fullfill the SPR condition 𝐾𝑆𝑃 has to be equal to 𝐾𝑆. For that reason, a prism with high dielectric 

constant is used. As mentioned above, the way, incident light returns out of a prism depends on the 

angle of incidence. When total internal reflection occurs the incident light penetrates the medium with 

lower refractive index leading to attenuated total reflection (ATR). Thus, an evanescent field occur 

within the medium with lower refractive index. The corresponding evanescent wave propagates along 

the interface and its amplitude decays exponentially with distance from the interface in the less dense 

medium.  

The evanescent wave propagation constant is given by Equation 5, where ɛ𝑝 denotes the dielectric 

constant of the prism and θ the angle of light incidence. Using a prism with higher dielectric constant 

leads to higher propagation constant of the evanescent wave. This can be made equal to propagation 

constant of the surface plasmon wave to satisfy the surface plasmon resonance condition (Equation 

6). 

𝐾𝑒𝑣 = 
𝜔

𝑐
√ɛ𝑝sin θ    

𝜔

𝑐
√ɛ𝑝sin 𝜃𝑟𝑒𝑠 = 

𝜔

𝑐
(

ɛ𝑚 ɛ𝑆

ɛ𝑚+ɛ𝑆
) ½ 

Equation 5: Propagation constant of an evanescent wave.  Equation 6: Condition for surface plasmon resonance. 

It was Otto et al. who firstly proposed to couple the metal with a prism. However, his configuration is 
difficult to control, since the dielectric is between the metal film and the prism. For that reason, the 
method of Kretschmann is prevailed. Kretschmann developed a configuration (Figure 13) in which the 
prism is coated with a thin metal layer, usually gold or silver (typically around 50 nm). That is in direct 
contact with the medium of lower refractive index, facilitating the generation of the evanescent wave 
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at the prism-metal interface. To excite surface plasmons the light needs to enter with a specific 
wavelength at a particular angle θres, thus fulfilling the SPR condition by matching the wave vectors of 
both, surface plasmon wave and evanescent wave.  
 

 
Figure 13: (left) Otto and (right) Kretschmann configuration of the attenuated total reflection method for the excitation of 

surface plasmons. Adopted from 42. 

When surface plasmons absorb the incident light, this reduces the intensity of the reflected light. 

Figure 14 shows the intensity of the reflected light as a function of the angle of incidence θ at a specific 

wavelength. The angle of incidence leading to minimum transmission is called the resonance angle, 

which can be observed as a sharp dip in the diagram.   

  
Figure 14: Intensity of reflected light depending 

on the angle of incidence θ.43 
Figure 15: Changes in refractive index lead to a change in the angle of 

incidence to be needed to enable SPR condition43 

 
The resonance angle depends on several parameters, as can be seen in Equation 6. When performing 

a SPR experiment, the refractive index n of the dielectric medium changes upon binding of analytes. 

This shifts the respective resonance angle. Figure 15 shows the corresponding shift occurring after the 

attachment of an analyte. Hence, a SPR sensor allows for assessing changes in refractive index (RI) of 

the medium at the SPR sensing surface. The signal of the physicochemical binding event is thus 

converted into a signal, namely a change in resonance angle.43 

Since SPR sensors are very sensitive to changes in RI (approx. 106 nm/RIU), SPR responses are 

frequently recorded as a shift in RIU.40 Depending on the respective measuring signal the SPR sensors 

are classified as sensors with angular, wavelength, intensity, phase, or polarization modulation. 
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2.4.1.3 Direct sandwich enzyme-linked immunosorbent assay (ELISA) combined with Surface Plasmon 

Resonance (SPR) 

A direct sandwich enzyme-linked immunosorbent assay is used to detect and quantify the amount of 

an antigen in a sample of interest. The term sandwich refers to the nature of the assay, where the 

antigen is sandwiched between two antibodies, as can be seen in Figure 16. To detect the target of 

interest i.e., the antigen, it is crucial to use antibody pairs. The primary antibody, also called capture 

antibody is immobilized in a first step on a solid surface. The antigen is then added to bind to it via its 

epitope followed by an incubation period. In the final step a detection antibody is added, which has to 

bind to another sequence of the antigen, to complete the sandwich. The following detection depends 

on the label of the detection antibody. When being labeled with an enzyme, the addition of a 

corresponding substrate is necessary to provoke either a colorimetric or a fluorescent reaction. In 

comparison, labeling with a fluorophore is more convenient, because the emitted light can be detected 

directly and is proportional to the amount of antigen. This makes it possible to calibrate the respective 

sensor in a rather straightforward manner.44 However, it is also possible to use SPR to detect binding 

events in ELISA. 

 

Figure 16: Direct Sandwich ELISA. Firstly the primary antibody captures the antigen, followed by the addition of the 
secondary antibody which carries a label, for example a fluorophore, enabling the detection.45 

 

2.4.2 Quartz Crystal Microbalance (QCM) 
A QCM is a transducer converting mass changes on its electrode surfaces into frequency changes and, 

this, into a measurable signal. It usually relies on a thin, monocrystalline, AT-cut quartz crystal. 

Monocrystalline SiO2 in its α-modification contains a polar axis. Due to this characteristic, deformation 

occur when being exposed to mechanical stress or pressure. The shifted positive and negative charge 

centers do not compensate each other, resulting in a macroscopic dipole, namely surface charge. 

Conversely, the quartz crystal can also experience mechanical deformation when being subjected to 

an electric field. This feature can be harnessed to observe molecular interactions in real-time by 

applying an alternating electric voltage to the quartz crystal. The crystal then vibrates with a natural 

resonant frequency which changes when molecules or mass is added. This results in a shift of the 

frequency which can be detected and quantified. Equation 7 gives the relation between the change in 

frequency and change in mass. The phenomenon of the duality between mechanical and electrical 

responses in certain materials is called the piezoelectric effect.38,46 

∆𝑓 =  −
2𝑓0

2∆𝑚

𝐴√𝜌𝑞µ𝑞

 

Equation 7: Sauerbrey Equation. ∆f… Frequency change [Hz], ∆m… Mass change [g], ρq… Density of the quartz [g/cm3], A… 
Cross-sectional area of the crystal [cm2], f0… Resonant frequency [Hz], µq… Shear modulus of the quartz [g/cm s2] 
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Figure 17 depicts the QCM sensor which is constructed AT-cut using quartz crystals with integrated 

metal electrodes as its primary material. To facilitate the detection of the target analyte, a responsive 

coating material is applied to the sensor surface. Additionally, an electronic circuit is essential for 

converting the measured quantity into an electrical signal. 

 

Figure 17: Fundamental operating principle of the Quartz Crystal Microbalance (QCM) sensor.47 

3. Experimental 
 

3.1 Materials 
The following tables summarize a list of the chemicals and materials used for the experiments in this 

thesis. 

Analyte immobilization 

Chemicals Supplier 

Silica gel 60 (63-200 µm, 70-230 mesh) Merck 

NaOH Emsure 

3-Aminopropyl)triethoxysilane (APTES) Sigma Aldrich 

Glutaraldehyde (50%) Amresco 

PBS-buffer (NaCl, KCl, Na2HPO4, KH2PO4, DI H2O), 
pH 7.4 

See below 

NaCl AppliChem 

KCl VWR 

Na2HPO4 Emsure 

KH2PO4 Merck 

H-KFMDVYQRSYC-OH Peptides & Elephants 

Anhydrous toluene Sigma Aldrich 

Materials 

Reflux condenser 

Oil bath (105°C) 

Round bottom flask 

Magnetic stirrer 

Vacuum pump 

Sintered disc filter funnel (type 1) 

15 mL Falcon Tubes 

Rotator Revolver 
Table 1: List of chemicals and materials for analyte immobilization. 
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NanoMIP Polymerization 

Chemicals Supplier 

Functionalized silica gel from previous step - 

Argon Messer 

BIS  Alfa Aesar 

NIPAm, 97 % Alfa Aesar 

AA  Merck 

APS, 98% extra pure Acros Organics 

TEMED  Alfa Aesar 

Double distilled water (MQ water) Milli Q 

EtOH Fisher Scientific 

Materials 

Polymerization vial (15 mL, sealable glass vial) 

Needle: ɸ 0.90 x 50 mm for Ar purging 

SPE-cartridge with 100 µm PE porosity frit 

Water bath (65°C) 

Thermostat  

Heating plate  

Ice bath (0°C) 

Ultrasonication bath  
Table 2: List of chemicals and materials for NanoMIP polymerization. 

QCM functionalization 

Chemicals Supplier 

EtOH abs. Fisher Scientific 

Cysteamine Tokyo Chemical Industry (TCI) 

Butanethiol Sigma Aldrich 

Human Serum Albumine Sigma Aldrich 

Materials 

Quartz blanks: Freq.: 10000 ± 30 kHz, Dia.: ɸ 13.8 + 0 /- 0.05 mm, Bevel: R 60 mm; 0.5-0.6 mm 

Disposable syringe, 1mL, non-sterile, PP 

Needle: ɸ 0.90 x 50 mm 

Small petri dishes 

Plasma cleaner 

Pasteur pipette 
Table 3: List of chemicals and materials for QCM functionalization. 

 

On-chip kinetic measurements 

Chemicals Supplier 

PBS (NaCl, KCl, Na2HPO4, KH2PO4, DI H2O), pH 7.4 VWR 

Tween Sigma Aldrich 

Neutravidin Fisher Scientific 

Human VEGF-165 Recombinant Protein 
expressed in P. pastoris 

Fisher Scientific 

VEGF165 human recombinant, expressed in E. 
coli 

Sigma Aldrich 

Anti-VEGF Antibody, Alexa Fluor® 647 Conjugate 
from rabbit 

Sigma Aldrich 

Biotin Anti-VEGF 165A antibody (ab271201) Abcam 

Recombinant human Interleukin-6 (ab198571) Abcam 
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whole human blood Innovative Research 

Sucrose Sigma Aldrich 

Glycin Sigma Aldrich 

HCl Sigma Aldrich 

NaOH Sigma Aldrich 

EtOH Sigma Aldrich 

MgCl2 Sigma Aldrich 

Nuclease free water Sigma Aldrich 

Bovine Serum Albumine New England Biolabs 

Materials 

Petri dishes 

freezer 

Falcon tubes 

Laminar Flow Bench 

Cooling box 
Table 4: List of chemicals and materials for SPR measurements. 

Preparation of biosensor chips 

Chemicals Supplier 

Hellmanex Hellma Optics 

MilliQ water MilliQ 

Chromium MaTeck 

Gold MaTeck 

PEG-OH ProChimia Surfaces 

PEG-Biotin ProChimia Surfaces 

Materials 

Plasma Cleaner 

Pasteur Pipette 

DC-chambers 
Table 5: List of chemicals and materials for the preparation of biosensor chips. 

3.2 Instruments 
• Scanning Electron Microscope from Zeiss Gemini SUPRA 55VP 

o Software: SmartSEM 

• Dynamic Light Scattering: Malvern Zetasizer nanoseries 

o Software: Zetasizer 

• Ultrasonic bath from Elma S120 Elmasonic 

• Thermostat Ikatron ETS IKA Labortechnik 

• Thermostat EKT Hei-Con Heidolph 

• Heating plate IKA RCT basic 

• Heating plate Heidolph MR Hei-Standard 

• Manual Diener Zepto plasma cleaner with Balcas TCP 015 vacuum pump 

• Balance sartorius 

• Thermoshaker Mixer HC starlab  

• Rotator Revolver Thermo Scientific 
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• pH meter from Metrohm 

• Evaporator HHV Ltd, Auto306 Lab Coater 

• QCM-measurements:  

o Universal Counter: Agilent 53131A 

o Laboratory Power Supply: EA-PS 2032-025  

o Network Analyzer: Agilent Technologies E5062A 

o Software: FreqMeas5313Xa 1.4.vi 

Figure 18 shows the QCM measurement setup being used within the experiments. The power supply 

provides 0-15V direct current. These power an oscillator circuit, with the QCM serving as the 

frequency-determining component. Moreover, a two-electrode system is used. The reference 

electrode compensates fluctuations regarding viscosity and density occurring in liquid phase After the 

injection of liquid into the QCM measurement cell, the mass of the electrode increases, leading to a 

decrease in frequency. A frequency counter monitors this frequency, which is read out to the computer 

by a LabView routine. 

 

Figure 18: Setup for QCM measurement. The pipette delivers liquid into the measurement cell. With the power supply, 
voltage can be applied to the QCM sensor. Changes within the frequency are recorded by the frequency counter, sending 
these data to the computer software. 
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• SPR-measurements: 

o Bandpass filter (LBPF, Thorlabs, FL632.8-10) 

o Chopper (Signal Recovery, Model 197, frequency f = 933 Hz) 

o Photodiode with lock-in amplifier (EG&G, Model 5210) 

o Photomultiplier (Hamamatsu, H6240-01) 

o Photon counter (Agilent, 53131A, f = 225 Mhz) 

o Lenses (Thorlabs, focal length f = 50 mm, numerical aperture of NA = 0.2, LB1471) 

o Laser notch filter (LNF, Melles Griot, XNF-632.8-25.0M CVI) 

o bandpass filters (FBPF, Thorlabs, FB670-10 and Andover Corporation Optical Filter, 

670FS10-25). 

Figure 19 shows the optical set-up for the SPR measurements in Kretschmann configuration. The path 

of the Helium-Neon laser involves passing through the bandpass filter, followed by the chopper and 

the polarizer. The monochromatic beam is introduced into a prism composed of LASF9 glass (Schott, 

refractive index n= 1.850), securely positioned on a rotational stage and undergoes a reflection of the 

sensor chip. To achieve optical alignment between the sensor chip and the prism, a high-refractive-

index immersion oil (Cargille Laboratories; refractive index n = 1.7000, cat. No. 1812) is applied.  

To detect the beam, a photodiode, coupled with a lock-in amplifier is utilized. The emitted fluorescence 

light (λem = 670 nm) is collected by a photomultiplier and a photon counter. This light is detected, after 

passing through two lenses, a laser notch filter and two bandpass filters.  

The software Wasplas (Max Planck Institute for Polymer Research in Mainz, Germany) was utilized to 

display the reflected beam intensity (R) as a percentage and the fluorescence intensity (F) in counts 

per second (cps), either with respect to time (R(t)) or the angle of incidence (R(θ)). 

 

Figure 19: Schematic setup for SPR measurements. Adopted from 48. 
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3.3 Procedures 
 

3.3.1 ELISA 

Preparation of biosensor chips 

Microscope slides made from BK7 glass were cut into pieces of approximately 25x20mm in size. These 

underwent a series of washing steps for cleaning them. First, they were washed with ethanol and 

sonicated with 1 % Hellmanex (Hellma Optics) in MQ water. Second, they were washed with solely MQ 

water and finally with EtOH for 15 minutes each.  

The resulting glass substrates were dried with pressured air and mounted onto a sample holder 

followed by loading them into the evaporator. A vacuum with a pressure lower than 10-6 mbar was 

created using a combination of a vacuum pump and liquid nitrogen. Chromium was then thermally 

evaporated until a thickness of 2 nm was achieved. Under the same vacuum conditions, deposition of 

a gold layer followed until a thickness of 50 nm was reached. 

To obtain SAMs on the gold chips’ surface, they were incubated overnight in an ethanol solution 

containing a mixture of PEG-OH and PEG-biotin. Those could bind via its thiol groups to the gold 

surface. Finally, the slides were rinsed with pure ethanol and stored in the dark under argon preventing 

oxidation. 

On-chip kinetic measurements 

Prior to the kinetic measurements R(t), an angular reflectivity scan R(θ) was performed on the chip in 

contact with air at an angle range of θ = 20°-30°. Subsequently, the flow-cell was mounted and PBST 

(nuclease-free PBS with 0.05% (v/v) Tween20) was flown over the chip. The kinetic measurement was 

initiated by determining the fixed angle of the low-angle side of the resonance dip in the angular 

reflectivity scan R(θ) (θ = 45°-60°) in PBST. After every reaction step an angular reflectivity spectrum 

R(θ) (θ= 45°-60°) was recorded. 

At the beginning of the kinetic measurement, Neutravidin (1.86 μM) in PBST was applied for 20 min. 

To capture the analyte of interest – VEGF – a capture antibody equipped with biotin (Biotin Anti-VEGF 

165A antibody) was then flown for another 20 minutes. To determine any unspecific reactions, 18 nM 

of the detection antibody (Anti-VEGF Antibody, Alexa Fluor® 647 Conjugate) was applied for 5 min. 

Subsequently the analyte (Human VEGF-165 Recombinant Protein expressed in P. pastoris) was flown 

for 10 min followed by adding the detection antibody for 20 min. The results section explains further 

details of the respective experiments. 

Finally, to calibrate the system, sucrose solutions with concentrations of 1%, 2%, and 4% (w/v) in PBST 

(n=1.3344, 1.3359, 1.3388), respectively, were applied at the end of the kinetic measurement. This 

calibration process allowed for normalizing the SPR response R(t) of individual measurements. The 

baseline in PBST was established as zero, allowing for converting the response into milliRefractive 

Index Units (mRIU). 
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3.3.2 MIP-QCM approach 

Template immobilization on silica gel 

The steps being necessary for the template immobilization are depicted in Figure 20. First, 2 g of silica 

gel were boiled in 4 mL 1 M NaOH for 20 min (reflux condenser in oil bath at 105°C), followed by 

washing steps with 0.2 L DI H2O, 0.2 L PBS, 3 x 0.2 L DI H2O and 2 x 0.2 L Acetone. The silica gel was 

then dried using a filter funnel. 

Then, the activated silica was incubated in 4 mL 2.5 % (v/v) APTES solution in anhydrous toluene for 

24 h at RT in a 15 mL Eppendorf tube and placed on a rotator revolver.  

The supernatant was decanted onto a sintered disc filter funnel and washed with 8 x 10 mL Acetone 

followed by 2 x 10 mL of EtOH/Acetone (1:1). 

After drying, the silanized silica gel was incubated with 4 mL of 7.5 % Glutaraldehyde solution in 0.01 

M PBS (pH 7.4) for 2 h in a 15 mL Falcon tube on the rotator revolver. It was washed again with 2 x 50 

mL PBS under vaccum in a sintered disc filter funnel. Due to the immobilized GA, the SG turned 

orange.12 

In a last step, 2 g of SG was incubated for 12 h with 4 mL of epitope solution (0.5 mg/mL in 10 mM PBS, 

pH 7.4) in a 15 mL Falcon tube and placed in the fridge. The resulting, functionalized SG was washed 

with 10 x 10 mL DI H2O in a sintered funnel under vacuum, dried and stored at 4 °C.  

 

Figure 20: Template Immobilization of VEGF. Based on 12. 

nanoMIP Polymerization 

For the indirect approach nanoMIPs were obtained using an established protocol based on the work 

of Francesco Canfarotta.12 For this purpose, two different polymerization mixtures were produced.  

Polymerization mixture A contained TBAM, while B was prepared without including it. This allows for 

assessing if the hydrophobic nature of TBAM has an impact on the resulting nanoMIPs. Table 1-Table 

5 show the compounds used as monomers and initiators, as well as recipes and final volumes to 

produce the polymerization mixtures. 
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Polymerization mixture 

Chemical Mol-% c [µmol/mL] 

 A B A B 

BIS 
N,N’-methylene-bis-acrylamide, C7H10N2O2 

5 5 7.4 7.3 

NIPAm  
N-Isopropylacrylamide, C6H11NO 

75 80 110.3 117.5 

AA 
Acrylic Acid, C3H4O2 

10 15 14.7 22 

TBAM 
N-Tertbutylacrylamide C7H13NO 

10  14.7  

Table 6: Compounds of the polymerization mixtures A and B as well as their concentrations and Mol-%. 

Stock solution for polymerization mixture A 

Chemical mass Dissolve in CStock solution Volume added 
to 

polymerization 
mixture 

cfinal 

BIS 11 mg 484 µL EtOH 22.7 mg/mL 200 µL 1.1 mg/mL 

NIPAm 50 mg 250 µL EtOH 199.6 mg/mL 250 µL 12.5 mg/mL 

AA 110 µL 759 µL MQ H2O 1100 mg/mL 4.0 µL 1.1 mg/mL 

TBAM 10 mg 67 µL EtOH 149.6 mg/mL 50 µL 1.9 mg/mL 
Table 7: Recipe for the preparation of the stock solution of polymerization mixture A, including TBAM. 

Stock solution for polymerization mixture B 

Chemical mass Dissolve in CStock solution Volume added to 
polymerization 

mixture 

cfinal 

BIS 11 mg 484 µL EtOH 22.7 mg/mL 200 µL 1.1 mg/mL 

NIPAm 109 mg 604 µL EtOH 180.4 mg/mL 295 µL 13.3 mg/mL 

AA 12.7 µL 87.9 µL MQ H2O 127 mg/mL 50 µL 1.6 mg/mL 
Table 8: Recipe for the preparation of the stock solution of polymerization mixture B. 

Initiator stock solution 

Chemical mass Dissolve in Vadded 

APS 
Ammonium persulfate, (NH4)2S2O8 

5 mg 1000 µL MQ H2O 5 µL 

TEMED 
Tetramethylethylene-diamine, C6H16N2 

5 µL 995 µL MQ H2O 5 µL 

Table 9: Recipe for the preparation for the initiator stock solution (equally for A and B). 

To prepare each polymerization mixtures, glass vials with a volume of 15 mL had to be sonicated for 5 

minutes in Acetone, EtOH and MQ H2O, respectively. NIPAm, BIS and TBAM were prepared in separate 

1.5 mL Eppendorf tubes and sonicated for 10 minutes each to completely dissolve the monomers. The 

following table shows the chemicals being added together in the glass vial followed by a vortexing and 

15 minutes sonication step. 
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Chemical A B 

MQ H2O 1.986 mL 1.940 mL 

EtOH 500 µL 505 µL 

TFE 1 mL 1 mL 

BIS 200 µL 200 µL 

NIPAm 250 µL 295 µL 

AA 4 µL 50 µL 

TBAM 50 µL  
Table 10: Volumes of the polymerization mixtures of A and B. 

Afterwards the mixtures were degassed by purging with Ar for 20 minutes each. In the meantime, the 

initiator stock solutions were prepared by vortexing to ensure complete dissolving.  

The polymerization mixture was then added to the functionalized SG in a 15 mL falcon tube. The APS 

and TEMED stock solutions were added as well; then everything was degassed for 5 more minutes. In 

a last step the Eppendorf tubes were fixed on a shaker to polymerize for 12 h. 

Affinity separation 

High affinity nanoMIP particles were obtained through an affinity separation. For this purpose, the 

silica gel/polymerization mixture was transferred into a 15 mL extraction column equipped with a 100 

µm porosity PE frit. First, the low affinity particles were eluted with 25 mL 40°C MQ H2O. The cartridge 

was then placed in a fridge for 15 minutes to cool down followed by the elution of 50 mL of the high 

affinity particles with 20°C MQ H2O. 

To calculate the concentrations of the particles, they were weighed after elution and subsequent 

solvent evaporation followed by a secondary weighing. Table 11 show the concentrations obtained. 

 

 Concentration 

 A B 

LA 5500 µg/mL 833 µg/mL 

HA 2200 µg/mL 233,3 µg/mL 
Table 11: Concentrations of high- and low affinity particles. 

QCM functionalization 

Before using the QCMs, they had to be cleaned for 20 minutes in a plasma cleaner. Three different 

functionalization mixtures were prepared to determine the optimal ratio ensuring adequate binding 

to VEGF as well as to the corresponding nanoMIPs. Table 12 shows the volumes and concentrations 

being used. The cysteamine stock solution was prepared using 7.7 mg Cysteamine dissolved in 1mL 

EtOH. 

 1:560 1:6000 1:10.000 

 Volume 
added 

Final 
concentration 

Volume 
added 

Final 
concentration 

Volume 
added 

Final 
concentration 

EtOH abs. 9.773 mL  2.753 mL  3.480 mL  

Cysteamine 
Stock 
(100mM) 

 
83 µL 

 
0.8 mM 

 
46 µL 

 
0.8 mM 

 
28 µL 

 
0.8 mM 

Buthanethiol 500 µL 448 mM 3 mL 4.8 M 3 mL 8000 mM 
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Table 12: Volumes and concentrations of the compounds being used for the preparation of the functionalization mixture. 

After the cleaning step, the QCMs were placed in petri dishes, covered with the functionalization 

mixture and sealed with parafilm to let them incubate for 24 hours. The following day the QCMs were 

washed in petri dishes firstly with EtOH and secondly with PBS. After letting them dry at air they were 

incubated for 2 hours with 5-10 drops of 5mM GA solution which was prepared beforehand. The GA 

stock solution and dilution was prepared as follows: 

GA stock (100 mM): 28 µL GA in 1472 µL PBS 

GA dilution (5mM): 0.5 mL GA stock in 9.5 mL PBS 

Again, the QCMs were washed in petri dishes filled with PBS and dried in air. The quarz which had to 

be incubated with analyte was marked with a dot. 5-10 µL of one of the solutions were then dropped 

onto the electrode. For the analyte solution the QCM was incubated for 12 hours and for the 

ethanolamine solution only 25 minutes were sufficient. Both solutions were prepared as follows: 

Analyte solution (6 mM): 

Ethanolamine solution (100 mM): 9 µL EA in 1.491 mL PBS 

Figure 21 show the reaction occurring during functionalization of the QCM. 

 

Figure 21: QCM Functionalization with Cysteamine:Butanethiol, Glutaraldehyde and VEGF 
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4. Results and Discussion 

4.1 ELISA 
Evaluation of dAb concentration via Titration (Biotin SAM 1:5) 

Chemical concentration 

Neutravidin 1,86 µM 

Biotin Anti-VEGF 165A antibody (cAb) 6,25 nM 

 
VEGF165 human recombinant, expressed in E. 

coli (Fisher Scientific) 

 
5,2 nM 

 

 
Anti-VEGF Antibody, Alexa Fluor® 647 

Conjugate from rabbit (dAb) 

9 nM 
14,5 nM 
18 nM 
54 nM 
90 nM 

Table 13: Used chemicals and concentrations for the evaluation of dAb. 

To figure out the optimal detection antibody concentration, 5 different concentrations were 

evaluated. Each of them was applied for 20 minutes followed by a washing step with PBST. As can be 

seen in Figure 22 within the fluorescence signal, only the dAb concentration of 18 nM achieved 

saturation within 20 minutes. For that reason, this concentration was used to titrate VEGF 165. 

Moreover, it was chosen since it was a good compromise to avoid too high signals from unspecific 

binding. The graph shows in the beginning a noticeable increase within the SPR signal after applying 

Neutravidin, capture antibody and VEGF 165, respectively. Table 13 shows the chemicals and 

concentrations being used within this experiment. 

After every reaction step an angular reflectivity spectrum was recorded (Figure 23), showing the 

increase of the angle to be needed to fulfill the SPR condition. The red line denotes PBST, whereas the 

green line corresponds to Neutravidin. The blue line represents the cAb. After each step applying dAb 

with higher concentrations an increase within the fluorescence signal is observed. The box in the graph 

indicates which line corresponds to which dAb concentration. 
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Figure 22: Evaluation of dAb concentration. 
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Figure 23: Corresponding angular reflectivity spectrum. 

Titration of VEGF 165 (Biotin SAM 1:5) 

Chemical concentration 

Neutravidin 1,86 µM 

Biotin Anti-VEGF 165A antibody (cAb) 6,25 nM 

 
 

VEGF165 human recombinant, expressed in E. 
coli (Fisher Scientific) 

0,0052 nM 
0,052 nM 
0,52 nM 
5,2 nM 
26 nM 

Anti-VEGF Antibody, Alexa Fluor® 647 
Conjugate from rabbit (dAb) 

18 nM 

Table 14: Used chemicals and concentrations for the titration of VEGF 165 purchased from Fisher Scientific. 

Figure 24 shows the SPR measurement of the titration of VEGF 165. After applying Neutravidin for 40 

minutes onto the chip, the SPR signal increased, since the latter bound to the biotin SAM. The following 

capture antibody (cAb) was introduced likewise for 40 minutes. Again, this results in an increase of the 

SPR signal due to binding between the biotin molecules linked to the cAb and Neutravidin. To ensure 

no unspecific binding took place, the detection antibody was applied for 5 minutes. Since the 

fluorescence signal did not increase notably, the lowest concentration of VEGF 165 was applied for 10 

minutes followed by flowing the dAb for 10 minutes over the cell leading to an increase in the 

fluorescence signal. The following steps alternated between applying VEGF 165 at increasing 

concentrations and introducing dAb. The higher the concentration of VEGF 165, the more the 

fluorescence increased. Figure 25 shows the corresponding calibration curve. To determine the LOD, 

which is observed to 0.02 nM, a linear was fit to the data. Figure 26 depicts the shifts of the angle of 

incidence in the angular reflectivity spectrum occurring after a binding event. Moreover, the shifts of 

the fluorescence signal are represented. The red line corresponds to PBST, whereas the green line 

denotes Neutravidin followed by a noticeable shift elicit by the capture antibody (blue line) and  

VEGF 165 at 0.0052 nM (pink line). A notable increase in the fluorescence signal is observed after each 
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step of applying detection antibody. This increase gets more prominent with higher analyte 

concentrations. 
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Figure 24: SPR measurement of the titration of VEGF 165. 
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Figure 25: Calibration curve of VEGF 165. 
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Figure 26: Angular reflectivity spectrum to determine the layer thickness of the metal surface. The red line represents the 
angle being necessary to fulfill SPR condition in case of PBST. After Neutravidin was applied the angle of the green line 

shows a significant shift compared to PBST. Moreover, after flowing the capture antibody over the cell, another shift within 
the angle occurred (blue line). Another noticeable shift is evident in the pink line, which corresponds to the VEGF with the 

lowest concentration. 

 

Regeneration (Biotin SAM 1:5) 

 Trial 1 Trial 2 Trial 3 

Chemical concentration 

Neutravidin 1,86 µM 1,86 µM 1,86 µM 

Biotin Anti-VEGF 165A antibody 
(cAb) 

6,25 nM 6,25 nM 6,25 nM 

 
VEGF165 human recombinant, 

expressed in E. coli (Fisher 
Scientific) 

 
26 nM 

 
 

 
26 nM 

 
26 nM 

 
 

Anti-VEGF Antibody, Alexa 
Fluor® 647 Conjugate from 

rabbit (dAb) 

 
 

9 nM 
 

 
 

54 nM 

 
 

27 nM 

Glycine/HCl pH=3 + - - 

Glycine/HCl pH=2 - + - 

100 mM NaOH - - + 
Table 15: Used chemicals and concentrations for the regeneration of the system. 
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To regenerate the system, three regeneration solutions were investigated to remove both the analyte 

and the detection antibody from the surface. Table 15 shows the chemicals, their concentrations as 

well as the different regeneration buffers used for the experiments.  

At first, a glycine/HCl buffer with pH=3 was investigated regarding its ability to remove the applied 

analyte as well as dAb, as can be seen in Figure 27. Prior to applying the buffer, Neutravidin, cAb, 

analyte and dAb were immobilized onto the biotin SAM. The buffer was then applied for 2-3 minutes 

followed by PBST to observe the response signal. In total, the system was exposed to the buffer for 30 

minutes until the SPR signal decreased to the baseline of the capture antibody at -0.17 mRIU. To check 

if Neutravidin as well as cAb still remained on the surface, the analyte and dAb were again applied. 

Since the signal showed an increase, it was concluded that VEGF was able to attach again on its 

corresponding capture antibody. The system underwent another 10-minute regeneration step, 

showing that it was again possible to remove analyte and detection antibody. However, the 

experiment was conducted within 2 days, which may have introduced potential sources of error: 

denaturation of the capture antibody, unspecific binding on the gold surface due to degradation of 

Neutravidin or the SAM or variation in temperature. 
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Figure 27: Regeneration of the system with the buffer Glycine/HCl pH=3. 

The second buffer was glycine/HCl with pH=2. It was applied for 5 minutes, whereas it was checked in 

between to what extent the baseline increases again when flushing with PBST. The subsequent 

immobilization of VEGF led to an increase of the signal which was 5 times lower than the baseline 

observed before applying the regeneration buffer, i.e. 0.04 mRIU instead of 0.2 mRIU. For that reason, 

it had been concluded that the conditions of this buffer were too harsh to maintain the capacity the 

system prior had. Another evidence of this assumption is the fluorescence signal appearing after the 

application of dAb at 300 min. Compared to the prior fluorescence signal at 180 min its magnitude 

showed only half of the signal. 
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Figure 28: Regeneration of the system with the buffer Glycine/HCl pH=2. 

The third solution investigated was 100 mM NaOH. The first regeneration step was done after 250 

minutes. 100 mM NaOH was applied for 10 minutes, which can be seen in Figure 29. Even if the 

subsequent application of VEGF led to an increase in the SPR signal, its baseline was lower than the 

baseline of the capture antibody leading to the conclusion that this buffer was that harsh that it was 

able to detach the cAb to some extent. Moreover, after 275 min the dAb was applied. The 

corresponding fluorescence signal increased to an extent, which was in a similar range observed before 

introducing 100 mM NaOH. This might had occurred due to unspecific binding at the remaining cAb. 
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Figure 29: Regeneration of the system with 100 mM NaOH. 



36 
 

To summarize the results: the buffer Glycin/HCl at pH=3 performed best. Due to time constraints, the 

experiment could not be repeated. However, this needs to be done to ensure no errors occur. 

Control with Interleukin-6 (Biotin SAM 1:5) 

Chemical concentration 

Neutravidin 1,86 µM 

Biotin Anti-VEGF 165A antibody (cAb) 6,25 nM 

 
IL-6 

 
4,8 nM 
24 nM 

 

Anti-VEGF Antibody, Alexa Fluor® 647 
Conjugate from rabbit (dAb) 

54 nM 
 

Table 16: Used chemicals and concentrations for the control with IL-6. 

To ensure the selectivity of the capture antibody, a control experiment with Interleukin-6 was 

conducted. Figure 30 shows the corresponding SPR measurement. After the first application of IL-6 

one could observe an increase in the SPR-signal. Nevertheless, the signal decreased to its prior state 

after washing with PBST, leading to the conclusion that IL-6 did not remain on the surface and thus did 

not increase the fluorescence signal notably after applying dAb. However, this figure reveals the extent 

of unspecific binding, since the fluorescence signal increased after applying dAb. Within the angular 

reflectivity spectrum, the fluorescence signal is illustrated in counts per seconds, showing that the 

addition of IL-6 did not cause a substantial increase of the signal. The red line corresponds to PBST, 

whereas the green line denotes the shift in the angle after applying Neutravidin. The blue line 

represents the signal obtained after applying cAb. For those the fluorescence signal did not increase 

at all. However, after alternating application of dAb and IL-6 an increase in the fluorescence signal is 

observed. The turquoise, yellow and dark blue line denote the signal after introducing dAb, whereas 

the pink and olive-green line represents IL-6. 
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Figure 30: Control experiment with IL-6. 
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Figure 31: Angular reflectivity spectrum of the control experiment with IL-6. 

 

Titration of 10% Serum spiked with VEGF-A (Biotin SAM 1:5) 

Chemical concentration 

Neutravidin 1,86 µM 

Biotin Anti-VEGF 165A antibody (cAb) 6,25 nM 

Human blood Serum - 

 
 

VEGF165 human recombinant, expressed in E. 
coli (Fisher Scientific) 

 
0,0052 nM 
0,052 nM 
0,52 nM 
5,2 nM 
26 nM 

 

Anti-VEGF Antibody, Alexa Fluor® 647 
Conjugate from rabbit (dAb) 

54 nM 
 

Table 17: Used chemicals and concentrations for the titration of 10% serum spiked with VEGF-A. 

To estimate the influence of serum, which contains both interfering molecules as well as naturally 

occurring VEGF, a titration of 10% serum spiked with VEGF-A was performed, as depicted in Figure 32. 

The higher the VEGF concentration, the higher the corresponding fluorescence signal. Compared to 

the titration shown in Figure 24 the serum does not seem to have a large influence on the result, since 

the fluorescence signal is in the same range. However, Figure 33 shows the corresponding angular 

reflectivity spectrum, indicating that the fluorescence signal was indeed higher for all applied 
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concentrations. The red line in the spectrum signifies PBST, while the green line represents the shift in 

the angle after Neutravidin application. The blue line corresponds to the signal obtained post cAb 

application, where fluorescence signal still remained unchanged. However, upon alternating 

application of dAb and sera-VEGF, a noticeable increase in fluorescence signal is observed. Thus, one 

can conclude that there are compounds present in sera-VEGF, which influence the signal. Moreover, 

the LOD was determined to 0.015 nM, as can be seen in Figure 34. However, this value results from 

measuring only at two concentrations, since serum spiked with VEGF saturated earlier compared to 

the titration of VEGF 165. Thus, it has to be taken with a grain of salt.  
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Figure 32: SPR measurement of the titration of 10 % serum spiked with VEGF-A. 
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Figure 33: Angular reflectivity spectrum of the titration of 10% serum spiked with VEGF. 
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Figure 34: Calibration curve of 10% serum spiked with VEGF 165. 
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4.2 MIP-QCM approach 
 

SEM 

Scanning electron microscopy (SEM) served to take images of nanoMIPs-A high- and low affinity 

particles to measure their diameter. Figure 35 and Figure 36 depict the images obtained, showing that 

HA particles are smaller and have a narrower size distribution, than LA particles. Table 18 gives the 

corresponding diameter and standard deviation. 

 

Figure 35:  High affinity nanoMIP-A particles. 

 

Figure 36: Low affinity nanoMIP-A particles. 

 X̅ σ 

High affinity 69 nm 14 nm 

Low affinity 195 nm 103 nm 
Table 18: Average and standard deviation of high- and low affinity nanoMIP particles. 

 

DLS 

Figure 37 shows the number distribution of nanoMIP-A HA particles. With each measurement run, the 

peak shifts to a larger size, implying that the nanoparticle suspension is not stable; since they quickly 

aggregate, forming increasingly larger clusters. Compared to Figure 38, the nanoMIPs-B_HA seem to 

be more stable in solution since peaks do not shift between runs. 

 



41 
 

 

Figure 37: Number distribution of nanoMIPs-A_HA. 

 

Figure 38: Number distribution of nanoMIPs-B_HA. 

As can be seen in Table 19 and Table 20 the polydispersity index (PDI) of NanoMIPs-A_HA is larger than 

that of NanoMIPs-B_HA indicating that B has a narrower size distribution. However, the PDI is quite 

high (> 0.4) for both suggesting a relatively broad size distribution. This should be optimized in future 

synthesis. Moreover, B_HA is more strongly charged than A_HA, which is consistent with stability 

observations. 

Run PDI Zeta Potential [mV] 

1 0,79 -9,02 

2 0,602 -7,93 

3 0,463 -10 

Average 0,6 -9 

Stdev 0,16 1,04 
Table 19: PDI and Zeta Potential for NanoMIPs-A_HA. 

Run PDI Zeta Potential [mV] 

1 0,443 -12 

2 0,398 -16,1 

3 0,679 -21,1 

Average 0,5 -16,4 

Stdev 0,15 4,56 
Table 20: PDI and Zeta Potential for NanoMIPs-B_HA. 
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QCM measurements 

In a first step, the conjugation of the VEGF epitope to Glutaraldehyde was investigated via QCM 

measurement. For that purpose, one QCM was incubated with Glutaraldehyde and another QCM was 

incubated with Ethanolamine- as a blocking agent. Figure 39 and Figure 40 show the data obtained 

from a simultaneous measurement after injecting the epitope and nanoMIPs-A_HA. The red lines 

correspond to the frequency signals of QCMs which were incubated with ethanolamine, whereas the 

black ones show the QCMs which only underwent glutaraldehyde incubation. As can be seen in both 

figures, the frequency of the ethanolamine-incubated QCMs did not decrease much after injecting  

500 ppm of the epitope, whereas the frequency of the Glutaraldehyde-incubated QCMs do.  

In Figure 39 the decrease in frequency is about 100 Hz for the Glutaraldehyde incubated QCM, whereas 

in Figure 40 the decrease is about 140 Hz. This leads to the conclusion that the desired reaction 

between Glutaraldehyde and VEGF epitope had taken place. Moreover, it was investigated in both 

experiments, if the conjugated VEGF epitope does bind 500 ppm of its nanoMIPs-A_HA. The 

cysteamine:butanethiol (Cys:Bu) mixture within this experiment was 1:6000. After injecting the 

nanoMIPs there was no significant decrease in the frequency leading to the insight that either the 

recipe of the polymerization mixture A had to be adapted to enable desired binding or that the 

concentration of the nanoMIPs needs increasing. 

 

Figure 39: QCM measurement of the binding of Glutaraldehyde to VEGF and subsequent to its nanoMIPs-A_HA (black line) 
and the similar, simultaneous measurement of a QCM which was incubated with the blocking agent Ethanolamine (red line). 

 

Figure 40: QCM measurement of the binding of Glutaraldehyde to VEGF and subsequent to its nanoMIPs-A_HA (black line) 
and the similar, simultaneous measurement of a QCM which was incubated with the blocking agent Ethanolamine (red line). 
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After increasing the concentration of the nanoMIPs-A_HA from 500 ppm to 2000 ppm, a significant 

decrease within the frequency of about 900 Hz was observed as depicted in Figure 41. The red line of 

channel 1 represents the QCM being incubated with VEGF epitope whereas the black line represents 

the QCM being incubated with ethanolamine. The Cys:Bu mixture within this experiment was 1:10 000. 

 

Figure 41: QCM measurement after injection of 2000 ppm of nanoMIPs-A_HA. Channel 1 (red line) shows the QCM which 
was incubated with VEGF and Channel 2 (black line) displays the frequency of the QCM which was previously incubated with 
ethanolamine. 

It was further investigated if the nanoMIPs-A_HA bind to VEGF epitope sufficiently tightly to withstand 

washing with PBS. Figure 42 reveals that the binding from VEGF epitope to nanoMIPs-A_HA was indeed 

weak: one can use PBS to remove it. This clearly indicates that rather than changing the concentration 

of the nanoMIPs one needs to optimize the recipe of the polymerization mixture. The Cys:Bu mixture 

within this experiment was 1:560. 

 

 

Figure 42: The frequency of the black line represents the QCM which was previously incubated with VEGF. It shows a 
decrease after the injection of nanoMIPs-A_HA but right after the injection of PBS it increases again, indicating the weak 
binding. 
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The Cys:Bu mixture within the following two experiments was 1:6000. The QCM was incubated with 

human serum albumin (HSA) instead of ethanolamine. The reason for this is that it occurs in blood 

serum, so one can estimate the extent to which it binds to MIPs. As can be seen in Figure 43, injecting 

100 ppm nanoMIPs-B_HA led to a decrease of about 25 Hz of the frequency in channel 1 as well as in 

channel 2, leading to the insight that MIPs do also bind to HSA. However, only after injection of the 

undiluted nanoMIPs-B_HA solution a significant difference in the frequency was observed. For channel 

1 the decrease was about 100 Hz, whereas for channel 2 it was about 50 Hz. Moreover, the MIPs 

remain on the QCMs after washing with MQ H2O. 

 

 

Figure 43: Channel 1 was incubated with VEGF, whereas channel 2 was incubated with HSA. In both cases a solution of 100 
ppm of nanoMIPs-B_HA showed a slightly decrease in the frequency. Only after the addition of the undiluted nanoMIPs-
B_HA a significant shift is observed. Washing with MQ H2O didn’t remove the nanoMIPs. 

It has also been investigated if adding nanoMIPs-B_HA prior to nanoMIPs-A_HA has any influence on 

frequency. Indeed, the frequency decreases slightly, as can be seen in Figure 44. For channel 1, which 

was incubated with VEGF-epitope it decreased for about 100 Hz and for channel 2, which was 

incubated with HSA, for about 220 Hz. 

 

 

Figure 44: Channel 1 was incubated with VEGF and channel 2 was incubated with HSA. Addition of nanoMIPs-B_HA led to a 
decrease within the frequency. After washing with MQ H2O the nanoMIPs remained attached.  
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Within the following two experiments the Cys:Bu mixture was 1:10 000. Channel 1 was incubated with 

VEGF epitope and channel 2 with HSA. After adding 116 ppm nanoMIPs-B_HA followed by 

233 ppm nanoMIPs-B_HA, one can observe a significant decrease of the frequency, as can be seen in 

Figure 45. For channel 1 the frequency decreased in total by approximately 80 Hz and for channel 2 by 

50 Hz. Figure 46 only shows one channel which was incubated with VEGF epitope prior to measuring. 

Repeated addition of 233 ppm nanoMIPs-B_HA leads to a frequency decrease by approximately 60 Hz. 

Nevertheless, adding MQ H2O after 40 min and 57 min removes a small portion of the nanoMIPs. 

 

Figure 45: Channel 1 was prior incubated with VEGF and channel 2 with HSA. Addition of 233 ppm nanoMIPs-B_HA showed 
a significant decrease within the frequency. 

 

Figure 46: Channel 1 was incubated with VEGF. NanoMIPs-B_HA bind to its template leading to a decrease in frequency. MQ 
H2O slightly removes the nanoMIPs as can be seen after its addition making the frequency to increase. 

Overall, the experiments demonstrate binding between the VEGF template and nanoMIPs, although 

at the same time, there is non-specific binding to HSA, albeit to a lesser extent. It appears that the B 

particles, in terms of binding strength and size distribution seem to be the more promising recipe. 
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5. Summary and Outlook 
Starting from assessing the optimal dAb concentration, which turned out 18 nM, titration yielded an 

LOD of 384 pg/mL (20pM) and is therefore clinically relevant. To regenerate the system, 3 regeneration 

solutions, glycine/HCl buffer pH=3, glycine/HCl buffer pH=2 and 100mM NaOH were investigated. 

Among those Glycine/HCl buffer pH=3 turned out to perform best. The selectivity of the system was 

tested by conducting a control experiment with IL-6. It has been shown that the capture antibody does 

not show any affinity towards this protein. Moreover, serum spiked with VEGF was tested to check its 

influence on the system. The data obtained show an increase within the fluorescence signal compared 

to the data without serum, indicating that the amount of serum compounds that attach to the surface 

greatly influence the signal. Within this experiment the LOD was determined as 15 pM, which is of 

clinical interest. 

Based on the recipe from Canfarotta et al. two different polymerization mixtures were tested regarding 

their performance to establish nanoMIPs that are able to bind their target epitope sequence VEGF. 

The mixtures differ by using TBAM as a monomer, or not. It could be shown that polymers without 

TBAM lead to stronger binding, since it was not completely possible to remove the corresponding 

nanoMIPs by washing. The higher the concentration of nanoMIPs (100ppm – 233 ppm), the more the 

frequency decreased, leading to the insight, the amount of mass bound depends on sample 

concentration. A control experiment was performed to check the influence of HSA, an abundant 

protein occurring within blood. Indeed, some unspecific binding of HSA to the synthesized MIPs was 

observed, however to only half of the moiety than to the analyte. Moreover, three different 

functionalization mixtures were tested regarding their influence on binding to VEGF epitope. The 

Cys:Bu mixture with a ratio of 1:560 led to a poor decrease in the frequency, by approximately 30 Hz, 

when nanoMIPs-B_HA with a concentration of 200 ppm were applied. Most probably these poor 

interactions result from steric hindrance. Cys:Bu mixture with the ratio of 1:6000 led to stronger 

binding, since the frequency decreased to a higher extent of about 100 Hz. The ratio 1:10000 showed 

a frequency decrease in a similar range. However, more experiments are necessary to make accurate 

statements and to determine the linear range. 

In general, the use of MIPs instead of antibodies promises great potential in biosensing approaches, 

since they are less prone to degradation due to their chemical structure. Moreover, they are more 

resistant when being exposed to harsh conditions such as alterations in pH and temperature. To 

determine the LOD of VEGF via the ELISA-SPR approach concentrations of 0.0052 nM – 26 nM were 

used. Compared to the MIPs-QCM approach the VEGF epitope being used had a concentration of  

347 mM. Thus, the implementation of MIPs in a SPR system offers advantages: the SPR system provides 

higher sensitivity, whereas the MIPs are more resistant to harsh conditions. 

Overall, the goal to develop two systems, one via ELISA-SPR and the other via MIPs-QCM, to detect 

VEGF was successfully reached. Future experiments will need to optimize parameters such as 

suppression of unspecific interactions as well as adaption of the polymerization mixture to achieve 

narrower size distribution of particles. 
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6. Appendix 

Abstract 
VEGF is a signaling protein that plays a key role in the formation of new blood vessels by supplying 

them with nutrients and oxygen. Thus, it is necessary for normal development as well as for wound 

healing. Nevertheless, it plays a role in various pathological conditions, particularly cancer, where the 

abnormal formation of blood vessels is a characteristic feature of tumor development. For that reason, 

monitoring the VEGF level within the blood stream is of great interest, since this gives information 

about health status. 

This thesis focusses on the development of two sensors for detecting VEGF. One of them uses an 

Enzyme Linked Immunosorbent Assay (ELISA), which was optimized and implemented on a system 

using surface plasmon resonance (SPR). The second uses molecularly imprinted polymers (MIPs), which 

had been tailor made synthesized towards a particular VEGF epitope sequence, to provide a robust 

alternative to antibodies – their natural counterparts. The compatibility between the MIPs and the 

VEGF epitope was tested via a mass-sensitive quartz crystal microbalance. 

For future perspectives MIPs can also be implemented in the SPR system to avoid the use of sensitive 

and costly antibodies. 
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Kurzfassung 

Vascular Endothelial Growth Facor ist ein Signalprotein, das eine entscheidende Rolle bei der Bildung 

neuer Blutgefäße spielt, indem es ihnen die Versorgung mit Nährstoffen und Sauerstoff ermöglicht. 

Daher ist es für die normale Entwicklung sowie für die Wundheilung unerlässlich. Dennoch ist es an 

verschiedenen pathologischen Zuständen, insbesondere bei Krebs, beteiligt, wo die abnormale Bildung 

von Blutgefäßen ein charakteristisches Merkmal der Tumorentwicklung ist. Aus diesem Grund ist die 

Überwachung des VEGF-Spiegels im Blut von großem Interesse, da dies Informationen über den 

Gesundheitszustand liefern kann. 

Diese Arbeit konzentriert sich auf die Entwicklung von zwei Biosensoren zur Detektion von VEGF. Einer 

von ihnen verwendet einen Enzyme Linked Immunosorbent Assay (ELISA), der optimiert und in ein 

System mit Oberflächenplasmonenresonanz (SPR) implementiert wurde. Der zweite verwendet 

molekular geprägte Polymere (MIPs), die maßgeschneidert auf eine bestimmte VEGF-Sequenz 

synthetisiert wurden, um eine robuste Alternative zu Antikörpern - ihren natürlichen Gegenstücken - 

bereitzustellen. Mit einer massensensitiven Quarzkristallmikrowaage (QCM) wurde ihre Kompatibilität 

getestet. 

Für die Zukunft ist es erstrebenswert MIPs auch in ein SPR-System zu implementieren, um den Einsatz 

empfindlicher und kostspieliger Antikörper zu vermeiden. 
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