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ABSTRACT 
 

Dextran-based polymers are versatile hydrophilic materials which can provide functionalized 
surfaces in various areas including biological and medical applications. Functional, 
responsive, dextran-based hydrogels are crosslinked, dextran-based polymers allowing the 
modulation of response towards external stimuli. The controlled modulation of hydrogel 
properties towards specific applications and the detailed characterization of the optical, 
mechanical, and chemical properties are of strong interest in science and for further 
applications. Especially, the structural characteristics of swollen hydrogel matrices and the 
characterization of their variations upon environmental changes are challenging. Depending 
on their properties hydrogels are applied as actuators, biosensors, in drug delivery, tissue 
engineering, or for medical coatings. However, the field of possible applications still shows 
potential to be expanded.  
Surface attached hydrogel films with a thickness of several micrometers can serve as 
waveguiding matrix for leaky optical waveguide modes. On the basis of highly swelling and 
waveguiding dextran-based hydrogel films an optical biosensor concept was developed. The 
synthesis of a dextran-based hydrogel matrix, its functionalization to modulate its response 
towards external stimuli, and the characterization of the swollen hydrogel films were main 
interests within this biosensor project. A second focus was the optimization of the hydrogel 
characteristics for cell growth with the aim of creating scaffolds for bone regeneration. 
Matrix modification towards successful cell growth experiments with endothelial cells and 
osteoblasts was achieved. 
A photo-crosslinkable, carboxymethylated dextran-based hydrogel (PCMD) was synthesized 
and characterized in terms of swelling behaviour and structural properties. Further 
functionalization was carried out before and after crosslinking. This functionalization aimed 
towards external manipulation of the swelling degree and the charge of the hydrogel matrix 
important for biosensor experiments as well as for cell adhesion. The modulation of 
functionalized PCMD hydrogel responses to pH, ion concentration, electrochemical 
switching, or a magnetic force was investigated.  
The PCMD hydrogel films were optically characterized by combining surface plasmon 
resonance (SPR) and optical waveguide mode spectroscopy (OWS). This technique allows a 
detailed analysis of the refractive index profile perpendicular to the substrate surface by 
applying the Wentzel-Kramers-Brillouin (WKB) approximation.  
In order to perform biosensor experiments, analyte capturing units such as proteins or 
antibodies were covalently coupled to the crosslinked hydrogel backbone by applying active 
ester chemistry. Consequently, target analytes are located inside the waveguiding matrix. By 
using labeled analytes, fluorescence enhancement was achieved by fluorescence excitation 
with the electromagnetic field in the center of the optical waveguide modes. The fluorescence 
excited by the evanescent electromagnetic field of the surface plasmon was 2-3 orders of 
magnitude lower. Furthermore, the signal to noise ratio was improved by the fluorescence 
excitation with leaky optical waveguide modes. 
The applicability of the PCMD hydrogel sensor matrix for clinically relevant samples was 
proofed in a cooperation project with Yi Wang and Jakub Dostálek for the detection of PSA 
in serum with long range surface plasmon spectroscopy (LRSP) and fluorescence excitation 
by LRSP (LR-SPFS).  
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1 Introduction 

 

This work describes functional dextran-based hydrogels and their applications. One 

focus was the synthesis, functionalization, and further processing of dextran for hy-

drogel preparation. A second focus was the matrix characterization and the implemen-

tation of the developed hydrogel into a surface plasmon resonance- and optical 

waveguide mode enhanced fluorescence-based biosensor platform. Furthermore, the 

application of the dextran-based hydrogel as scaffold for tissue engineering was inves-

tigated.  

 

1.1 Hydrogels – Highly Swelling Polymer Networks 

 

Polymers are versatile materials used in many different fields from medicine to engi-

neeering due to their manifold structures and properties. Continuously, new polymers 

are developed and the understanding of structure and properties is improved. They can 

have a purely synthetic origin but polymers are generated in nature as well. Popular 

natural polymers are the DNA, proteins, gelatin or cellulose for example. A famous syn-

thetic polymer is polytetrafluoroethylene (PTFE) well known as Teflon. Polymers are 

the starting material for gels. Gels are composed of 3-dimensionally crosslinked 

polymer chains building up networks that swell upon contact with appropriate liquids. 

Different classes of gels such as hydrogels, organogels, and xerogels were devoloped. 

Hydrogels are crosslinked, hydrophilic, upon contact with water highly swelling 

polymer networks. The ability to take up a multiple of their own weight of water makes 

them interesting materials in a broad variety of applications. Their applications include 

a wide range from medicine to analytics corresponding to the manifold structures and 

functionalities that exist. Hydrogels can be classified as neutral or ionic based on the 

nature of functional groups. Additionally, they can be classified based on the method of 

preparation as homo- or copolymers, based on the physical structure as amorphous, 

semicristalline or hydrocolloidal aggregates or regarding to their origin as synthetic or 

natural polymers for example.
[1]
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1.1.1 Functional Hydrogels and Applications 

 

The insertion of different functional groups can be achieved by mixing of various poly-

mers or the copolymerization of different segments in the polymer chain. Additionally, 

polymers that allow further functionalization, so called functional hydrogels, provide 

access to a large range of applications. 

Functionalization of hydrogel structures can be performed by active ester chemistry, 

click chemistry, polymeric anhydrides, epoxides, aldehydes and ketones. Including Mi-

chael-type and Friedel-Crafts reactions as well as methylations, polymer analogous re-

actions involve almost all high yield organic reactions.
[2-4]

 Reactive sites allow the 

modification with a variety of molecules including biomolecules for biosensor applica-

tions and affinity binding.
[5-7]

 Furthermore, attaching molecular recognition sites creates 

further possibilities in cell culturing
[8]

 and polymer assisted drug delivery advanced 

medication especially by using environmentally responsive hydrogels.
[9]

  

In general, hydrogels are implemented in many fields of applications from medical or 

pharmaceutical applications
[1, 10]

 like drug delivery
[9, 11-13]

, wound healing
[14, 15]

, and 

tissue engineering
[16-18]

 as well as for actuators
[19-22]

, separation,
[23, 24]

 industrial coat-

ings,
[25, 26]

 or binding studies.
[27]

  

Hydrogels synthesized as carriers are supposed to interact with the mucosa or other 

parts of the body. They are preferentially functionalized with a high density of car-

boxyl- or hydroxyl groups because the mucosa-glycoprotein interaction is thought to 

occur primarily via hydrogen bonding.
[28]

 Monomers frequently used for such hydrogels 

include acrylic and methacrylic acid.  

For drug delivery applications temperature sensitive swelling behaviour as observed for 

poly(N-isopropylacrylamide)
[29]

 and poly-N,N-diethylacrylamide.
[30]

 are useful.  

For tissue engineering biocompatible hydrogels are required. Often natural polymers 

are preferable such as collagene or chitosan.
[16]

 But as well synthetic polymers such as 

poly-ethylene glycol (PEG) show good properties for tissue engineering.
[16, 31]

 

 

1.1.2 Crosslinking and Swelling Affecting Diffusion and Surface 

Properties. 

 
Crosslinking can be achieved by physical or chemical bonds. Physical crosslinks can be 

entanglements, crystallites, or weak associations such as hydrogen bonds or van der 
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Waals interactions
[32-35]

 These gels are usually stable but can easily be reliquified for 

example by heating as in the case of gelatine. In contrast, chemically, covalently 

crosslinked hydrogels do not reliquify. Chemical crosslinking can be achieved by 

chemical reactions such as [2+2]cycloadditions, nucleophilic substitutions, addition-, 

and condensation reactions, high energy irradiation, radical reactions, or enzymes.
[32, 36]

  

The structure of hydrogels is defined by three parameters: the polymer volume fraction 

in the swollen state, the number of average molecular weight between crosslinks and the 

correlation lenghts meaning the pore size. Analyzing the network structure is extremely 

difficult and can be done either by applying theoretical models or by indirect 

experimental techniques. Three distinct models were used to examine network structure 

formation by theoretical simulations:  

- kinetic models take into account the mass balances on the species.
[37, 38]

 

- statistical models
[39]

 and 

- Monte Carlo models
[40]

 were developed to provide more insight into the network 

formation process and the heterogeneities of the network. 

The ultimate goal of all theoretical models is the prediction of the hydrogel swelling 

behavior which can be described by a variety of nonideal thermodynamic frameworks. 

Due to the highly nonideal thermodynamic behavior of polymer networks in electrolyte 

solutions, no theory can predict exact behavior. The most successful theory describing 

the hydrogel swelling characteristics is the Flory Rhener Theory and its manifold 

modifications.
[41, 42]

 The thermodynamical force of mixing (osmosis of the hydrogel into 

the solution) resulting in swelling is thereby counterbalanced by the retractive force 

induced by the crosslinks of the network. Are these two forces equal an equilibrium 

state is reached. The limitation of this description is the limitation to neutral polymeric 

networks. The thermodynamic swelling force for ionic polymer networks is much 

higher than for neutral ones. The swelling kinetics of hydrogels can be classified as 

diffusion-controlled (Fickian) or relaxation-controlled (non-Fickian).
[43]

 

The swelling and crosslinking influences the diffusion through the hydrogel network. 

The diffusion is determined by the structure and pore size, the chemical characteristics 

and thus the polymer composition, the water content, and the nature and size of the 

solutes. The interaction among solutes, gel polymers, and solvents has an important 

effect on the diffusion. Diffusion is thereby best described by Fick’s equation or by 

Maxwell’s equations which correlate the solute’s flux with its chemical potential 

gradient in the system.
[35]
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Besides the diffusion inside the hydrogel matrix the surface properties of the hydrogel 

matrix are affected by the crosslinking and swelling characteristics. Hydrogels have a 

complex surface structure with single polymer chains extending into the solution. At the 

hydrogel/solution interface the structure changes gradually
[44]

 and the extended polymer 

chains behave like polymer brushes.
[45]

 The surface properties are highly influencing 

matrix/cell interactions and with this determine the hydrogel potential for cell adhesion.  

 

1.1.3 Stimuli Responsive and Hybrid Hydrogels 

 

Hydrogels that are responsive to special environmental stimuli or respond to certain 

molecules present a huge class of extremely useful materials for example for drug de-

livery. Brief examples are response to changes in temperature, pH, pressure, irradiation, 

electric fields and chemical stimuli. This response ranges from a small change in the 

degree of swelling to the complete collapse and total inversion of their properties. 

The response to pH is a widely found stimulus originating from the electrostatic repul-

sion between ionized groups in the polymer network. Suitable acidic functionalities are 

carboxyl groups and sulfonic acids. Pendant basic functionalities are ammonium salts 

for example. Considering the different pH values in the digestive organs these respon-

sive hydrogels mainly found applications in drug delivery.
[9]

  

The response to temperature can be a transition into the collapsed state below an upper 

critical solution temperature (UCST) as well as a transition into the collapsed state 

above a lower critical solution temperature (LCST). It depends foremost on the ratio of 

hydrophilic and hydrophobic segments within the polymer but effects like crosslinking 

density and grafting are important, too. A famous example for a hydrogel with LCST 

behaviour is poly(N-isopropylacrylamide) (PNIPAAm). 

The response to irradiation with light can be assigned to an effect of either osmotic 

pressure due to the generation of charges upon irradiation or to local temperature 

changes affecting the LCST behavior. In polymers modified with leuco derivatives, 

UV-light creates ion pairs, causing a swelling due to the increase in osmotic pressure.
[46]

 

Whereas chlorophyll transforms visible or IR light into local heat.
[47]

 Light can be used 

as a defined stimulus, in terms of localisation and intensity, which led to to the applica-

tion of these hydrogels in microfluidics. 

Another defined trigger is the electrical stimulus. Electro sensitive hydrogels swell and 

collapse due to the movement of ions because of an osmotic gradient induced by an 
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applied potential. Additionally, electroactive functionalities such as ruthenium com-

plexes
[48]

 can be coupled into the polymer network creating redox active hydrogels. 

Electro sensitive hydrogels can be applied as actuators and are promising candidates for 

the development for artificial muscles.
[49, 50]

 

Besides, the introduction of functional monomers and functional groups into the poly-

mer backbone of a hydrogel network, hybrid systems, using different components, can 

be used to create hydrogels with specific properties. Hybrid materials can be prepared 

by combining two or more different polymers or by introducing completely different 

materials such as nanoparticles.  

Pure polymer hybrid systems can be used for adjusting pH-sensitivity by modifying a 

pH-sensitive polyelectrolyte hydrogel with a second neutral polymer such as 

2-hydroxyethyl methacrylate or maleic anhydrate with varying ratio.
[9] Another versatile 

combination is the mixing of a temperature-sensitive polymer such as NIPAAm and a 

pH-sensitive polymer such as acrylic acid resulting in a double responsive hydrogel.
[51]

 

In addition polymeric nanoparticles as well as inorganic nanoparticles facilitate the gen-

eration of functional and responsive hybrid materials. The combination of responsive 

behaviour and functionality allows the preparation of matrices for numerous applica-

tions especially in the field of drug delivery and sensing. 

 

1.1.4 Dextran and Water-Based Chemistry 

 

Dextran consists of a 1,6-linked glucose backbone. Every glucose unit in the dextran 

backbone carries three hydroxyl groups which can be used for chemical modification. 

Dextran shows a high biocompatibility and is degradable by the enzyme dextranase. 

Therefore, it is a good candidate for medical applications such as drug delivery.
[12]

 

Natural dextran exists with a molecular weight between 15.000 and 50.000.000 Da and 

is synthesized extracellular by the bacteria Leuconostoc mesenteroides from sucrose. 

The chemical processability of dextran is limited by its solubility. It is highly soluble in 

water. It can be dissolved in DMSO and has a low solubility in DMF whereby its solu-

bility increases with decreasing molecular weight and increasing temperature. Conse-

quently, for the modification of dextran water-based organic chemistry is the ideal 

method. There has been a considerable interest in the development of organic reactions 

in water since it was reported, that Diels-Alder reactions could be greatly accelerated by 
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using water as a solvent.
[52]

 Nowadays, different examples are know even reaction that 

involve water sensitive compounds.
[53]

 Chemical reactions that are reported to be per-

formed in water belong to the class of pericyclic reactions, reactions of carbanion and 

carbocation equivalents, reactions of radicals and carbenes, oxidations and reductions, 

and to the field of transition metal catalysis.
[54]

 Problems in water-based organic chem-

istry can be the insolubility of organic compounds and the performance of dehydration 

reactions because the water directly leads to re-hydration. Consequently, water-based 

organic chemistry is an interesting tool for future research. Especially, carbohydrate 

chemistry and the chemical modification of biomolecules benefit from classical chemis-

try that can be performed in water. 

 

1.2 Optical Biosensors 

 

According to IUPAC a biosensor is defined as a “device that used specific biochemical 

reactions mediated by isolated enzymes, immunosystems, tissue, organelles or whole 

cells to detect chemical compounds usually by electric, thermal, or optical signals.
[55]

 

Thus, two components are of importance: first the recognition chemistry or biology and 

second the read out mechanism. Both have to be optimized to create a sensitive and se-

lective biosensor device. Thereby, the recognition chemistry determines the selectivity 

whereas the read out system is mainly responsible for the sensitivity. The most wide-

spread commercial biosensor is the blood glucose biosensor. The enzyme glucose oxi-

dase is used to oxidize blood glucose. Thereby, the enzyme component FAD is reduced 

to FADH2 triggering an electric current.
[56]

 Generally, biosensor devices are used for 

environmental monitoring, trace gas detection or water treatment facilities. Detected 

target analytes are bacteria,
[56]

 organophosphates and pesticides,
[57]

 cells,
[58]

 or drug 

residues in food such as antibiotics.
[56]

  

 

1.2.1 Analyte Recognition 

 

The bioelement in the sensor may be an enzyme, antibody, a living cell or tissue for 

example. Generally, analyte recognition can be performed  

- on the basis of a capturing mechanism,  

- by catalysis or  
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- cell based. 

Commonly applied coupling strategies for various analyte recognition units are summa-

rized in Figure 1.2.1.[63] Organic reactions are used for coupling as well as pro-

tein-antibody interactions. In principle, every method leading to a stable bound analyte 

capturing unit can be used. 

 

Figure 1.2.1: Commonly employed coupling strategies for the immobilisation of analyte recognition 

receptors in the field of biosensing.
[63]

 Thereby EDC/NHS represents ethylenedia-

mine/ N-hydroxysuccinimide, PDEA 2-(pyridinyldithio)ethane amine, and DTT dithiothreitol.  

 

Cell-based
[59]

 recognition is based on the analyte coupling to a cell surface receptor 

which triggers a detecable signal or starts a signaling cascade that can be detected. Rec-

ognition by catalysis is usually based on an enzymatic reaction that generates a detect-

able product.
[60]

 Examples are the change in proton concentration, the release of oxygen 
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or CO2, the release of metals or halides, an ion- or electron transfer and the change in 

optical properties due to the production of a colored product. One idea is based on re-

ceptor proteins that trigger signal transduction through a membrane for example by in-

fluencing the ion transport of channels. Sensor concepts based on artificial membranes 

attached to an electrode with incorporated proteins or engineered channels try to simu-

late these natural sensing systems.
[61]

 Finally, the most important mechanism for this 

work is the analyte recognition on the basis of a capturing mechanism. Thereby, the 

binding of an analyte or a labeled analyte triggers a detectable signal. Specificity is 

achieved by using detection units occurring in nature for specific capturing of a certain 

analyte. 

The capturing element
[62]

 applied depends on the detection format such as direct, sand-

wich, and competitive detection. In the direct detection the binding of an antibody is 

recorded. For the sandwich assay and for the competitive detection an antigen is the 

target analyte. In both methods an antibody serves as capturing unit. In a competitive 

assay the binding of a labeled antigen to the analyte free capturing units is detected 

whereas in a sandwich assay a labeled secondary antibody binding to the captured ana-

lyte is recorded. The choice of an appropriate biorecognition element and the appropri-

ate immobilization method is of critical importance with direct impact on the perform-

ance of a sensor device. A plethora of biorecognition elements has been employed. The 

most popular and most frequently used ones are antibodies. They offer a high specifity 

and their affinity to the corresponding target analyte is usually very high. 

Besides, single-chain antibody fragments and biotinylated fragments have been used as 

biorecognition element as well.
[64-66]

 A cheaper and usually more stable alternative is 

the use of smaller peptides. A disadvantage of peptides can be seen in their lower speci-

ficity compared to antibodies. Nevertheless, they are good candidates for the recogni-

tion of antibodies such as antibodies against hepatitis G,
[67]

 herpes simplex virus type 1 

and 2,
[68]

 and for the detection of heavy metals.
[69]

 A versatile approach is the use of 

DNA or RNA aptamers, which are single-stranded oligonucleotide sequences, as recog-

nition units for proteins, nucleic acids, and cells.
[70, 71]

  

 

1.2.2 Surface Attachment of the Analyte Recognition Unit 

 

To create a biosensor device the analyte recognition units have to be coupled to a sur-

face. Surfaces suitable for biosensing are mainly metal, glass or polymers. Usually, the 
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surface is functionalized in order to covalently couple recognition units. Functionaliza-

tion in case of metal or glass surface is mostly carried out by adhesion of a 

self-assembled monolayer (Figure 1.2.2).
[72-74]

  

Adsorption

e.g. thiol on gold, siloxane on glass,…

(Wet) Chemical Treatment

Layer by Layer Deposition

Plasma Treatment

Adsorption

e.g. thiol on gold, siloxane on glass,…

Adsorption

e.g. thiol on gold, siloxane on glass,…

(Wet) Chemical Treatment(Wet) Chemical Treatment

Layer by Layer DepositionLayer by Layer Deposition

Plasma Treatment

 Figure 1.2.2: Common surface modification strategies including plasma treatment, chemical surface 

modification, adsorption of molecules and layer-by-layer deposition.
[75, 76]  

These monolayers can be used directly for covalent coupling of an analyte capturing 

unit or they can serve as foundation for further coupling of chemical structures such as 

polymer brushes or hydrogels.
[51, 77]

 These structures subsequently serve as two- or 

three-dimensional scaffold for coupling of recognition units. Surface modification of 

polymers is performed by plasma techniques or by using wet chemistry (Fig-

ure 1.2.3).
[76]

 A versatile example of polymer surface modification is the surface modi-

fication of poly(ether etherketone) (PEEK) which is used in many fields from medicine 

to aerospace due to its high temperature stability. Recently, the manifold modification 

of PEEK surfaces by various polymer brushes was reported.
[77]
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Figure 1.2.3: Surface modification of poly(ether etherketone) (PEEK) by grafting polymer brushes (C) to 

a monolayer of initiator molecules (B). Surface activation was carried out by organic chemistry in this 

case.
[77]

 

With this strategy of surface modification the advantages of the substrate material are 

totally preserved whereas the surface properties can be changed  

 

1.2.3 Read-out Mechanisms 

 

The signal read out is mostly performed optically, electrochemically, or by a quartz 

crystal microbalance (piezoelectric).  

Optical signal read out is based on changes of light. Many optical biosensors are based 

on evanescent wave techniques such as surface plasmon resonance
[78]

 or on the evanes-

cent field of optical waveguide modes.
[79]

 Other optical techniques are based on fluores-

cence- or absorbance detection depending on the possibility of using label-free sensing 

concept or of using fluorescent labels. Surface plasmon resonance requires a metal sur-

face. Thereby, changes in the electric permittivity (dielectric constant) at the 

metal-dielectric interface are detected. For example, the analysis of casein in milk has 

been performed by the detection of changes in the absorption on gold.
[80]

  

Electrochemical biosensor concepts
[81]

 are based on reactions that produces or 

consumes electrons mostly redox-enzyme catalysed ones. The target analyte is thereby 

involved in a reaction occuring on the active electrode surface. The produced ions create 

a potential resulting in a measurable signal. Either the potential at zero current or the 

current at a fixed potential can be recorded. The advantage of the electrochemical 



  1. Introduction 

 

  11 

detection can be seen in the label-free and direct analysis of small molecules such as 

peptides for example by applying biofunctionalized ion-sensitive field-effect 

transistors.
[82]

  

A third sensor concept is the quartz crystal microbalance belonging to a class of surface 

wave acoustic biosensors. Thereby, the mass per unit area is detected by recording the 

change in frequency of a quartz crystal resonator. Addition or removal of a small mass 

upon oxidation growth/decay or film deposition at the surface of the acoustic resonator 

leads to a change of the resonance frequency.
[83, 84]

 

A last read out concept to be mentioned here is the thermometric sensor. The heat 

produced or absorbed by a reaction is proportional to the molar enthalpy and thus to the 

overall number of molecules involved. Thermal sensors do not need frequent 

recalibration and are investigated for example to detect  pesticides. 

 

1.2.4 Biosensors – State of the Art 

 

Recent developments of biosensors aim for miniaturized, smart, and integrated systems 

for analytical and therapeutic treatments to enable the simultaneous description and 

monitoring of gene and protein expression or metabolic states. A lot of challenging 

problems have to be overcome: monitoring of physical parameters is well established 

whereas chemo- and biosensors are available for only a few parameters and mainly as in 

vitro devices. Gene arrays are under development in the field of research but are not 

used in clinical practice. Protein arrays are in an advanced state with promising results 

but not yet mature reproducible state.
[56]

 The most common example of a frequently 

used biosensor is the already mentioned glucose sensor which exists as integrated 

multi-array device.
[85, 86]

 The miniaturization of this sensor faced a great interest due to 

monitoring of diabetics at home with an inexpensive diagnostic instrument resulting in a 

more precise adjustment of insulin. An important field in biosensor development is the 

continuous monitoring of analytes for example to control the degree of anesthesia. Fur-

thermore, sensors for in vivo applications are of high interest.
[56]

 Therefore, microminia-

turization is unavoidable. Expectations are raised to significantly improve analytical 

performance by merging sophisticated micro- and nanotechnologies with hybrid biosys-

tems. A very versatile approach for in vivo applications is the combination of a sensor 

response with drug delivery. For this purpose, responsive hydrogels are useful materials 

because they can be tuned to respond to certain molecules by volume changes. A biode-
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gradable, insulin-carrying, glucose-sensitive hydrogel is a perfect candidate for insulin 

delivery. Up to now in vitro optimization of such systems are reported.
[87]

 The volume 

change is applied for sensing devices, too. Swelling of biosensitive poly(2-hydroxyethyl 

methacrylate) (p-HEMA) hydrogels upon contact with analytes can be detected by a 

capacitance change produced by a deformed conducting diaphragm.
[88]

 Such new devel-

opments are still under investigation but they show exciting possibilities for biosensing 

in the future.  

For high-throughput detection of analytes biochip arrays were developed. This is of 

critical importance for genetic-screening in order to detect point mutations that can lead 

to tumors in an early-stage.
[56]

 To analyze proteins, microarrays based on immuno-

chemical assays were developed. Basically, four types of immunoassays exist: enzyme 

immunoassay, radioimmunoassay, fluorescent immunoassay, and enzyme linked immu-

nosorbend assay (ELISA). Their major difference can be seen in the type of label used. 

As already briefly mentioned microarray technology has currently been expanded be-

yond DNA detection to the field of proteomics for the analysis of protein function in 

system biology.
[56]

 Antibody array chips on the basis of microsystem technology allow 

protein analysis for known proteins.
[89, 90]

 The drawback of proteins is their enhanced 

instability compared to DNA and they must be immobilized while preserving their func-

tionality. Immunoassays are for example combined with surface plasmon resonance 

based techniques. Besides, the commercially available SPR-detection systems,
[78, 91-93]

 

frequently new sensor concepts based on optical read out
[94]

 especially based on evanes-

cent wave techniques are developed.
[95-98]

 Thereby, either the recognition process or the 

optical detection principle is optimized to improve sensitivity and the range of detect-

able species.
[62, 99-101]

 Detection limits in the femtomolar or even attomolar range are 

reported.
[102, 103]

 

With the knowledge of DNA and protein-based biology a multitude of metabolites have 

been investigated.
[104]

 The monitoring of metabolic parameters gains increasing impor-

tance especially in the field of tissue engineering. To create metabolic sensors the com-

bination of biological sensing elements with microtransducer arrays is necessary to pro-

duce a multi-biosensor device. Cells can be grown and monitored for example on chips 

that record pH and pO2 simultaneously.
[105]

 Such devices are commercially available 

and can be used for cytotoxicity testing as well.
[106]

 Further research is necessary for the 

parallel detection of an increasing number of parameters. Furthermore, the cell-culture 
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monitoring by analyzing extracellular fluids is advanced and new sensor principles have 

to be developed.
[56]

  

Another trend is the development of nanobiosensors. A relatively new immobilization 

strategy uses the phenomenon of spontaneous assembly of phospholipids at planar inter-

faces between thermotropic liquid crystals. The patterned orientation of the liquid crys-

tals reflects the spatial and temporal organization of the phospholipids. This provides a 

principle for label-free monitoring of molecular and biomolecular species without com-

plex instrumentation.
[107, 108]

 Detection limits of down to single molecule detection can 

be achieved with cantilever based sensors. Especially, multifunctional cantilevers have 

a great potential in biodiagnostics because they permit label-free, non-amplified analy-

sis for example in gene-expression or proteomics.
[109, 110]

  

Despite the new nanotechnologies in the field of biosensors nanomaterials are applied 

for example in array type assays or used for in vivo monitoring replacing organic dyes 

as labels. Nanocrystals show a high brilliance with tuneable emission maxima and nar-

row spectral width with typical full width half maxima (FWHM) of 25 nm and do not 

show photobleaching.
[111]

 Besides optical labeling nanoparticles allow the read out by 

completely different techniques for example by conjugating magnetic nanoparticles 

commonly applied in the production of MRI contrast agents. 

Finally, the ultimate goal would be the development of arrays of many different detector 

molecules to create a miniaturized, high-throughput, integrated “electronic nose”.  

 

1.3 Aim and Outline 

 

The aim of this work was to combine the field of hydrogel synthesis and functionaliza-

tion as well as optical surface plasmon resonance and waveguide mode spectroscopy to 

create a functional hydrogel matrix for applications in optical biosensing and biomedi-

cine. 

The development and characterization of a material suitable for these applications re-

quires the understanding of its chemical, mechanical, and optical properties and the ex-

ploration of its interactions with biomolecules and cells. In order to use the advantage of 

biocompatibility, especially for further biomedical applications, it was decided to em-

ploy a “natural” polymer present in nature, namely dextran. Dextran is very hydrophilic. 

Thus, 3-dimensional dextran networks are expected to show high swelling degrees in 

aqueous environments. Highly swelling hydrogels as 3-dimensional polymer networks 
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facilitate the uptake of biomolecules and are consequently desired for biosensor and 

biomedical applications. 

The chemical synthesis of a highly swelling detran hydrogel was based on preparation 

of a benzophenone photo-crosslinkable, carboxymethylated dextran-based (PCMD) 

polymer. The carboxyl groups serve as binding units for biomolecules such as proteins 

or antibodies in biosensor and biomedical applications. With active ester chemistry 

molecules carrying primary amino groups were covalently coupled to carboxyl groups 

even under aqueous conditions. Furthermore, the carboxyl groups introduce a respon-

sivity towards pH- and ionic strength, allowing modulation of the hydrogel’s swelling 

degree. Further functionalization of the dextran backbone aimed towards external ma-

nipulation of swelling degree and charge of the hydrogel. The hydrogel response to pH, 

ion concentration, electrochemical switching, and a magnetic force was studied. 

Hydrogel formation by photo-crosslinking allowed simultaneous surface attachment of 

hydrogel films to substrates modified with a benzophenone-terminated adhesion layer. 

This molecular design allowing post-synthetical hydrogel network formation by 

photo-crosslinking and simultaneous surface attachment is advantageous in terms of 

easier functionalization and characterization of the soluble pre-polymer. In addition it 

provides the possibility to accurately control the crosslinking density by the applied 

light energy dose which grants facile tunability of the hydrogel properties.  

Hydrogel films of a certain thickness can serve as waveguide. This feature allowed the 

optical characterization of the hydrogel’s swelling properties by combining surface 

plasmon resonance (SPR) with optical waveguide mode spectroscopy (OWS). Based on 

these optical methods a biosensor concept applying a sandwich assay was developed. 

The idea was to use the electromagnetic field of the optical waveguide modes for fluo-

rescence excitation of labeled analytes. The preparation of a highly swelling, waveguid-

ing hydrogel matrix which allows analyte diffusion and binding inside the waveguide 

was expected to provide new sensor matrices. The coupling of labeled analytes inside 

the waveguiding medium should enable fluorescence excitation by the electromagnetic 

field in the center of the optical waveguide modes. This is expected to result in an en-

hanced fluorescence as compared to the fluorescence excited by an evanescent field 

such as the evanescent field of a surface plasmon. Thereby, the increased penetration 

depth and the higher field intensity of the optical waveguide modes as well as the in-

creased amount of analyte capturing units due to the thicker sensor matrix were ex-

pected to contribute to a fluorescence enhancement. To investigate the potential of this 
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sensor concept the well studied affinity binding of streptavidin-Cy5 to immobilized bio-

tin was studied as model system. The optimization of the sensor concept towards bio-

molecule-detection was carried out with the tumor suppressor protein-antibody system 

p53-p53Ab6 under ideal conditions such as buffer environment. Subsequent fluores-

cence detection was performed with a labeled secondary antibody. Furthermore, the 

sensor matrix was successfully tested for prostate specific antigen (PSA) detection in 

clinically relevant samples like serum. For this purpose long range surface plasmon 

spectroscopy (LRSP) and fluorescence detection with LRSP (LR-SPFS) were applied in 

a cooperation project with Y. Wang and J. Dostálek at the Max Planck Institute for 

Polymer Research. Additionally, cooperation projects in the field of neutron scattering 

with A. Falk and fluorescence correlation spectroscopy with R. Raccis and Prof. G. Fy-

tas were initiated at the Max Planck Institute for Polymer Research for further charac-

terization of the hydrated hydrogel matrix in terms of surface structure, pore size, and 

diffusion.  

Apart from the bio-related application in the field of sensing, the dextran-based hy-

drogel matrix was optimized towards the incorporation of even bigger species than pro-

teins or antibodies, namely cells. Cell growth of endothelial cells and osteoblasts with 

the aim of applications in bone regeneration, are investigated in a cooperation project 

with Dr. U. Ritz and Dr. A. Hofmann at the University Hospital in Mainz. Especially, 

dextran’s biocompatibility, hydrophilicity, and its degradability in the presence of dex-

tranase were expected to make the dextran-based hydrogel a versatile material for cell 

growth.  

 

1.4 Bibliography 

 

[1] N. A. Peppas, P. Bures, W. Leobandung, H. Ichikawa, European Journal of Pharmaceuticals 

and Biopharmaceuticals 2000, 50, 27. 

[2] M. A. Gauthier, M. I. Gibson, H. A. Klok, Angew. Chem. Int. Ed. 2009, 48, 48. 

[3] A. D. Fuchs, J. C. Tiller, Angew. Chem. Int. Ed. 2006, 45, 6759. 

[4] M. G. Zolotukhin, H. M. Colquhoun, L. G. Sestiaa, D. R. Rueda, D. Flot, Macromolecules 2003, 

36, 4766. 

[5] B. H. Schneider, E. L. Dickinson, M. D. Vach, J. V. Hoijer, L. V. Howard, Biosens. Bioelectron. 

2000, 15, 13. 

[6] H. Vaisocherova, W. Yang, Z. Zhang, Z. Q. Cao, G. Cheng, M. Piliarik, J. Homola, S. Jiang, 

Anal. Chem. 2008, 80, 7894. 

[7] A. W. Wark, H. J. Lee, R. M. Corn, Anal. Chem. 2005, 77, 3904. 

[8] M. Gumusderelioglu, H. Turkoglu, Biomaterials 2002, 23, 3927. 

[9] Y. Qiu, K. Park, Advanced Drug Delivery Reviews 2001, 53, 321. 

[10] N. A. Peppas, J. Z. Hilt, A. Khademhosseini, R. Langer, Advanced Materials 2006, 18, 1345. 

[11] V. Ravaine, C. Ancla, B. Catargi, J. Contr. Release 2008, 132, 2. 



1. Introduction   

 

16 

[12] T. Coviello, P. Matricardi, C. Marianecci, F. Alhaique, Jounal of Controlled Release 2007, 119, 

5. 

[13] H. Zhang, H. Wu, L. Fan, F. Li, C.-H. Gu, M. Jia, Polymer Composites 2009, 30, 1243. 

[14] J. S. Bateng, K. H. Matthews, H. N. E. Stevens, G. M. Ecclestone, Journal of Pharmaceutical 

Science 2008, 97, 2892. 

[15] R. A. F. Clark, K. Ghosh, M. G. Tonnesen, Journal of Investigative Dermatology 2007, 127, 

1018. 

[16] K. Y. Lee, D. J. Mooney, Chem. Rev. 2001, 101, 1869. 

[17] F. Rosso, G. Marino, A. Giordano, M. Barbarisi, D. Parmeggiani, A. Barbarisi, Journal of Cellu-

lar Physiology 2005, 203, 465. 

[18] J. L. Ifkovits, J. A. Burdick, Tissue Engineering 2007, 13, 2369. 

[19] J. M. G. Swann, A. J. Ryan, Polym. Int. 2009, 58, 285. 

[20] S. Chaterji, I. K. Kwon, K. Park, Prog. Polym. Sci. 2007, 32, 1083. 

[21] J. F. Mano, Advanced Engineering Materials 2008, 10, 515. 

[22] B. Jeong, A. Gutowska, Trends in Biotechnology 2002, 20, 305. 

[23] O. Okay, Prog. Polym. Sci. 2000, 25, 711. 

[24] I. Galaev, B. Mattiasson, Enzyme and Microbial Technology 1993, 15, 354. 

[25] R. Landers, U. Hubner, R. Schmelzeisen, R. Mülhaupt, Biomaterials 2002, 23, 4437. 

[26] S. Liu, J. Niu, Z. Gu, J. Appl. Polym. Sci. 2009, 112, 2656. 

[27] V. Chegel, Y. Shirshov, S. Avilov, M. Demchenko, M. Mustafaev, J. Biochem. Biophys. Meth-

ods 2002, 50, 201. 

[28] Y. Huang, W. Leobandung, A. Foss, N. A. Peppas, J. Contr. Release 2000, 65, 63. 

[29] Schild, Progr. Polym. Sci. 1992, 17, 163. 

[30] Idziak, e. al., Macromolecules 1999, 32, 1260. 

[31] B. D. Ratner, S. J. Bryant, Annu. Rev. Biomed. Eng. 2004, 6, 41. 

[32] W. E. Hennink, C. F. v. Nostrum, Advanced Drug Delivery Reviews 2002, 54, 13. 

[33] J. Berger, M. Reist, J. M. Mayer, O. Felt, N. A. Peppas, R. Gurny, Europ. J. Pharmaceutics 

Biompharmaceutics 2004, 57, 19. 

[34] S. R. V. Tomme, W. E. Hennink, Expert Reviews of Medical Devices 2007, 4, 147. 

[35] N. A. Peppas, Y. Huang, M. Torres-Lugo, J. H. Ward, J. Zhang, Annu. Rev. Biomed. Eng 2000, 

2, 9. 

[36] M. Hamidi, A. Azadi, P. Rafiei, Adv. Drug Deliv. Rev. 2008, 60, 1638. 

[37] S. Zhu, A. E. Hamielec, R. H. Pelton, Macromol. Chem. Theor. Simul. 1993, 2, 587. 

[38] O. Okay, J. Appl. Polym. Sci. 1999, 74, 2181. 

[39] A. B. Kinney, A. B. Scranton, in Superabsorbent Polymers, Vol. 480 (Eds.: F. L. Buchholz, N. 

A. Peppas), ACS Symp. Ser., Washington, DC. Am. Chem. Soc., 1994, pp. 2. 

[40] K. S. Anseth, C. N. Bowman, Chem. Eng. Sci. 1994, 47, 2207. 

[41] P. J. Flory, B. D. Rehner, J. Chem. Phys. 1943, 11, 521. 

[42] P. Flory, Principles of Polymer Chemistry, Vol. Chapter XIII, Cornell University Press, Ithaca, 

1953. 

[43] N. A. Peppas, P. Colombo, J. Contr. Release 1997, 45, 35. 

[44] B. D. Ratner, in Hydrogels in Medicine and Pharmacy, Vol. 1 (Ed.: N. A. Peppas), Boca Raton 

FL: CRC, 1986, pp. 85. 

[45] A. Halperin, M. Tirell, T. P. Lodge, Adv. Polym. Sci. 1992, 100, 31. 

[46] A. Mamada, T. Tanaka, D. Kungwachakun, M. Irie, Macromolecules 1990, 23, 1517. 

[47] A. Suzuki, T. Tanaka, Nature 1990, 346, 345. 

[48] A. Heller, Current Opinion in Chemical Biology 2006, 10, 664. 

[49] Y. Osada, H. Okuzaki, H. Hori, Nature 1992, 355, 242. 

[50] K. Kajiwara, S. B. Rossmurphy, Nature 1992, 355, 208. 

[51] P. W. Beines, I. Klosterkamp, B. Menges, U. Jonas, W. Knoll, Langmuir 2007, 23, 2231. 

[52] R. Breslow, Acc. Chem. Res. 2004, 37, 471. 

[53] L. Chen, C.-J. Li, Org. Lett. 2004, 6, 3151. 

[54] C.-J. Li, L. Chen, Chem. Soc. Rev. 2006, 35, 68. 

[55] M. W. G. d. Bolster, R. Cammack, D. R. Coucouvanis, J. Reedijk, C. Veeger, Pure Appl. Chem. 

1997, 69, 1251. 

[56] G. A. Urban, Meas.Sci. Technol. 2009, 20, 012001. 

[57] M. Zourob, A. Simonian, J. Wild, S. Mohr, X. Fan, I. Abdulhalim, N. J. Goddard, The Analyst 

2007, 132, 114. 

[58] M. Pescheck, J. Schrader, D. Sell, Bioelectrochemistry 2005, 67, 47. 

[59] J. Shah, E. Wilkins, Electroanalysis 2003, 15, 157. 

[60] M. Chaplin, C. Bucke, Enzyme Technology, Cambridge University Press, New York, 1990. 



  1. Introduction 

 

  17 

[61] H. M. Keizer, B. R. Dorvel, M. Andersson, D. Fine, R. B. Price, J. R. Long, A. Dodabalapur, I. 

Köper, W. Knoll, P. A. V. Anderson, R. S. Duran, ChemBioChem 2007, 8, 1246. 

[62] J. Homola, Chem. Rev. 2008, 108, 462. 

[63] M. A. Cooper, Anal. Bioanal. Chem. 2003, 377, 834. 

[64] K. Y. Tomizaki, K. Usui, H. Mihara, ChemBioChem 2005, 6, 782. 

[65] L. Dunne, S. Daly, A. Baxter, S. Haughey, R. O'Kennedy, Spectrosc. Lett. 2005, 38, 229. 

[66] N. Scholler, B. Garvik, T. Quarles, S. Jiang, N. J. Urban, J. Immunol. Methods 2006, 317, 132. 

[67] N. Rojo, G. Ercilla, I. Haro, Curr. Protein Pept. Sci. 2003, 4, 291. 

[68] C. Wittekindt, B. Fleckenstein, K. Wiesmuller, B. R. Eing, J. E. Kuhn, Virol. J. Methods 2000, 

87, 133. 

[69] E. S. Forzani, H. Q. Zhang, W. Chen, N. J. Tao, Environ. Sci. Technol. 2005, 39, 1257. 

[70] M. N. Win, J. S. Klein, C. D. Smolke, Nucleic Acids Res. 2006, 34, 5670. 

[71] Z. Wang, T. Wilkop, D. Xu, Y. Dong, G. MA, Q. Cheng, Bioanal. Chem. 2007, 389, 819. 

[72] S. Flink, C. J. M. v. V. Frank, D. N. Reinhoudt, Adv. Mater. 2000, 12, 1315. 

[73] R. G. Nuzzo, D. L. Allara, J. Am. Chem. Soc. 1983, 105, 4481. 

[74] J. P. Folkers, P. E. Laibinis, G. M. Whitesides, J. Phys. Chem. 1994, 98, 563. 

[75] http://esperia.iesl.forth.gr/~ujonas/Master_Surf_Chem/lecture_IntroSurfChem_3c.pdf. 

[76] B. Yameen, Dissertation 2009, Johannes Gutenberg-Universität Mainz. 

[77] B. Yameen, M. Alvarez, O. Azzaroni, U. Jonas, W. Knoll, Langmuir 2009, 25, 6214. 

[78] S. Löfas, M. Malmqvist, I. Roennberg, E. Stenberg, B. Liedberg, I. Lundstroem, Sensors and 

Actuators B 1991, 5, 79. 

[79] W. Knoll, Annu. Rev. Phys. Chem 1998, 49, 569. 

[80] H. M. Hiep, e. al., Sci. Technol. Adv. Mater. 2007, 8, 331. 

[81] D. Grieshaber, R. MacKenzie, J. Vörös, E. Reimhult, Sensors 2008, 8, 1400. 

[82] S. Q. Lud, M. G. Nikolaides, I. Haase, M. Fischer, A. R. Bausch, Chem. Phys. Chem. 2006, 7, 

379. 

[83] M. D. Ward, D. A. Buttry, Science 1990, 249, 1000. 

[84] D. Johannsmann, Phys. Chem. Chem. Phys. 2008, 10, 4516. 

[85] Y. Hamazato, M. Nakako, S. Satorus, M. Mitsuo, IEEE Trans. Electron Devices 1989, 36, 1303. 

[86] A. Heller, B. Feldmann, Chem. Rev. 2008, 108, 2482. 

[87] N. Kashyapa, B. Viswanadb, G. Sharmaa, V. Bhardwaja, P. Ramaraob, M. N. V. R. Kumar, 

Biomaterials 2007, 28, 2051. 

[88] Z. A. Strong, A. W. Wang, C. McConnagh, Biomed. Microdevices 2002, 4, 97. 

[89] T. Joos, e. al., Electrophoresis 2000, 21, 2641. 

[90] T. O. Joos, D. Stoll, M. F. Templin, J. Bachmann, Curr. Opin. Drug. Discov. Dev. 2005, 8, 239. 

[91] S. Löfas, B. Johnsson, J. Chem. Soc., Chem. Commun. 1990, 21, 1526. 

[92] B. Johnsson, S. Löfas, G. Lindquist, Anal. Biochem. 1991, 198, 268. 

[93] D. R. Hall, D. J. Winzor, J. Chromatrogr. B 1998, 715, 163. 

[94] S. M. Borisov, O. S. Wolfbeis, Chem. Rev. 2008, 108, 423. 

[95] R. Slavik, J. Homola, H. Vaisocherova, Meas. Sci. Technol. 2006, 17, 932. 

[96] A. Sato, B. Menges, W. Knoll, J. Appl. Phys. 2009, 105, 014701. 

[97] J. Dostálek, A. Kasry, W. Knoll, Plasmonics 2007, 2, 97. 

[98] W. Knoll, A. Karsy, F. Yu, Y. Wang, A. Brunsen, J. Dostálek, Journal of Nonlinear Optical 

Physics & Materials 2008, 17, 121. 

[99] Y. Wang, A. Brunsen, U. Jonas, J. Dostalek, W. Knoll, Analytical Chemistry 2009, 81, 9625. 

[100] D. R. Shankaran, K. V. Gobi, N. Miura, Sensors and Actuators B 2007, 121, 158. 

[101] X. D. Hoa, A. G. Kirk, M. Tabrizian, Biosensors and Bioelectronics 2007, 23, 151. 

[102] F. Yu, B. Persson, S. Loefas, W. Knoll, Anal. Chem. 2004, 76, 6765. 

[103] F. Yu, B. Persson, S. Löfas, W. Knoll, J. Am. Chem. Soc. 2004, 126, 8902. 

[104] B. Daviss, The Scientist 2005, 19, 25. 

[105] R. Ehret, e. al., Fresenius' J. Anal. Chem. 2001, 369, 30. 

[106] L. Cerotti, J. Ponti, P. Colpo, E. Sabbioi, F. Rossi, Biosens. Bioelectron. 2007, 22, 3057. 

[107] J. M. Brake, M. K. Dachner, Y.-Y. Luk, N. L. Abbott, Science 2003, 302, 2094. 

[108] S. J. woltman, G. D. Jay, G. P. Crawford, Nat. Mater. 2007, 6, 929. 

[109] F. Huber, M. Hegner, C. Gerber, H. J. Güntherodt, H. P. Lang, Biosens. Bioelectron. 2005, 2, 

1599. 

[110] C. Ziegler, Anal. Bioanal. Chem. 2004, 379, 946. 

[111] H. Fernandes, K. Bingham, I. Chambers, A. Mendelow, Acta Neuorchir. Suppl. 1998, 71, 44. 

 

 

 



1. Introduction   

 

18 

 



  2. Methods 

 

 19 

2 Methods 

2.1  Surface Plasmon Resonance (SPR) and Optical Waveguide Mode 

Spectroscopy (OWS) 

 

For surface plasmon resonance (SPR) and optical waveguide mode spectroscopy 

(OWS) the same setup can be used, only the sample configuration is different. A top 

view of an SPR/OWS setup with all its components is schematically depicted in Fig-

ure 2.1.1.
[1]

 The setup allows simultaneous fluorescence detection with the photomulti-

plier that is located at the backside of the sample cell.  

 

Figure 2.1.1: Schematic view of a SPR setup with an additional photomultiplier that allows fluorescence 

detection at the backside of the sample cell.
[1]

 

 

The theoretical background of SPR and OWS is summarized in the subsequent chapters. 

Especially, the combination of both techniques, facilitate the characterization of hy-

drogel matrices. Additionally, they are versatile techniques for application in optical 

biosensorsing.  

 

2.1.1 Surface Plasmon Resonance Spectroscopy (SPR) 

 

A surface plasmon is a surface electromagnetic wave that propagates in a direction 

parallel to the metal/dielectric interface. The surface plasmon is located on the boundary 

of the metal and the external medium (air or water), with an exponentially decaying 
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electromagnetic field perpendicular to the metal surface. The penetration depth of the 

surface plasmon is smaller than the wavelength of the incident beam (λ) and is around 

200 nm.
[2]

 In case of total internal reflection of the exponentially decaying 

electromagentic field can be calculated with Equation 2.1.1.
[2]

 With d1/e as the penetra-

tion depth, λ as the wavelength of the incident beam, n1 as the refractive index of the 

optically denser media, n2 as the refractive index of the optically thinner media, and Θi 

as the angle of the incident beam. 
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While a laser beam is coupled to the interface of tow media with different optical den-

sity, going from the optically denser n1 (glass) to the optically thinner (water) medium, 

a part of the beam is refracted following Snells law (Equation 2.1.2) whereas the other 

part is reflected with the same angle than the incident wave (θr = θi). 
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Θ=Θ sinsin

2

1       (2.1.2) 

The angle of total internal reflection (TIR) can be calculated with Equation 2.1.2 by 

setting the transmitted angle (Θt) to 90°. This corresponds to the situation depicted in 

orange in Figure 2.1.2. 
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Figure 2.1.2: Schematic view of the optical refraction and reflection occurring at an interface based on 

Snells law. The transmitted electromagnetic wave is θt , the incident angle of the incident wave θi, and the 

critical angle shown in orange θc. 

 

The angular dependence of the reflectivity and the transmittance can be described by 

solving Maxwells or Fresnel’s equations resulting in the Equations 2.1.3.
[2, 3]

 The rela-

tion between the refractive indices (n), the incident angle (Θi), the angle of the transmit-
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ted beam (Θt), and the ratio of the reflected light for p- (rp) and s-polarized (rs) light is 

described as well as the ratio of the transmitted light for p- (tp) and s-polarization (ts).  
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A surface plasmon electromagnetic wave is excited for one specific incident angle 

higher than the angle of total internal reflection (TIR) and matching the resonant 

condition. For this angle the light is dissipated into the metal film and a surface plasmon 

is generated.  

In case of resonant conditions and thus surface plasmon generation the incident light 

wave and the surface plasmon need to have the same wave vector. The wave vector of 

the surface plasmon (kx,plasmon) is given by Equation 2.1.4 based on Maxwell’s equa-

tions.
[2]

  

dm

dm

plasmonx
c

k
εε

εεω

+
=,     (2.1.4) 

Thereby, ω represents the angular frequency, εm is the dielectric constant of the metal, εd 

is the dielectric constant of the dielectric medium and c is the speed of light. Because 

the momentum of the surface plasmon will always exceed the wave vector of the inci-

dent beam in air or water, a special configuration for coupling the incident beam has to 

be used in order to match the momentum of the incident light with the one of the surface 

plasmon. Therefore, prism or grating coupling can be applied. In this work the 

Kretschmann configuration (Figure 2.1.3) was used, coupling the laser beam with an 

optically denser prism to the gold covered glass surface.
[4]

 

200 nm

i
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Figure 2.1.3: Schematic description of the Kretschmann configuration used in this work. The glass slide 

(LaSFN9) is refractive index matched to the glass prism. 
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If the momentum of the incident laser beam matches the momentum of the surface 

plasmon mode the photons interact with the free electron gas of the metal layer and a 

surface plasmon is generated. A surface plasmon can only be generated by p-polarized 

(TM) light, because it has an electric field component perpendicular to the surface, but 

not by s-polarized light (TE). 

In the Kretschmann configuration the wave vector of the incident light and thus the sur-

face plasmon generation depends on the incident angle of the laser beam (Θi). The rela-

tion between the incident angle (Θi) and the surface plasmon resonance are given by 

Equation 2.1.5 with kx,photon as the wavevector of the photon in x-direction, ω being the 

angular frequency, εprism the dielectric constant of the prism, c the speed of light and Θi 

the inicident angle of the laser beam. 

iprismphotonx
c

k Θ= sin, ε
ω

    (2.1.5) 

At a certain angle kx,photon matches the resonance conditions and a surface plasmon is 

generated for a fixed angular frequency (ω) of the laser (Figure 2.1.4 A).  
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Figure 2.1.4: A) Dispersion relations of a photon coupled in air and with a prism and of the surface 

plasmon.
[2]

 B) Measured angular SPR spectra of a gold covered glass substrate in the Kretschmann con-

figuration against air. 

 

Resonant conditions result in a decreased intensity of the reflected beam and thus a 

minimum in the angular spectrum because light is dissipated into the surface plasmon 

(Figure 2.1.4 B). 

Any variation in the optical density on the gold surface in the penetration depth of the 

surface plasmon leads to changes of the wave vector of the surface plasmon and thus 

results in a shift of the resonance angle ΘSPR (Figure 2.1.5 A).  

Thus, the surface plasmon is very sensitive to any change, such as the adsorption of 

molecules, in close proximity to the metal surface. Refractive index changes in the field 
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of the evanescent surface plasmon wave result in changes of the reflectivity according 

to Fresnel’s equations (Equation 2.1.3). Such refractive index changes can be caused by 

adsorption of an additional layer of molecules for example. Consequently, surface 

plasmon resonance spectroscopy (SPR) can be applied to characterize the optical prop-

erties of thin films (d < 200 nm) at the metal surface without destroying them.  

An increase of the optical density occurring due to molecule adsorption to the surface 

corresponds to a shift in the surface plasmon resonance to higher incident angles. The 

signal change can be observed either by recording angular scans or in real time by re-

cording a kinetic at a fixed angle in the linear part of the surface plasmon (Fig-

ure 2.1.5 B and blue line in Figure 2.1.5 A). 
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Figure 2.1.5: A) Simulated angular scans for adhesion of an additional layer on a gold covered glass 

substrate. The blue line indicates the angle for a real time kinetic measurement. The black arrow repre-

sents the shift of the surface plasmon to higher angles upon adsorption of molecules. B) Example for a 

real time kinetic measurement corresponding to a surface plasmon shift to higher angles as depicted in 

(A). 

 

The shift of the resonance angle is proportional to the thickness and the dielectric con-

stant of the adsorped layer following Equation 2.1.6. Using this relation the thickness or 

the refractive index can be determined by simulating the angular spectra.
[5]

 

( )dpd εε −∝∆Θ      (2.1.6) 

Thereby, the dielectric constant (ε) is described by Equation 2.1.7: 

( ) '''222
2 εεε ikiknnikn +=−+=+=   (2.1.7) 

With Θi being the angle of incidence, εd the complex dielectric constant of the dielec-

tric, εp the complex dielectric constant of the buffer, d the thickness of the adsorbed 

layer, n the real part of the refractive index, k the imaginary part of the refractive index, 

ε’ the real part of the dielectric constant (ε’=n²-k²), and ε’’ the imaginary part of the 

dielectric constant (ε’’ = 2kn). Consequently, for the simulation of the optical properties 
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of an adsorped layer by simulating one surface plasmon resonance two variables have to 

be simulated: the thickness and the refractive index.  

Although, surface plasmon resonance spectroscopy is a versatile method for the detec-

tion of changes close to a metal surface it requires the knowledge of either the refractive 

index or the thickness of the adsorped layer to determine the respective other parameter. 

Consequently, many applications do not allow the extraction of quantitative information 

without calibration. To overcome this disadvantage related optical methods such as the 

combination of SPR and optical waveguide mode spectroscopy (OWS) or long range 

surface plasmon spectroscopy can be applied. For all SPR/OWS experiments the inci-

dent laser beam energy of the 633 nm HeNe-laser was adjusted to 100 % reflectivity 

corresponding to a power of 145 µW. 

 

2.1.2 Optical Waveguide Mode Spectroscopy (OWS) 

 

For optical waveguide mode spectroscopy a waveguiding layer is needed. The laser 

beam is coupled into the waveguide material and the light is guided inside the 

waveguide. An ideal waveguide (Figure 2.1.6 A) consist of three layers with the three 

refractive indices n1, n2, and n3. To allow light to be the condition n2 > n1, n2 has to be 

fulfilled. The configuration used in this work is depicted in Figure 2.1.6 B and guides 

leaky optical waveguide modes. 
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Figure 2.1.6: Schematic view of the waveguiding principle (A) and schematic view of the layer system for 

leaky optical waveguiding modes used in this work (B). 

 

For angles larger than the critical angle of total internal reflection (TIR) (Θc) (Fig-

ure 2.1.6 A), the optical wave is guided inside the layer. Only waveguide modes of dis-

crete angles or discrete wavelength can be guided, as the interference after two reflec-

tions has to be constructive (Figure 2.1.6 A, black, Θ2). However, optical waveguide 

modes, show an exponentially decaying electromagnetic field outside the waveguide. 

Description of these phenomena can be found in wave optics theory.
[3, 6, 7]
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On the basis of Maxwell’s equations two groups of solutions and thus two possible 

types of waveguide modes are obtained: transversal electric (TE) modes and transversal 

magnetic (TM) modes. The TE-waveguide modes are characterized by an electric field 

polarized perpendicular to the plane of incidence whereas the TM-waveguide modes 

consist of an electric field polarized parallel to the plane of incidence. Because surface 

plasmon resonance on a metal surface can only be excited by p-polarized light with an 

electric field parallel to the propagation direction the combination of SPR and OWS 

only allows the detection of TM-waveguide modes. If the polarization of the incident 

beam is modified to s-polarized light no surface plasmon but still TE-waveguide modes 

can be excited.  

Starting with the wavefunctions in the three media (Figure 2.1.6) the dispersion relation 

and than the wavefunctions can be derived. Thereby, the dispersion relation is only 

solvable for discrete propagation constants (β). Thus only discrete wavelength with a 

wave vector 22

0 β−= nkk x  can be guided. For a real kx, the guided wave propagates 

in x direction, for an imaginary k, the wave is evanescent.
[8]

  

The optical waveguide modes discussed here are called leaky optical waveguide modes 

and can only be partly described by the conventional optical waveguide modes. The 

sample configuration used for SPR/OWS measurements is depicted in Figure 2.1.7. 
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Figure 2.1.7: Sample configuration for combined SPR/OWS spectroscopy in the Kretschmann configura-

tion. 

 

The gold layer with a thickness of 50 nm is too thin to allow the complete evanescent 

decay of the optical waveguide mode wavefunction. An optical wave, guided between 

gold and buffer or air is called leaky mode or tunneling mode. This is a mode that de-

cays monotonically for a finite distance in the transverse direction but becomes oscilla-

tory everywhere beyond that finite distance. Mathematically, leaky modes can be de-

scribed by a quantum mechanical tunneling effect. For a closed expansion waveguide, 
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like in a fiber, the covering media with n1 and n3 can be treated as potential walls of 

finite height and infinite width. Schrödinger’s equation leads to the same result as de-

rived by the wave optics theory mentioned above: an evanescent solution in the walls 

and an oscillating optical wave in between. The gold layer can be treated as potential 

wall of finite height and width. The two effects of a guided wave as well as the evanes-

cent decay are possible within this theory. Waveguiding occurs due to reflection and the 

evanescent decaying field outside the waveguiding layer occurs due to tunneling ef-

fects.
[9, 10]

 These tunnerling effects lead to loss of light especially at the gold hydrogel 

interface and thus lead to a limited lifetime of a leaky optical waveguide mode. 

Thereby, the coupling efficiency, which is an important parameter for fluorescence ex-

citation (Chapter 2.3), depends on the thickness of the gold layer as proofed experimen-

tally by Robert Roskamp.
[11]

  

 

2.1.3 Long Range Surface Plasmon Spectroscopy (LRSP) 

 

Long range surface plasmons (LRSP) are a particular type of surface plasmon modes 

that are characterized by electromagnetic fields that are mostly contained in the region 

outside of the metal. They originate from the coupling of surface plasmons on opposite 

surfaces of a thin metallic film that is embedded between dielectrics with similar refrac-

tive indices. The LRSP setup with the substrate configuration is depicted in Fig-

ure 2.1.8.  

 

Figure 2.1.8: Schematic description of the LRSP experimental setup and especially of the substrate con-

figuration by Y. Wang and J. Dostálek.
[12]

 The sample configuration is different to SPR and OWS. 
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The setup itself is identical to the one used for SPR and OWS experiments only the sen-

sor configuration changes.LRSPs exhibit orders of magnitude lower damping as com-

pared to conventional surface plasmons on an individual metallic surface and show an 

increased penetration depth.
[13, 14]

 The increased penetration depth facilitates the detec-

tion with 3D binding matrices exhibiting a higher surface density of analyte capturing 

units and to exploit the whole evanescent field of the LRSP.
[15]

 Like all plasmon modes, 

LRSPs remain extremely sensitive to their surrounding environment and are thus of 

interest for detection and sensing purposes. Furthermore, their excitation provides larger 

enhancement of the electromagnetic field intensity enabling a further increase of the 

fluorescence signal in SPFS-based detection.
[14]

 

 

2.2 Surface Plasmon Resonance and Optical Waveguide Mode En-

hanced Fluorescence Spectroscopy (SPFS/OWFS) 

 

Fluorescence is the emission of light after a fluorophore has been excited with light of a 

lower wavelength and thus higher energy. The term “fluorescence” was introduced by 

Stokes in 1852.
[16]

 The excitation and fluorescence process is described in a Jablonski 

Diagramm (Figure 2.2.1).
[17, 18]

  

 

Figure 2.2.1: Simplified Jablonski Diagramm summarizing the excitation and Fluorescence process.
[17, 18]

 

 

Absorption of a photon with the energy hνEX (Figure 2.2.1-1) results in the excitation 

from the electronic ground state (S0) into an excited vibrational level of the electronic 

excited state (S1). According to the Franck Condon principle the electronic excitation is 

combined with a change of the vibrational level due to a more significant overlap of the 

wave functions. Subsequently, the excited molecule undergoes changes such as confor-

mational changes and relaxes into its vibrational ground state of the electronically ex-
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cited state (S1). Subsequently, the transition into the S0 state can occur by fluorescence. 

A photon with the energy hνEM can be detected. Thereby, hνEM is smaller than hνEX due 

to the energy loss occurring by the relaxation to the vibrational ground state of S1. This 

energy shift or visible by the higher wavelength of the fluorescence as compared to the 

excitation wavelength is called the Stokes shift. The higher the Stokes shift the easier is 

the experimental discrimination of fluorescence photons from the exciting laser beam.  

In general, the transition back to the electronical ground state (S0) can occur via various 

mechanisms that can be classified into radiative and non-radiative. Non-radiative transi-

tions are for example internal conversion or intersystem crossing. Internal conversion 

(IC, kIC) is a vibrational energy transfer from an exited vibritional state in the S1 state to 

a molecule in the S0 state. Intersystem crossing (ISC, kISC) describes a transition to a 

state with a different spin multiplicity. Further processes are for example fluorescence 

resonance energy transfer (FRET, kET), or collisional quenching (CQ, kCQ). All these 

mechanisms depopulate the S1 state and thus minimize the number of molecules that 

undergo a radiative decay between S1 and S0 by fluorescence (F, kF). Consequently, not 

the total number of excited molecules returns to the ground state by fluorescence emis-

sion. The life time of the S1-state is around 1-10 ns. 

The ratio of the number of fluorescence photons emitted to the number of absorbed pho-

tons is called the fluorescence quantum yield (Φ) and is described by Equation 2.2.1. 

DF

F

kk

k

+
=φ       (2.2.1) 

with kD = kET+kISC+kIC+kCQ. The quantum yield is thereby governed by the relation of 

the rate constant of the fluorescence decay (kF) and the rate constants of the depopula-

tion processes (kD).  

 

Fluorescence Quenching 

 

Quenching of fluorescence is caused by any process that leads to energy transfer from 

the fluorophore to another molecule and thus results in a reduction of the quantum yield. 

Thereby, the energy can be transferred to the quencher molecule either by collision or 

by complex formation. Both mechanisms induce the relaxation of the fluorophore into 

its electronic ground state (S0). The collisional energy transfer is described by the 

Stern-Vollmer equation (Equation 2.2.2): 

[ ]τQk
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I
q+= 10      (2.2.2) 
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with I0 representing the fluorescence intensity in the absence of a quenching molecule, I 

the intensity in the presence of a quencher, [Q] the quencher concentration, kq the rate 

of the collisional quenching, and τ the observed lifetime. 

Quenching due to a ground state-complex formation between a fluorophore and a 

quenching molecule is described by Equation 2.2.3: 

[ ]Qk
I

I
C+= 10      (2.2.3) 

with kC representing the complex formation constant.  

Consequently, the higher the quencher concentration the lower the fluorescence quan-

tum yield. In case the fluorophores quench their own fluorescence (“self-quenching”) an 

increased fluorophore concentration does not lead to an increased fluorescence sig-

nal.
[19]

  

 

Bleaching by Flurorescence Resonance Energy Transfer 

 

Another very important quenching mechanism, especially for SPFS, is the quenching by 

fluorescence resonance energy transfer (FRET) also known as Förster energy transfer. 

The non-radiative Förster energy transfer is a distance dependent dipole-dipole interaci-

ton and occurs over a distance of 1-10 nm.
[20]

 The efficiency of FRET is a key factor, 

which depends on the inverse sixth power of the intermolecular distance (R) as de-

scribed by Equation 2.2.3: 
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Thereby, the distance at which the efficiency of the energy transfer reaches 50%, related 

to the number of deactivated fluorophors, is defined by the Förster radius (R0).
[20]

 

 

Photobleaching 

 

Photobleaching is an often irreversible, photon-induced damage of a fluorophore and 

occurs in case the irradiation time or the irradiation intensity are exceeding a critical 

value. A fluorophore can undergo a finite number of excitation-relaxation cycles prior 

to photochemical destruction. Thereby, the number of cycles depends on the fluoro-

phore. A stable fluorophore undergoes approximately 100 cycles of excitation and sub-

sequent relaxation. Photobleaching is largely due to the generation of free oxygen 

radicals that attack and permanently destroy the light-emitting properties of the 

fluorophore. Consequently, the rate of photobleaching can be reduced by including free 
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radical scavengers such as ascorbate or by reducing the concentration of oxygen in the 

medium. A more practical prevention is the reduction of the irradiation intensity and the 

irradiation time for example by using a shutter. 

 

2.2.1 Surface Plasmon Resonance Enhanced Fluorescence Spectros-

copy (SPFS) 

 

In surface plasmon enhanced fluorescence spectroscopy (SPFS) fluorophores are ex-

cited by the evanescent electromagnetical field of the surface plasmon. Due to the pene-

tration depth of about 200 nm
[2]

 only fluorophores located within this distance from the 

surface can be excited (Figure 2.2.2). This can be an advantage because the detection is 

localized and is not disturbed by molecules being outside the detection range. On the 

other hand the fluorescence intensity is limited by the amount of fluorophores located 

within this distance. 

 

Figure 2.2.2: Schematic description of the SPFS principle. 

 

A crucial parameter is the distance of the fluorophore to the gold layer which is used to 

generate the surface plasmon. The gold layer quenches fluorescence by resonant fluo-

rescence energy transfer. To prevent quenching the distance of the dye to the gold sur-

face has to be increased. On the other hand the field intensity of the surface plasmon 

decays exponentially with increasing distance from the gold surface and has its maximal 

intensity close to the gold surface. Within a distance of approximately 10 nm, fluores-

cence quenching due to Förster transfer between the fluorophore and the gold surface 

can occur. The energy is thereby transferred to heat. As described above the Förster 

transfer rate depends on the distance from the quencher with R
-6

. Due to the enlarged 

number of effective acceptor sites in a gold layer the distance dependence can be 

changed to R
-3

-R
-4

.
[21, 22]

 At sufficient separation distances free emission of the fluoro-
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phores are dominant. Besides, the fluorescence emission gradient due to Förster transfer 

between the fluorophore and the gold surface, the exponential evanescent field gradient, 

and finally fluorescence reflection by the gold surface causing light interference has to 

be considered. 

 

Long Range Surface Plasmon Enhanced Fluorescence (LR-SPFS) 

 

To increase the fluorescence signal the excitation of fluorescence by long range surface 

plasmons is a versatile technique. First the overall electromagnetic field intensity is 

higher as compared to conventional surface plasmons and second the penetration depth 

is increased. Consequently, a higher amount of fluorophores can be excited with a 

higher field intensity resulting in an enhancement of the fluorescence signal. 

 

2.2.2 Optical Waveguide Mode Enhanced Fluorescence Spectroscopy 

(OWFS) 

 

Optical leaky waveguide modes can be used for fluorescence excitation (OWFS) like 

surface plasmons. The combination of SPFS and OWFS is possible as well as depicted 

in Figure 2.2.3. Thereby, the electromagnetic field of the optical waveguide modes is 

distributed over the entire distance of the waveguiding matrix.  

 

Figure 2.2.3: Schematic description of the SPFS/OWFS principle. 

 

If a fluorophore is located inside the waveguiding matrix a significant fluorescence in-

crease as compared to conventional surface plasmons is expected. One reason is the 

excitation not by the decaying evanescent electromagnetic field of an optical waveguide 

mode or surface plasmon but an excitation by the maximum of the guided electromag-

netic field. Another reason is the increased number of fluorophores located within the 

electromagnetic field of the optical waveguide mode. A thickness of the waveguide of 
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around one micrometer in the swollen state is required for waveguide mode generation 

and allows to couple an increased number of fluorophores. Furthermore, the electro-

magnetic field itself is increased as compared to conventional surface plasmons. Even 

long range surface plasmons only have a penetration depth of approximately 1 µm with 

an evanescent decaying electromagnetic field.
[12]

 

Another advantage of optical waveguide mode excited fluorescence detection is the 

possibility to work without the gold layer. In case only OWFS and no combination of 

SPFS and OWFS should be performed the gold layer is not needed and thus quenching 

effects due to FRET close to the gold surface can be avoided. The fluorescence intensity 

in OWFS depends on the amount of fluorophores localized inside the waveguide and 

thus indirectly on the thickness of the waveguide. Furthermore, the fluorescence inten-

sity depends on the coupling efficiency of the optical waveguide modes and can be 

modulated by tuning these factors.  

 

2.3  The Wentzel-Kramers-Brillouin Approximation - Data Analysis 

 

Waveguide modes traveling in a layer with uniform refractive index and the data analy-

sis in this case are described in Chapter 2.1.
[8]

 If the refractive index of the waveguide 

layer shows a refractive index gradient the situation becomes more complex. For a ho-

mogeneous gradient the exact solution can be calculated,
[3]

 for an inhomogeneous one 

only approximations can be applied. The approximation used in this work is called the 

reversed Wentzel-Kramers-Brillouin approximation (WKB).
[3, 6]

 In summary the scalar 

wavefunction (Equation 2.3.1) is solved.  
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Thereby, the terms of zero order results in two possible solution: an oscillating and an 

evanescent for ( ) 222

0 β<xnk . If discontinuity occurs both solutions merge into eacho-

ther. The transition point is used as integration limit for the oscillating solution, intro-

ducing the effective refractive index sensed by every optical waveguide mode. Practi-

cally the effective refractive index (neff) is determined by the measured incident angle of 

each optical waveguide mode as described by Equation 2.3.2: 
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with np as the refractive index of the prism, γ as the prism angle of 45° (Figure 2.1.1), 

and Θi as the angle of incidence. The refractive index or more exact n
2
(x) can be ap-

proximated according to Equation 2.3.3:
[3]
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Thereby, the condition kk xxx ≤≤−1  and k=1,2,3,…,m has to be fulfilled. 

With the approximation of n
2
(x) the effective refractive index (neff) can be determined 

for every optical waveguide mode. For this purpose the effective refractive index (neff) 

is deduced from the angular position of each leaky optical waveguide mode. Subse-

quently, neff is related to a certain distance from the substrate surface by applying an 

algorithm
[3]

 Due to the way of performing the WKB-approximation based calculation of 

a refractive index-distance profile of a waveguiding matrix it is referred to as “reversed 

WKB-approximation”. 

The experimental procedure for the determination of the refractive index-thickness pro-

file of a waveguiding hydrogel film on a gold covered glass substrate swollen in buffer 

is described in the following part. The angular positions of the four optical waveguide 

modes (Figure  2.3.1 A, black curve) are used to calculate the hydrogel film profile 

(Figure 2.3.1 B) using the WKB approximation as described above. The swollen thick-

ness was extracted from these WKB profiles. For the profile shown in Figure 2.3.1 B 

this would be 7.2 µm. The value calculated for the waveguide-gold interface (z=0) is set 

to 150 nm assuming a penetration depth of the surface plasmon of 150-200 nm.
[2]

 The 

refractive index value at the hydrogel gold interface (z = 0 nm) is derived experimen-

tally from the surface plasmon by setting the thickness in a one layer model to 1 µm or 

higher and simulating the surface plasmon by fitting the refractive index. The angular 

spectrum cannot be reproduced by simulating a one layer model which is consistent 

with the results of the WKB approximation and reported hydrogel systems.
[23]

 In this 

example the WKB profile shows a 3-layer structure: one layer for the 150 nm at the 

gold hydrogel interface, one layer up to approximately 5 µm and the last layer for the 

hydrogel buffer interface showing a gradient into the solution. If this 3-layer structure is 

simulated the experimentally recorded scan can be reproduced (Fig 2.3.1 A, red curve). 

For an angular scan with four optical waveguide modes 2 layeres for the hydrogel film 

plus the “surface plasmon layer” leads to one parameter per signal which is the maxi-

mum of parameters that can be reasonably fitted. The exact values used for the simula-

tion are summarized in the table of Figure 2.3.1 C. 
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LaSFN9 0 3.407 0 

Chromium 1.9 -4 16.8 

Gold 45 -12.4 1.6 

SAM 2 2.06 0 

Hydrogel-1 150 1.828 0 

Hydrogel-2 4800 1.8105 0.006 

Hydrogel-3 1600 1.802 0.001 

Buffer 0 1.774 0 

Figure 2.3.1: Implementation of the WKB approximation and the procedure of data simulation exempli-

fied for a dextran-based hydrogel film. The hydrogel film profile (B) is derived from the angular position 

of the optical waveguide modes ((A) black) and the refractive index of the surface plasmon. The WKB 

profile indicates a 3 layer system which reproduces the angular scan ((A), red curve). The exact values of 

the simulated curve are shown in table (C).  

 

The relation between the refractive index (n) and the dielectric constant (ε) is described 

by Equation 2.1.7.  

 

2.4 Cyclic Voltammetry  

 

Cyclic voltammetry is a potentiodynamic electrochemical measurement. The first works 

are going back to Randles
[24]

, Nicholson and Shain,
[25, 26]

 and to Kalthoff and Tom-

sicek.
[27]

 The setup consists of three electrodes, a reference electrode, a working elec-

trode, and a counter electrode. As reference electrode a Ag/AgCl electrode was used. A 

platinium wire served as counter electrode and a gold layer on top of a glass substrate 

was used as working electrode. The potential window of a cyclic voltammetry experi-

ment is determined by the electrode materials, the solvent, and the background electro-
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lyte. Mass transport generally takes place by diffusion, migration and convection. Dif-

fusion is determined by a concentration gradient whereas migration occurs due to a po-

tential gradient. Convection occurs due to the mechanical forces like stirring and can be 

eliminated on a short time scale. Usually, salt is added to the background electrolyte to 

increase the conductivity and to suppress charge transport by migration. Thus, the elec-

tron current can be balanced by the passage of ions in the solution and only a neglect-

able number of electroactive species is transported by migration.  

For cyclic voltammetry measurements the electrode potential is continuously increased 

with time until a certain potential (E2) is reached. Subsequently, the potential is con-

tinuously reversed back to the starting potential (E1). Thereby, the whole process is con-

trolled by a potentiostate. The rate of the potential increase and decrease is known as 

scan rate (V/s). The scan rate can have a significant influence on the peak current (ip) 

because it determines the time available for analyte diffusion towards the electrode. 

Therefore, cyclic voltammograms are usually recorded at various scan rates to investin-

gat this effect. The potential is measured between the working electrode and the counter 

electrode resulting in a triangular shape
[28]

 for plotting the potential versus time. The 

measured data is plotted as current (i) versus the potential (E) giving the cyclic voltam-

mogram.
[29]

 A representative example is depicted in Figure 2.4.1.  

In case an electroactive species is present, the measured current increases as the poten-

tial reaches the oxidation potential (Eox) or the reduction potential (ERed) and is reduced 

again as the concentration of the analyte close to the electrode is depleted. For a re-

versible redox system the reversed potential scanning leads to a similar reduction peak 

with inversed current as observed for the oxidation. 

Eox

iox

ERed

E1

E2

Eox

iox

ERed

Eox

iox

Eox

iox

ERed

E1

E2

 

Figure 2.4.1: Representative cyclic voltammogram
[30]

 for a reversible electron transfer reaction. 
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The oxidation and reduction potential Eox and Ered are characteristic for the redox spe-

cies and they indicate the ability of an analyte to change its oxidation state. A typical 

redox system is ferrocene (Figure 2.4.2).  

 

Figure 2.4.2: Oxidation and reduction reaction in ferrocene. 

 

The oxidation potential of ferrocene depends for example on its substituents
[31]

and the 

solvent.
[32]

 The oxidation potential of pure ferrocene is known to be 0.05 V against a 

saturated calomel electrode. 

For a reversible oxidation/reduction the electrode potential is related to the concentra-

tion of oxidized and reduced species by Nernst’s equation (Equation 2.4.2): 

[ ]
[ ]









+=

redc

oxc

nF

RT
EE ln0     (2.4.2) 

with E representing the electrode potential, E
0
 being the standard electrode potential, R 

the universal gas constant, T the temperature in Kelvin, F the Faraday constant, n the 

number of electrons transferred, and c the concentration of the oxidized (ox) and the 

reduced (red) species respectively. According to Nernst equation the difference between 

the reduction and the oxidation potential (∆E = Eox – Ered) is theoretically 59 mV for a 

reversible reaction.  

The electron transfer close to the electrode surface is fast. In case the current is diffu-

sion limited, the current is proportional to the square root of the scan rate as described 

by the Cottrell equation (Equation 2.4.1): 

t

DnFAc
i

j

o

j

π
=      (2.4.1) 

with i being the current (A), n for the number of electrons, F for the Farraday constant, 

A for the area of the planar electrode, cj
o
 for the initial concentration of the reducible 

analyte in mol/cm³, Dj for the diffusion coefficient in cm²/s, and t for the time in sec-

onds. The influence of the scan rate on the current can be extracted by screening various 

scan rates.  

The peak current (ip) resembles the height of the oxidation and reduction peak and is 

described by the Randles-Sevcik equation (Equation 2.4.3). It depends on A describing 
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the electrode area in cm², c the concentration in mol/cm³, D the diffusion coefficient in 

cm²/s, and ν the scan rate in V/s. 

( ) 2/12/12/351069.2 υAcDni p ×=    (2.4.3) 

The current described by this equation is a Faradaic current caused by the oxidation and 

reduction of an electroactive species. Consequently, the peak current (ip) is directly pro-

portional to the concentration of electroactive species that are detectable by the elec-

trode. Furthermore, according to this equation ip should be directly proportional to the 

square root of the scan rate. This relationship becomes particularly important in the 

study of electrode mechanisms. The ratio of ip,ox to ip,red should be close to one. A 

non-Faradaic current, also called charging current, is caused by the movement of ions in 

the solution while applying a potential to the working electrode.  

Electrochemistry experiments were performed by using a controlling stage (Autolab, 

Metrohm) and connecting the gold covered glass substrate as working electrode. A sil-

ver/silver chloride electrode was used as reference and a platinium wire as counter elec-

trode. The sample cell had a diameter of 0.385 cm and a thickness of 0.7 cm. 

 

2.5 Atomic Force Microscopy  

 

Atomic Force Microscopy (AFM) was used to investigate the surface structure on a 

small scale of µm². A cantilever with a tip at its end is used to scan a sample surface.
[33-

35]
 The tip commonly consists of silicon or silicon nitride. In close proximity to a sam-

ple, surface forces described by Hook’s law act on the cantilever. These forces can be 

van der Waals forces, capillary forces, electrostatic forces, magnetic forces, etc. To in-

fluence the acting forces the cantilevers can be coated with a self-assembled monolayer 

of hydrophobic, hydrophilic or charged molecules, for example. In case the surface to-

pography and thus the forces on the cantilever are changing, the position of the cantile-

ver is changed in z-direction, perpendicular to the surface. A laser that is directed to the 

top surface of the cantilever and reflected onto an array of photodiodes is deflected as 

soon as the cantilever moves up and down. Thereby, the photodiode array can detect the 

variation in the position of the laser spot during scanning resulting in the detection of 

the topography of a sample. In contrast to SEM techniques, with AFM 3D pictures can 

be recorded. Typically, AFM images are recorded in “contact mode”, where the tip is in 

physical contact with the sample surface. An alternative is the “non-contact mode” also 
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called “tapping mode”, which operates at a given tip-sample separation under oscilla-

tion of the cantilever at its resonance frequency. 

In this work AFM images were recorded with a commercially available AFM (Dimen-

sion 3100 CL) in the tapping mode. Micro cantilevers (Olympus) 160µm long, 50µm 

wide and 4.6µm thick with an integrated tip and a nominal spring constant of 42 N/m 

were used. The tip was scanned at rates about 0.7 Hz for a scan area of ~1 µm². In a 

simplified description of the tapping mode the cantilever is oscillated in z-direction per-

pendicular to the surface near its resonance frequency by a piezoelectric element 

mounted in the AFM tip holder. AFM tips with a resonance frequency of 300 kHz were 

used. Forces acting on the cantilever close to the sample surface result into a decrease of 

the oscillation amplitude. The height of the cantilever above the sample is thereby con-

trolled and kept constant. An AFM image in the tapping mode is thus produced by 

mapping the force of the oscillating contacts of the tip with the surface of the sample 

allowing the recording of both the amplitude and the phase image. The height image 

displays the topography, whereas the phase image provides information about the me-

chanical properties of the sample. Furthermore, in the tapping mode it is generally pos-

sible to measure a surface under liquid medium such as water. 

 

2.6 Cryo-Scanning Electron Microscopy 

 

In Scanning Electron Microscopy (SEM) an electrons are used to visualize sample 

structures in the range of nanometers. The smaller wavelength of accelerated electrons 

as compared to photons of visible light allows to achieve better resolution as compared 

to optical microscopy. The maximum resolution is determined by the Abbé criterion 

(Equation 2.6.1), with NA being the numerical aperture and λ being the wavelength. 

AN
d

2

λ
=      (2.6.1) 

The electron beam focused onto a sample causes various effects such as ejection of sec-

ondary electrons and backscattering of electrons, production of Auger electrons and 

x-rays. Usually, the secondary electrons are detected for SEM. The contrast in SEM is 

determined by the intensity of electrons at the detector while the focused electron beam 

is scanned over the sample surface to obtain a 2D microscopic picture. Mostly, voltages 

below 5 kV are used. Due to the low energy of the secondary electrons they are only 
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able to leave the sample within a thin layer at the surface resulting in a high lateral and 

depth resolution.  

Besides the commonly used focused electron beam a focused ion beam (FIB) can be 

used to generate secondary electrons that can be analyzed as described for SEM. Ions 

are larger and heavier than electrons and thus show a lower penetration depth into the 

sample surface as compared to electrons. 

Both classical SEM as well as FIB measurements require solid surfaces. Because hy-

drogels contain a hughe amount of water while they are swollen they have to be frozen 

to be able to perform SEM and FIB measurements. The freezing step is critical and arte-

facts due to sample preparation and the water structure have to be taken into account.
[36]

 

Therefore, no detailed structure analysis were carried out by cryo-SEM. This type of 

microscopy was rather used to get an idea about the macroporous structure that can oc-

cur in hydrogel samples. The hydrogel samples were swollen in buffer, rapidly frozen in 

liquid nitrogen, and transferred into the pre-cooled (about -160°C) Cryo preparation 

chamber (PP2000T, Quorum Technologies). The sample was broken and sputtered with 

a thin platinium layer (~20 nm) after the frozen water was sublimed off and then placed 

into the precooled chamber of the Focused Ion Beam (Nova, 600 Nanolab (FIB), FEI). 

The stage was slowly heated up to room temperature while measuring.  

 

2.7 UV-VIS/NIR-Spectroscopy 

 

UV-VIS spectroscopy uses the absorption of light with wavelength from the UV to the 

near infrared range for analyzing concentrations for example. Thereby, a target mole-

cule is excited by light undergoing an electronic transition. The sample of interest in 

placed into a light beam with tunable wavelength. The intensity of light passing through 

the sample (I) is recorded and compared to the intensity of the incident beam (I0). The 

ratio of I/I0 is called the transmittance. Usually, the absorbance (A) of the solution is 

plotted in dependence of the excitation wavelength. The position of an absorption 

maximum, and thus the excitation wavelength, is related to the energy necessary to ex-

cite an electron from the HOMO to the LUMO whereas the absorbance is related to the 

concentration of the excited species and the quantum yield of the absorption process. By 

applying the Lambert-Beer law (Equation 2.6.1) the absorbance of a solution is directly 

proportional to the concentration (c) of the absorbing species as long the concentration 

is kept low and the path length (d) is kept constant. If the molar extinction coefficient 
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(ε) is known it can be taken from references. To be more exact a concentration depend-

ent calibration curve should be recorded to perform exact concentration determinations. 

cd
I

I
A ε=








−=

0

log      (2.6.1) 

with A representing the absorbance, I0 the intensity of the incident light at a fixed wave-

length, I the transmitted intensity after passing the sample solution, ε the molar extinc-

tion coefficient (1/M*cm), c the concentration of absorbing species, and d the path 

length or the thickness of the analyte solution. 

The molar extinction coefficient is a constant for each species as long as the wave-

length, the solvent, the temperature, and the pressure are kept constant. Consequently, 

the spectral bandwith should be kept as narrow as possible and must be much smaller 

than the width of the absorbance of the sample to avoid that ε changes within the ab-

sorption band. 

In this work UV-VIS spectra were recorded with a UV-VIS/NIR (Perkin Elmer, 

Lambda 900). The width of the slit was set to 4 nm. 

 

2.8 Contact Angle measurements 

 

The contact angle is defined as the angle between the three phases of a solid surface, a 

liquid, and a vapor phase. As liquid phase usually water and as vapor phase usually air 

with a constant humidity is used. The contact angle is specific for every system and 

contains information about surface properties, such as roughness and hydrophobicity. 

The shape of the water droplet on a solid surface is determined by the thermodynamic 

equilibrium which is described by the Young-equation: 

Θ+= coslsls γγγ  

with γs being the surface tension of the solid substrate, γsl the interfacial tension 

(solid/liquid), γl the surface tension of the liquid and Θ the equilibrium contact angle. 

The more hydrophobic a solid surface the higher the water contact angle (Figure 2.9.1). 
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hydrophobic hydrophilichydrophobic hydrophilic

 

Figure 2.9.1: Exemplified contact angle measurements for a more hydrophobic covered gold surface and 

a more hydrophilic covered gold surface. 

 

Very hydrophilic surfaces have contact angles below 30° and very hydrophobic surfaces 

show contact angles above 90°. Ultrahydrophobic surfaces such as known from the lo-

tus effect show contact angles up to 180°. In this case the water droplet tries to avoid the 

contact with the surface and rolls off as soon as the surface is not in an exactly horizon-

tal position. In this work the static contact angles in the “Sessile-Drop”-mode were 

measured. The system applied is the Drop Shape Analysis System DSA 10 (Kruess, 

Germany) with a thermo stage and degassed ultrapure water (Milli Q, 18.2 MΩcm, 4 µL 

droplets). To avoid evaporation effects evaluation was performed on the basis of pic-

tures taken right after placing the droplet. At least five measurements were carried out 

on different positions of each surface. The contact angle was extracted by the commer-

cially available software (SCA202, V3.4.7., DataPhysics Instruments, Germany). 
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3 Materials 

 

3.1 Synthesis of a Photo-Crosslinkable, pH-Responsive Dextran Hy-

drogel 

 

 

 

A photo-crosslinkable and pH-responsive dextran based polymer was prepared by two 

different synthesis routes differing in the photo-crosslinker coupling mechanism. In the 

first method amino-functionalized crosslinker moieties were coupled to pre-synthezised 

carboxyl groups, whereas in the second method the crosslinker coupling was separated 

from the carboxyl functionalities. Active ester chemistry was used as route for further 

modification of carboxyl groups implementing the possibility of introducing a variety of 

functionalities into the dextran based polymer. This versatile approach renders those 

hydrogels an attractive material for many applications from sensors to nanoparticle sta-

bilization. Benzophenone moieties are introduced as photo-crosslinking unit. Hydrogel 

formation and surface coupling are carried out simultaneously by UV-irradiation.  
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3.1.1 Introduction  

 

Hydrogels often exhibit specific characteristics like functional or stimuli-responsive 

behavior. They can for example be functionalized with carboxyl-, amino-, sulfonic acid- 

or hydroxyl groups and subsequently exhibit responsive behavior towards temperature, 

pH, or electric stimuli. Furthermore, certain molecules like glucose can be intercalated 

causing a responsive behavior. Typical systems are based on PNIPAAm having a lower 

critical solution temperature (LCST), poly(acrylic acid) or methacrylic acid exhibiting 

pH responsivity due to ionizable groups, polyethylenimine or 

2-hydroxyethyl methacrylate used in medical applications.
[1-5]

 For many applications, 

especially in the field of medicine, pharmaceutics, and sensing dextran is a promising 

material due to its biocompatibility
[6-8]

 and its degradability by the enzyme dextranase.
[9, 

10]
 Pure dextran is reported to be crosslinked with 1,6-hexanediisocyanate

[11]
 or glu-

taraldehyde
[12]

, acrylated dextran was polymerized
[13]

, acrylated and methacrylated dex-

trans were crosslinked via UV-irradiation.
[14, 15]

 Carboxymethylated dextran was 

crosslinked by ester bond formation between active ester-activated carboxyl groups and 

its hydroxyl groups.
[16-18]

 Sodiumperiodate-oxidized dextran was crosslinked with 

adipic acid dihydrazide.
[19]

 

Generally, the three hydroxyl groups per glucose unit in the dextran backbone can be 

used for chemical modification. They are mainly transformed into ethers or esters.
[20]

 

Furthermore, the hydroxyl groups can be oxidized resulting in aldehyde formation.
[21]

 

These possibilities can be used for further wet-chemical modification of the dextran 

backbone. Examples are grafting of PNIPAAm onto a carboxymethylated dextran
[22-24]

 

to implement a LCST behavior, or introducing hydroxyethyl methacrylate (HEMA)
[25, 

26]
 or polyethyleneglycol (PEG),

[27]
 to couple lactic acid oligomers

[28, 29]
, methacry-

late
[14]

, maleic anhydride
[14]

 or allyl isocyanate.
[30]

  

Network formation of dextran chains can be performed by photo-crosslinking of chemi-

cally modified dextrans, by physical crosslinking, and by chemical crosslinking. 

Photo-crosslinking of dextran is carried out after chemical modification of the dextran 

backbone with photo-crosslinkable groups like dextran-azide derivatives
[31]

 glycidyl 

acrylate
[32]

 or glycidyl methacrylate derivatives.
[21, 33, 34]

 Other possibilities for 

photo-crosslinking is the dextran modification with acryolyl chloride,
[35]

 allyl isocy-

anate,
[29, 30]

 dimethylmalemid,
[3, 4]

 or the use of 2-dimethylmaleinimido ethylacrylamide 

(DMIAAm)
[36]

 reacting in a [2+2]-cycloaddition upon UV-irradiation.
[4]

 Besides bulk 
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hydrogels as well the preparation of nano-gels via photo-crosslinking is reported.
[37]

 

Chemical crosslinking can be achieved by using epichlorhydrin
[38]

 or concavalin A
[39]

 as 

crosslinking unit. Another possibility is the chemical crosslinking by using two func-

tional groups introduced into the dextran like carboxyl and adipic hydrazide,
[40]

 or 

4-aminobutyric acid and 1,10-diaminodecane
[41]

 leading to in situ chemical crosslink-

ing. Other methods use aldehydes instead of carboxylic acids created via oxidizing dex-

tran followed by crosslinking with adipic acid dihydrazide
[19]

 or the nucleophilic substi-

tuton of pre-introduced amino functions at a pre-bound 2,4-dichloro-1,3,5-triazin de-

rivative.
[42]

 Chemical crosslinking can also be performed by radical polymerization. 

Therefore, polyacryl-dextran
[43]

 or watersoluble vinyl-derivatized dextran is polymer-

ized by initiating the reaction with peroxodisulfate and 

N,N,N’,N’-tetramethylene-diamine (TEMED).
[44-47]

 In case of physical crosslinking, 

dextran has to be functionalized with ionic groups such as carboxyl functionalities. For 

this purpose, succinylanhydride
[48]

 or carboxymethyl, sulfopropyl, and sulfate function-

alities are applied.
[49]

 Crosslinking subsequently occurs by chelation of multivalent ions 

like calcium for example. Another option of functionalizing dextran-hydrogels is the 

preparation of semi-interpenetrating networks (sIPN). An example is the sIPN consist-

ing of PNIPAAm and dextran to induce temperature sensitivity.
[50]

 

Besides the crosslinking of polymer chains to form a hydrogel network the hydrogel has 

to be coupled covalently to a surface for production of a sensor chip. Usually, thin sen-

sor films in the range of nanometers are prepared by grafting polymer brushes onto a 

surface. Carboxymethylated dextran brushes are for example grafted onto active ester 

activated carboxyl terminated self assembled thiol monolayers on gold.
[51]

  

In this thesis, the well investigated carbxoymethylation of dextran by forming ether 

bridges
[52]

 was applied as outlined in the following chapter. The carboxyl groups serve 

as binding points for further modification and generate pH-responsivity of the dex-

tran-based polymer. Active ester chemistry opens a wide range of subsequent modifica-

tion possibilities for the carboxyl groups, enables the chemical modification of dextran 

as described above, and permits protein or antibody coupling, which is especially inter-

esting for bio-sensor applications.
[53]

 In our group various active esters were developed 

tailored to different applications. Mainly, their charge and hydrophilicity can be tuned 

to improve the reaction with certain proteins.
[54]

  

Besides the introduction of binding points for further functionalization crosslinking 

units have to be introduced to be able to create a dextran network as discussed above. 
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Therefore, benzophenone as a UV-crosslinking unit was chosen as crosslinking unit. It 

is already well known for the crosslinking of PNIPAAm polymers.
[54-56]

 Benzophenone 

can be excited by UV-irradiation at 254 nm or at 365 nm into the singlet state (ππ*) 

forming a biradical. After transition into its triplet state benzophenone is able to abstract 

a hydrogen atom of a C-H-bond of the dextran backbone resulting in crosslinking the 

dextran network.
[57, 58]

 Additionally, benzophenone derivatives can simultaneously be 

applied as adhesion promoter on glass and gold surfaces.
[55, 59]

 Post-crosslinking via 

benzophenone units after polymer synthesis allows an easier characterization of the 

polymer before formation of an insoluble hydrogel. Not only polymers but every 

C-H-containing molecules can react photochemically with benzophenone as reported 

for polyelectrolyte layers,
[60]

 or chemically inert perylene C coatings.[61]
  

 

3.1.2 Two Strategies for the Synthesis of a Photo-Crosslinkable and 

Functional Dextran-Based Hydrogel 

 

Synthesis 

 

The pH responsive hydrogel based on photo-crosslinkable dextran was synthesized by 

two routes differing in the linkage of the benzophenone photo-crosslinker as shown in 

Figure 1. In the first strategy dextran is carboxymethylated
[20, 52]

 (CMD) followed by the 

introduction of 4-aminomethylbenzophenone as photo-crosslinking unit via active ester 

chemistry. The second route starts with the coupling of 4-bromomethylbenzophenone to 

the hydroxyl groups of the dextran backbone via Williamsson’s ether synthesis followed 

by the carboxymethylation. The advantage of the second strategy can be seen in the 

chemical separation of the carboxyl- and benzophenone moieties leaving more carboxyl 

groups for subsequent functionalization.  

Carboxymethylation is carried out under basic, aqueous conditions and degrees of car-

boxymethylation up to 0.67 (every 1.5 repeating unit carries one carboxyl group) in one 

reaction cycle were achieved with eightfold excess of sodium chloroacetate. In the lit-

erature the limit for the degree of substitution under optimized condition and repeated 

reaction cycles is reported to be around 1.5 (1.5 carboxyl groups per repeating unit).
[52]

 

The drawback of carboxymethylated dextran containing such high amounts of carboxyl 

groups is the low solubility in organic solvents like DMSO or DMF. A degree of car-

boxymethylation higher than 0.35 for the high-molecular dextrans used in this work 
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results in insolubility, even if the CMD-DMSO dispersion was heated up to the boiling 

point of DMSO.  

Primary amino groups show a higher nucleophilic reactivity compared to hydroxyl 

groups in a nucleophilic substitution with active ester activated carboxyl groups. There-

fore, it is possible to prevent self-crosslinking of the dextran polymer especially while 

working at room temperature without heating. During the active ester activation 

trifluoracetic acid is generated as a side product. Because heating up might lead to 

self-crosslinking the active ester activated carboxymethyl-dextran (CMD) (2) was not 

precipitated but cleaned by dialysis over night against dry DMSO to remove the 

trifluoroacetic acid. N-hydroxysuccinimide trifluoroacetate (TFA-NHS) (7) or penta-

fluorophenyl trifluoroacetate (TFA-PFP) (8) were tested for active ester formation with 

comparable results in the benzophenone coupling. The dialyzed, active ester activated 

polymer is directly reacted with the nucleophile 4-aminomethylbenzophenone leading 

to amide bond formation between the carboxyl group and the photo-crosslinkable ben-

zophenone unit. With TFA-NHS or TFA-PFP and a crosslinker amount of 1-1.8 eq the 

carboxyl units are not transformed quantitatively. Around 25% of the carboxyl groups 

are modified with benzophenone under these conditions. 

 

Figure 3.1.1: Schematic synthesis overview for the modification of dextran (Mr =200000 or 

Mr = 2000000) with carboxyl groups and benzophenone as crosslinking unit. 

 

The independent coupling of the carbxoymethyl groups and the benzophenone units 

results in a material (5) with comparable characteristics than the polymer prepared with 

the first strategy (3). With Williamsson’s ether synthesis degrees of benzophenone func-
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tionalization up to 0.06 were achieved by using 2 eq of sodium hydride and 1 eq of 

4-bromomethylbenzophenone. Consequently, only 6% of the introduced benzophenone 

molecules were consumed. A possible explanation might be an aggregation of the dex-

tran in DMSO. Solubility can only be achieved by heating of the solution and aggrega-

tion effects of high molecular weight dextrans in solution is discussed in the literature as 

well.
[20, 52]

 The subsequent carboxymethylation in water, which is the best solvent for 

dextran, shows comparable degrees of carboxymethylation as for the pure dextran. This 

independent coupling strategy leaves more carboxyl groups for later modification with 

analyte capturing molecules or other functional groups. To investigate the effect of the 

molecular weight a dextran with factor 10 lower Mr of 200.000 was used with identical 

results than obtained for a Mr 2.000.000 dextran. 

The content of benzophenone and the carboxymethyl groups was determined by nuclear 

magnetic resonance (
1
H-NMR) spectroscopy in D2O. The determination in DMSO is 

only possible for very low degrees of substitution due to the decreasing solubility with 

increasing degree of carboxymethylation and the peak broadening because of inter- and 

intramolecular proton interaction (Figure 3.1.2). These interactions are usually more 

pronounced in aprotic solvents like DMSO compared to protic solvents like water.  

ppm ppm

DS = 0.06 DS = 0.15

ppm ppm

DS = 0.06 DS = 0.15

 

Figure 3.1.2: NMR spectra of carboxymethylated dextran (CMD) (2) with varying degree of functionali-

zation (ds = 0.06 (A) and 0.15 (B)) in DMSO. The peak broadening with increasing amount of carboxyl 

groups is clearly visible (B).  

 

In D2O the hydroxyl groups are invisible in the NMR spectrum due to the pro-

ton-deuterium exchange which results in a free and easily integrable CH(1) proton sig-

nal. The overall integral of the CH(1)-protons of the dextran backbone in D2O 

(5.24 ppm (CH(1) α-1,3), 5.08 ppm (CH(1’) α-1,6), 4,89 ppm (CH(1)α−1,6)) was set to one 

and used as reference. The different CH(1) signals result from different branches pre-

sent in the backbone.
[20]

 For the determination of the degree of carboxymethylation the 

proton signal of the two diastereotope methyl protons of the carboxymethyl group 
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(4.32 ppm) for the determination of the benzophenone content the signal of the nine 

aromatic benzophenone protons (7.80 ppm) was integrated relatively to CH(1).  

Because of the peak broadening in DMSO and the invisibility of the hydroxyl signals in 

D2O it was not possible to determine the reactivity of the three different hydroxyl 

groups of the dextran backbone for the carboxymethylation. For very low degrees of 

substitution (ds) (<0,08) the order of signal decrease of the hydroxyl protons indicates 

the following reactivity OH2/OH3 > OH4 which is consistent with the literature
[62]

. 

Besides NMR spectroscopy, the benzophenone introduction can be verified by UV-VIS 

spectroscopy (Figure 3.2.3). The benzophenone absorption shows a maximum at 

260 nm which can be attributed to the ππ*-absorption and an additional shoulder for the 

nπ*-transition at 360 nm.
[57, 58]

 

300 400 700 800
0,0

0,5

1,0

(5)

 

 

In
te

n
s
it
y
 /
a

.u
.

Wavelength /nm

(2)

 

Figure 3.1.3: UV-VIS spectra of a carboxymethylated dextran (2) (black) (ds = 0.19) and a benzophenone 

modified and carboxymethylated dextran type (5) (orange) with a degree of substitution for benzophe-

none of ds = 0.02 and for the carboxymethylation of ds = 0.19.  

 

In summary, dextran can be chemically functionalized but the degree of functionaliza-

tion is limited most likely due to aggregation effects in solution.
[20]

 The best solvent for 

dextran is water. Therefore, organic reactions that can be performed in water
[63]

 are 

preferable. 

 

3.1.3 Film Preparation, Surface Attachment and Photo-Crosslinking  

 

For sensor chip production the hydrogel has to be grafted onto a substrate and cova-

lently attached to the substrate surface. In the following Chapter a versatile method for 

hydrogel film preparation inducing simultaneous crosslinking and surface attachment is 

discussed. 

Film Preparation and Surface Attachment  
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In order to use the modified dextran as biosensor matrix, films were produced by spin-

coating the dextran-based polymer onto a substrate. Depending on the subsequent appli-

cation the dextran-based hydrogel is deposited on glass, chromium/gold covered glass 

substrates, silizium or oxygen-plasma treated polystyrene. For a covalent immobiliza-

tion an adhesion promoter is required. Therefore, a self-assembled monolayer of either 

S-3-(4-benzoylphenoxy)propyl ethanthiol for gold covered surfaces or 

4-(3-triethoxysilyl)propoxybenzophenone for glass, silizium or plasma-activated poly-

styrene surfaces is deployed. If more hydrophilic surfaces are required mixed monolay-

ers, using for example hydroxyl terminated thiols, can be prepared. A mixed 

thiol-monolayer with benzophenone- and hydroxyl groups (10 % in solution) renders 

contact angles with water at room temperature of 70º (±4)º. For gold a two-step modifi-

cation by creating a monolayer of 3-mercaptopropyltriethoxysilane followed by 

crosslinking with hydrochloric acid
[64-67]

 and subsequent deposition of 

4-(3-triethoxysilyl)propoxybenzophenone. The surface treated like this is very hydro-

philic with contact angles of 15 (±2) for the glass monolayer and can be tuned by adjust-

ing the second benzophenone monolayer composition. The higher hydrophilicity can be 

an advantage for film adhesion during the spincoating process but simultaneously is 

disadvantageous for the film stability due to the lower amount of benzophenone 

crosslinking units. The subsequent irradiation at 254 nm results in a photo-crosslinked 

and surface-bound hydrogel film in one step (Figure. 3.1.4).  

 

Figure 3.1.4: Schematic depiction of the simultaneous dextran-film crosslinking and surface attachment 

to glass, gold or plasma treated polystyrene surfaces by irradiation at 254 nm. 

 

The dextran film thickness could be varied from tens of nanometers to micrometers in 

the dry state by changing the spinning speed and the concentration of the polymer solu-
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tion. In general relatively high polymer concentrations (7-40 wt%) are resulting in ho-

mogeneous films, whereas at much lower concentrations de-wetting was observed. The 

observed de-wetting effects can be attributed to the hydrophilicity difference between 

the hydrophilic polymer and the hydrophobic adhesion promoter (contact angle with 

water at room temperature = 70-80º).  

 

Photo-Crosslinking 

 

To determine the effect of the UV-irradiation a hydrogel film was prepared on a quartz 

glass slide (PGO) covered by a self-assembled monolayer of 

4-(3-triethoxysilyl)propoxybenzophenone and the UV-VIS spectra after increasing 

crosslinking intervals were recorded (Fig 3.1.5). The decrease of the benzophenone 

ππ*-absorption at 259 nm is clearly visible. Furthermore, an absorption around 345 nm, 

the wavelength of the nπ*-transition, occurs during crosslinking. This absorption 

reaches its maximum value directly after exposing the sample to UV-light for every 

crosslinking time. It subsequently decreases with time after the irradiation in the dark 

but does not vanish completely. Simultaneously, the benzophenone absorption at 

259 nm increases. Therefore, the second absorption at 345 nm might be attributed to 

long-living radicals produced by UV-irradiation. This phenomenon was already ob-

served by Horie and co-workers in 1987 for benzophenone moieties in a poly(vinyl al-

cohol) matrix
[57]

 and attributed to “some reaction product” with an absorption around 

340 nm. The different recombination pathways of benzophenone radicals are summa-

rized by Dorman et al.
[58]

. In summary, the small increase of the benzophenone absorp-

tion and the simultaneously decreasing absorption at 345 nm with time in the absence of 

light show a relation between both signals (Figure 3.1.5 B inset). 

Regarding the benzophenone absorption after approximately 15-20 minutes of irradia-

tion at 254 nm, the crosslinking seems to be completed. Besides the UV-VIS spectra the 

influence of varying the crosslinking time on the swelling degree for a 390 nm thick 

hydrogel film of type 3 (ds (carboxymethylation) = 0.16 and ds(benzophenone) = 0.04) 

at pH 3 and pH 8 (c = 10mM) is shown in Figure 3.1.5A (Chapter 4.1). The data are 

consistent with the UV-VIS data. For crosslinking times up to 13 minutes the variation 

of swelling degree with crosslinking time is very high, whereas for crosslinking times of 

30 minutes and more no change of the swelling degree was observed.  
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Figure 3.1.5: A) UV-VIS spectra for decreasing crosslinking times (0 (black), 1 (red), 

3 (blue), 6 (magenta), 10 (green), 15 (green), 25 (green) minutes) and 10 minutes in the absence of light 

after crosslinking. The change of the UV-VIS absorption with increasing time (4 (line), 7, 10 min, 12 h 

(points)) in the dark after crosslinking for 3 minutes is shown in the inset of A. B) Decrease of the benzo-

phenone absorption (@259nm) with increasing crosslinking time @254nm. B inset) decrease in swelling 

degree related to the crosslinking time for pH 3 (10mM) and pH 8 (10mM). The dextran hydrogel film 

was adhered to a quartz substrate with a SAM of 4-(3-triethoxysilyl)propoxybenzophenone. The degree of 

benzophenone substitution was 0.04 and the one for the carboxymethylation 0.16 with film thickness of 

390nm (after spincoating). 

 

The exponential relation between the crosslinking and the swelling of the hydrogel film 

is in agreement with the theory for polyelectrolyte gels with long crosslinked chains.
[68]

 

 

Cryo SEM 

 

To investigate the hydrogel’s porous super-structure Cryo-SEM measurements were 

carried out. Therefore, a part of dried bulk hydrogel was crosslinked, swollen in buffer, 

and frozen in liquid nitrogen. The water was sublimed the hydrogel was coated with 

platinium and observed with the cryo-SEM under high vacuum (Fig 3.1.3). The meas-

urements show a macroporous structure in the micrometer range which is consistent 

with the literature for various dextran based hydrogel systems
[19, 24, 39, 69, 70]

 and points 

out that a type of macropores exists. One has to keep in mind that the macropores are 

not expected to represent rigid pores in the swollen state but rather resemble a flexible 

network. Furthermore, the freezing step is expected to influences the structure in the 

frozen state. The heterogeneity of a hydrogel sample becomes obvious by comparing 

Figure 3.1.3 B, C. The same hydrogel batch shows structure variations that can be dedi-

cated either to heterogeneities inside the sample itself, for example due to inhomogene-

ous crosslinking, or these heterogeneities are introduced during the cryo-SEM sample 

preparation process. However, it is clearly visible that the hydrogel can expand to pores 

in the range of several micrometers which should in general allow for diffusion of big 

analytes such as antibodies for example. Furthermore, for hydrogel bulk samples and 

for hydrogel films on a substrate comparable structures were observed. 
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Figure 3.1.3: Cryo SEM images after freeze drying in liquid nitrogen and water evaporation in high 

vacuum. (A, B, C) show cross sections of a crosslinked bulk hydrogel (type (3)) (ds(benzophenone)=0.04; 

ds(carboxymethyl)=0.16) in HEPES (10mM). (C) was recorded at another sample position than (B). A 

hydrogel film on a silizium substrate after freeze drying and coated with gold is shown in (D). The images 

were recorded with an acceleration voltage of 2 kV at a working distance of 5.2 mm. 

 

A macroporous hydrogel structure was recently observed in the swollen state by Chalal 

et al. by two-photon fluorescence microscopy, too.
[71]

 They reported macropores up to 

75 µm for pure PNIPAAm and up to almost 250 µm for pHEMA-LLA-D 

(poly(hydroxyethyl methacrylate-L-lactide-dextran) hydrogels. 

 

3.1.4 Conclusion and Outlook  

 

Two different synthesis strategies for the preparation of a pH-responsive and 

photo-crosslinkable dextran-based polymer were discussed. Basically, two functional-

ities, carboxyl groups inducing the pH-responsivity and serving as binding points for 

subsequent chemical modification and benzophenone groups as photo-crosslinking units 

were inserted. Active ester chemistry was introduced as a versatile platform to couple 

primary amines to the carboxyl groups in the dextran polymer, which will be vital for 

further functionalization and biosensor application. Furthermore, the hydrogel forma-

tion by UV-irradiation was followed by UV-VIS spectroscopy. After about 30 minutes 

crosslinking a maximum crosslinking density was achieved. This reflected in a con-

cominant minimum degree of one-dimensional swelling with a swelling ratio of ~11 for 

a hydrogel with a degree of benzophenone substitution ds = 0.04 and a degree of car-

boxymethylation of ds = 0.16 (Chapter 4.1). The morphology of freeze dried hydrogel 
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samples was analyzed by Cryo SEM measurements revealing a macroporous structure 

similar to results reported in the literature for comparable systems. Future perspectives 

can be seen in tailoring the synthetic flexibility towards various applications in medi-

cine or sensor applications for example. Furthermore, the stabilization on a surface of 

highly functionalized and tens to hundreds of micrometer thick films has to be im-

proved. Such thick and surface coupled films are required for many medical applica-

tions for example in cell growth studies (Chapter 4.5). Another important challenge is 

the detailed investigation of the macroporous hydrogel structure in the swollen state. 

For this purpose, fluorescence correlation spectroscopy might be one possible method to 

expand the information about the hydrogel structure in the swollen state. A first ap-

proach towards this characterization has been initiated in cooperation with Riccardo 

Raccis and Prof. G. Fytas at our institute. First experiments on these samples introduced 

here will be discussed in Chapter 4.1. 

 

3.1.5 Experimental 

 

PCMD Synthesis: The photo-crosslinkable, dextran-based hydrogel was synthezised by 

carboxymethylation followed by an activation of the carboxyl groups via active ester 

chemistry and nucleophilic substitution with 4-aminomethylbenzophenone. 

The carboxymethylation was carried out according to the literature.
[18, 52]

 Typically 10g 

of dextran (Sigma Aldrich, Mr~2.000.000 or 200.000) were dissolved in 150 mL dis-

tilled water followed by the addition of 20g (0.21 mol) sodium chloroacetate (Acros 

Organics). To initiate the reaction 50mL of 8M sodiumhydroxide solution were added 

and the reaction was carried out for 1 hour at 62°C. After cooling down for 10 minutes 

the reaction was terminated by neutralizing the reaction mixture with 6M hydrochloric 

acid. The carboxymethylated dextran (CMD) was precipitated in ice cold ethanol and 

purified by dialysing against distilled water. After drying the CMD is obtained as white 

powder.  
1
H-NMR (d6-DMSO) (300MHz), δ€[ppm]: 4.93 (1H, OH4), 4.88 (1H, OH3), 4.66 (1H, CH1), 

4.53 (1H, OH2), 4.32 (2H, MeCMH), 3.74 (1H, H6), 3.61 (1H, H5), 3.43 (2H, H6’,H3), 3.20 

(2H, H2, H4). 
1
H-NMR (D2O) (300MHz) δ€[ppm]: 5.24, 5.08, 4.89 (1H, CH1), 4.10 (m, 2H MeCMH), 3.90 

(1H ,H6), 3.81 (1H, H5), 3.64 (2H, H6’,H3), 3.60 (2H, H2, H4). 
13

C-NMR (DMSO) (176MHz) δ€[ppm]: 98.16 (1C, C1), 73.37 (1C, C3), 71.82 (1C, C2), 70.14 

(2C, C4, C5), 65.96 (1C, C6)  

Prior to the benzophenone binding the carboxy groups were activated either with 

N-hydroxysuccinimide trifluoroacetate (TFA-NHS) or with pentafluorophenyl 

trifluoroacetate (TFA-PFP). Therefore 1g CMD was dissolved by gently heating up to 

80°C in dried DMSO and kept under argon. The reaction was carried out at room tem-

perature for 3 hours after addition of 0.35g (1.66mmol) TFA-NHS or 0.29mL (0.45g, 

1.6mmol) TFA-PFP (Fluka) and ~5 mL of 4-methylmorpholine (Merck). To remove the 

major amount of trifluoracetic acid the reaction mixture was dialyzed against DMSO 

over night, directly followed by the reaction with 4-aminomethylbenzophenone (typi-

cally 0.4g, 1.9mmol) in DMSO with 5mL of 4-methylmorpholine at room temperature 
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under argon. For purification the reaction mixture was extensively dialyzed against 

DMSO and distilled water. 
1
H-NMR (D2O) (300MHz) δ€[ppm]: 7.80 (m,9H,arom BP), 5.30, 5.16, 4.97 (1H, CH1), 4.19 

(2H, MeCMH), 3.92 (2H, H6, H5), 3.71 (2H, H6’,H3), 3.54(2H, H2, H4). 
13

C-NMR (DMSO) (176MHz) δ€[ppm]: 98.15 (1C, C1), 73.36 (1C, C3), 71.82 (1C, C2), 70.3-

70.1 (2C, C4, C5), 65.94 (1C, C6) 

To couple the benzophenone via an ether linkage typically 5g dextran (Sigma Aldrich, 

Mr~2000000/200000) were dissolved in approximately 350mL DMSO and cooled down 

with ice/water. To the cold solution 1.35g (0.056 mol) sodiumhydride (Sigma Aldrich) 

were added slowly. After stirring for 30 min 2g (7 mmol) of 

4-bromomethylbenzophenone were added and the mixture was stirred at room tempera-

ture over night. The reaction was terminated by the careful addition of 100mL of des-

tilled water and the product was precipitated in approximately 1L of ice cold acetone, 

centrifuged and dialyzed against DMSO and water. 
1
H-NMR (DMSO) (300MHz) δ€[ppm]: 7.68, 7.66, 7.54, 7.43, 7.26 (9H, arom BP), 4.88 

(1H, OH4), 4.82 (1H, OH3), 4.63 (1H, CH1), 4.47 (1H, OH2), 3.70 (1H, H6), 3.58 (1H, H5), 

3.40 (2H, H6’, H3), 3.17 (2H, H2, H4). 
1
H-NMR (D2O) (300MHz), δ€[ppm]: 7.80-7.40 (m, 9H, arom BP), 5.30, 4.95 (1H, CH1), 4.18 

(2H, MeCMH), 3.97 (1H, H6), 3.89 (1H, H5), 3.70 (2H, H6’,H3), 3.53 (2H, H2, H4). 

For the subsequent carboxymethylation typically 5g of the benzophenone-ether modi-

fied dextran were dissolved in 150 mL distilled water followed by the addition of 10g 

(0.1 mol) sodium chloroacetate (Acros Organics). To initiate the reaction 25mL of 8M 

sodiumhydroxide solution were added and the reaction was carried out for 1 hour at 

62°C. After cooling down for 10 minutes the reaction was terminated by neutralizing 

the reaction mixture with 6M hydrochloric acid. The carboxymethylated dextran (CMD) 

was precipitated in ice cold ethanol and purified by dialysing against destilled water.  
1
H-NMR (D2O) (300MHz δ€[ppm]): 7.82-7.57 (m, 9H, arom BP), 5.30, 5.15, 4.95 

(d, 1H, CH1), 4.18 (m, 2H, MeCMH), 3.97 (d, 1H, H6), 3.89 (d, 1H, H5), 3.70 (dd, 2H, 

H6’,H3), 3.53 (dd, 2H, H2, H4). 

Cryo-SEM: To investigate an superstructure of the hydrogel a hydrogel sample was 

crosslinked in bulk or as a film on a silicon wafer, swollen in buffer, rapidly frozen in 

liquid nitrogen, and transferred into the precooled (about -160°C) Cryo preparation 

chamber (PP2000T, Quorum Technologies). The sample was broken and sputtered with 

a thin platinium layer (~20 nm) after the frozen water was sublimed or measured with-

out being metal-coated. Finally, the sample was transfered into the precooled chamber 

of the Focused Ion Beam (Nova, 600 Nanolab (FIB), FEI). The stage was slowly heated 

up to room temperature while measuring.  

Film Preparation: Hydrogel films were prepared on SiOx or gold surfaces depending on 

the application. For the immobilization of 4-(3-triethoxysilyl)propoxybenzophenone on 

SiOx surfaces the silane was chemisorbed from ethanol solution (5 mM) at room tem-

perature for ~24h. Afterwards the slides were cleaned by extensively rinsing with etha-

nol and acetone and blown dry with air. 

Especially for the SPR measurements (Chapter 4.1) LaSFN9 glass slides (LaSFN9 

glass, Hellma Optik GmbH Jena, refractive index n=1,8449) were coated with a 2nm 

chromium and a 50 nm gold film, deposited by evaporation with a Edwards Auto 306 

evaporator followed by chemisorption of S-3-(4-benzoylphenoxy)propyl ethanthiol 

from 5 mM ethanol solution for ~24h at room temperature. Afterwards the slides are 

cleaned by extensively rinsing with ethanol and acetone and blown dry with air.  

Deposition of Dextran Films and Photo-Crosslinking: Dextran films up to several mi-

crometers in thickness were deposited onto the pre-treated substrates by spin-coating 

from polymer/water solutions with 3000-6000 rpm. A solution with a polymer content 

of 20 wt % results in a film thickness of approximately 500 nm with 5500 rpm. The 
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samples were dried in vacuum at 45°C over night and crosslinking was performed for 

7-90 minutes with a Stratagene UV Stratalinker 2400 operating at 75 W with an emis-

sion maximum at 254 nm. The crosslinking is performed with an irradiation dose of 

0.105 J cm
-2

min
-1

 at 365 nm and with  0.2 J cm
-2

min
-1 

at 254 nm. 

UV-VIS: To investigate the crosslinking UV-VIS spectra were recorded with a 

UV-VIS/NIR (Perkin Elmer, Lambda 900) for different crosslinking times and different 

periods after the crosslinking was finished.  
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3.2 Modification of a Photo-Crosslinkable Carboxymethylated Dex-

tran with Ferrocene Derivatives 

 

 

 

The reversible manipulation or tuning of swelling degree and charge of hydrogels is a 

decisive characteristic for actuation, sensing or affinity binding applications. Especially 

biomolecules carry pH-dependent charges that are attractive or repulsive with the 

charge of the hydrogel matrix at a certain pH. Additionally, the swelling degree of a 

hydrogel can complicate or circumvent the diffusion of larger molecules. Reversible 

and external charge generation allows the manipulation of the swelling degree and the 

forces acting on diffusing molecules without changing the swelling medium. With dex-

tran as biocompatible and degradable backbone the synthesis of a promising material 

for sensing applications modified with redox centers is discussed in this chapter.  

 

3.2.1 Introduction  

 

Redox sensitive hydrogels constitute an electron- or ion-conducting phase in which 

chemicals and biochemicals can dissolve and diffuse and thus can serve as electrical 

connection or molecular wires. This and their response towards electrical stimuli makes 

them interesting materials for further investigations.
[1]

 Electrically sensitive hydrogels 

are either prepared as pure polyelectrolytes or as redox functionalized polymers. Den-
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drimers,
[2]

 self-assembled monolayers,
[3]

 layer-by-layer deposited films,
[4]

 polymers,
[5-8]

 

and polymer brushes,
[9, 10]

 or hydrogels
[1, 11-13]

 are the most common systems for the 

generation of redox-active films.  

Redox responsive polymers can be classified into electronic or ionic according to their 

operational mechanism. Electroactive polymers are either ferroelectric or dielectric. The 

most common ferroelectric polymer is polyvinylidene fluoride (PVDF), the most com-

mon dielectric polymer is silicone. These polymers respond directly to the external field 

without the presence of added charge carriers. They do not require mass transport and 

are thus not diffusion limited.
[7]

 Ionic electroactive polymers can be build out of poly-

mer and carbon nanotube composites, conductive polymers with a conjugated backbone 

like polypyrrole,
[14]

 or ionic polymer metal composites known as soft actuators for 

bending and sensing applications for example.
[7]

 Ionic metal composites are of special 

interest due to their multiple responsiveness namely to pH and ionic strength and an 

externally applied electric field. Furthermore, many naturally occurring polymers like 

alginates or hyaluronic acid are ionic. They are of strong interest especially for bio-

medical and sensing applications due to their biocompatibility. Polymers containing 

inorganic or organometallic units combine potentially useful chemical, electrochemical, 

and optical characteristics with the processability of polymers
[15]

 like the reversible oxi-

dation and reduction.
[1, 3, 16-18]

 Polymer metal composites can be prepared as polymer 

backbones with electrostatically bound metal redox centers
[9]

, with covalently coupled 

redox centers,
[1, 17]

 or as multicomponent systems by grafting, interpenetrated networks 

or complex formation.
[14, 19, 20]

 Multicomponent systems often show an enhaced per-

formance because of the independent optimization of different parameters.
[21]

 Various 

polymer backbones and redox centers have been utilized in the development of redox 

polymers. The most popular backbones utilized are poly(vinylpyridine),
[1, 22, 23]

 

poly(vinylimidazole),
[24, 25]

 poly(allylamine)
[5, 26, 27]

 with ferrocene, osmium and ruthe-

nium as the most commonly used redox mediators.
[17, 28]

 The following characteristics 

were shown to be desired for redox polymers: a high polymer flexibility and segmential 

mobility,
[27, 29]

 a high degree of functionalization,
[30]

 and a well hydrated polymer.
[31]

 

Another attractive feature is the potential of further modificaiton especially for sensor 

applications as already reported for poly(ethyleneimine).
[17, 32]

 All these characteristics 

are fulfilled by the photo-crosslinkable carboxymethylated dextran introduced in Chap-

ter 3.1. Due to its high swelling degrees it should possess a high segmential mobility, 

the degree of functionalization should be tuneable by using the hydroxyl and the car-



  3.2 Materials 

 

  61 

boxyl functionalities. Because of its hydrophilic character it hydrates very well. Addi-

tionally, it is biocompatible
[33, 34]

 being advantageous for biomedical and sensing appli-

cations. Ferrocene is a well investigated redox mediator with respect to chemistry and 

electrochemical characteristics.
[35, 36]

 Ferrocene has been used as redox center coupled 

to dendrimers,
[2]

 polymer brushes
[17, 37]

 or hydrogels
[14, 17]

 as well as it has been utilized 

as electron donor.
[38]

 For the covalent attachment of ferrocene derivatives condensation 

reactions are a versatile synthesis route.
[37, 39]

 Ferrocene derivatives like ferrocenoyl 

chlorides,
[37, 40]

 hydroxyl modified ferrocenes
[41]

 or ferrocenes with an amino group can 

be used to be coupled with amine or carboxyl end groups in the polymer respectively. 

Two structural properties have been reported to determine the reversibility and the 

half-wave potential (E1/2) for the oxidation of ferroceneyl conjugates.
[42]

 The stabiliza-

tion of the ferrocinium ion can be supported by an electron donor like a ring substituent. 

The lowest E1/2 has been found for ferrocene carboxylic acid in which the positive 

charge is stabilized by the carboxylate directly attached to the cyclopentadienyl ring and 

for methyleneamine substituted ferrocenes. If the carboxylic acid is derivatized as the 

corresponding amide or ester the E1/2 increases with the amide functionalization show-

ing a higher stabilization potential. The second effect is related to the way how 

long-chain substituents are able to fold around the ferrocene unit.
[42]

 

A pH responsive biocompatible hydrogel modified with redox centers would allow ex-

ternal switching of the redox center’s charge state. This would open an external way to 

manipulate the hydrogels charge and with this an external manipulation of its swelling 

degree. The charge and the swelling degree are the most important parameters that de-

termine the applicability of a hydrogel as biosensor matrix. Furthermore, such a hy-

drogel allows the solvation of an electroactive ferrocene in water which might be an 

interesting feature for sensing applications.  

 

3.2.2 Synthesis of a Ferrocene-Modified Photo-Crosslinkable Dex-

tran-Based Hydrogel in Solution 

 

The preparation of a pH-responsive dextran based hydrogel containing benzophenone 

moieties as photo-crosslinkable units and carboxymethyl functionalities as pH-sensitive 

groups and as binding points for further modification was described in Chapter 3.1. The 

strategy of active ester activation and subsequent coupling of a primary amine was ap-

plied here for redox-center coupling. Coupling the ferrocene moieties via amide bonds 
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generates stable bonds with respect to hydrolysis under moderate pH conditions. There-

fore, a ferrocene derivative with an ethyleneamine linker was synthesized by reducing 

ferroceneacetonitrile as described in the literature.
[43, 44]

  

To modify the pH responsive dextran-based polymer with ferroceneethyleneamine in 

solution the carboxyl groups were activated with pentafluorophenyl trifluoracetate 

(TFA-PFP) (7) or N-hydroxysuccinimide trifluoroacetate (TFA-NHS) (8) and subse-

quently reacted with ferroceneethyleneamine as depicted in Figure 3.2.1. 

 

Figure 3.2.1: Schematic presentation of the two-step binding of ferroceneethyleneamine to the carboxyl 

groups of the dextran-based polymer (3). Active ester activation with TFA-PFP (7) or TFA-NHS (8) initi-

ates ferroceneethyleneamine coupling to the carboxyl groups of the dextran-based polymer (3).  
 

Besides the dextran-based polymer (3) reacting to (12) after ferrocene coupling the dex-

tran-based polymer (5) can be used leading to the ferrocene modified polymer (13). Be-

cause in (5) the benzophenone crosslinking units and the carboxymethyl groups are both 

coupled to the hydroxyl groups of the dextran and are therefore chemically independent 

more free binding units are available for the ferrocene binding. The degree of substitu-

tion is roughly determined by NMR spectroscopy in D2O integrating the aromatic ferro-

cene protons (4.22 ppm) with respect to the CH(1) protons of the dextran backbone 

(5.24, 5.08, 4.89 ppm). The signals are very small and partly superimposed by the dex-

tran backbone signal. Therefore, integration only gives a very rough estimation about 

the ferrocene content. The ferrocene detected in the NMR spectra measured in D2O are 

expected to be covalently coupled to the dextran backbone due to the insolubility of the 

pure ferrocene derivative. The calculated degree of substitution was in the range of 

0.03-0.05 which means that every 20
th

-30
th

 repeating unit, and every third to fifth car-

boxyl functionality carries a ferrocene molecule. Determining the ferrocene content by 

UV-VIS spectroscopy is not very exact as well because the ferrocene absorption and the 

benzophenone crosslinker absorption are interfering (Figure 3.2.3). 
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Film formation and surface attachment is carried out as described in Chapter 3.1 for 

pure pH-responsive dextran based polymer films on quarz glass substrates for UV-VIS 

measurements and on gold covered substrates for SPR/OWS and electrochemical char-

acterization. Because the ferrocene molecules are present in the hydrogel film during 

the crosslinking process they can be involved in the crosslinking reaction which was not 

further investigated. The ferrocene coupling to the carboxyl functionalities should re-

duce the swelling degrees of the hydrogel films compared to the hydrogel films without 

ferrocene redox centers. The swelling degrees of the redox films (12) showed swelling 

degrees of ~7.5 in PBS 150 mM and ~8.5 for PBS 10 mM after crosslinking at 254 nm 

for 30 minutes. The same hydrogel without ferrocene redox centers had swelling de-

grees of about 13 for PBS 150 mM and 21 for 10 mM PBS for identical crosslinking 

conditions. This is true for polymer films with a total thickness of 3-20 µm in the swol-

len state. The swelling in z-direction is reduced due to the reduced amount of free car-

boxyl groups upon ferrocene binding. Consequently, the change of the swelling state 

upon reducing the ion concentration decreases, too. The existence of ferrocene inside 

the hydrogel film was measured by UV-VIS spectroscopy. Therefore, a hydrogel film 

was spincoated on a quarz substrate and the UV-VIS spectra were recorded from 200 to 

800 nm.  
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Figure 3.2.3: A)UV-VIS spectra of a un-crosslinked dextran based hydrogel with ferrocene redox centers 

(ds(benzophenone = 0.04, ds(carboxymethyl) = 0.16) for increasing concentrations of 3.4 10
-4

, 1 10
-3

, 

3 10
-3

, and 1.5 10
-2

 mol/L. B) UV-VIS spectra for an uncrosslinked dextran-based polymer at a concen-

tration of 0.1 mg/mL measured at a thickness (d = 1cm) (black), and a ferrocene containing dex-

tran-based hydrogel film (orange) crosslinked at 254 nm for 40 min with a thickness of 1.7 µm. Accord-

ing to the calibration (A) the absorption of the hydrogel film (orange) of 0.015 at 450 nm for a thickness 

of 1.7 µm can be associated with a ferrocene concentration of 680 mg/mL applying a linear correlation 

between absorption and thickness following Lambert-Beer’s law. 

 

The ferrocene absorption at 450 nm is clearly increased in the ferrocene modified hy-

drogel compared to the one without ferrocene although not a clear absorption peak but 

more an absorption shoulder is visible. The absorption value at 450 nm is determined to 
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be 0,015 for this 1.7 µm thick hydrogel film corresponding to a ferrocene concentration 

of 680 mg/mL according to the calibration shown in Figure 3.2.3 A and Lambert-Beer’s 

law. 

 

3.2.3 Synthesis of a Ferrocene-Modified Photo-Crosslinkable Dex-

tran-Based Hydrogel on a Substrate 

 

A very clean and fast approach is the reaction of the photo-crosslinked and surface at-

tached carboxymethylated dextran-based hydrogel film with ferroceneethyleneamine on 

a substrate. Besides the clean surface chemistry approach the main advantage is the 

separation of photo-crosslinking and ferrocene coupling avoiding any influence of the 

UV-irradiation onto ferrocene.[45] The disadvantages of this method are the even more 

difficult analysis of the ferrocene amount coupled into the film and the instability of the 

hydrogel film towards the mechanical stress due to the harsh solvent and rinsing condi-

tions.  

The preceding active ester activation can be carried out with EDC/NHS in water or with 

TFA-NHS or PFP-NHS in DMSO. The water-based system prevail a better film stabil-

ity whereas the DMSO based reaction prevents the problem of hydrolysis by water. The 

subsequent reaction with ferroceneethylenamine has to be carried out in DMSO because 

of the insolubility of ferroceneethyleneamine in water. The rinsing with DMSO between 

these two steps and the solvent exchange from water to DMSO in case of the EDC/NHS 

activation in water are critical for the film stability on the substrate and to prevent the 

precipitation of ferrocene in the hydrogel film. The mechanical stress in DMSO and 

especially upon solvent exchange seems to be crucial. The amount of solvent on the 

hydrogel film is therefore reduced as much as possible and the rinsing is performed very 

slowly to minimize the film instability. This effect increases with increasing film thick-

ness which is in agreement with the film stability investigations discussed in Chap-

ter 4.1 for the dextran-based hydrogel. The swelling degrees of these ferrocene modified 

hydrogel films (12) are reduced compared to the non-modified ones. For hydrogel films 

crosslinked at 254 nm for 30 minutes the swelling degrees in z-direction were deter-

mined to be ~7 for PBS 150mM and ~8 for PBS 10 mM which is comparable to the 

prepared films of the solution modified dextran. Crosslinking for 90 minutes results in 

further decrease of the swelling degrees to 4-4.5 for PBS 150 mM and 5 for 
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PBS 10 mM. The swelling degrees are summarized and compared to the ones for the 

redox center free hydrogel in Table 3.2.2 

 

Table 3.2.1: Comparison of swelling degrees for the redox center free and the redox center modified 

hydrogel films for two different ion concentrations at pH 7,4 (PBS) and two different crosslinking times. 

 pure hydrogel 

PBS 150 mM 

with ferrocene 

PBS 150 mM 

pure hydrogel 

PBS 10 mM 

with ferrocene 

PBS 10 mM 

254 nm 

30 minutes 

 

     ~13 

 

     ~4 

 

     ~21 

 

     ~7 

254 nm 

90 minutes 

 

     ~12 

 

     ~5 

 

     ~17 

 

     ~8 

 

The reduced swelling degree upon ferrocene introduction can be attributed to a reduced 

number of free carboxyl groups and thus a reduced number of negative charges. Conse-

quently, the change upon decreasing ion concentration is much smaller for the ferrocene 

containing hydrogel as well. For a hydrogel with reduced number of free charges the 

influence of the crosslinking time is more pronounced than for decreased ion concentra-

tion. Because the electrostatical force is reduced with reduced number of free charges 

the critical ion concentration is reduced. This leads to a reduction of the difference in 

the swelling degree for different crosslinking times, too. This effect is observed for the 

blocking of charges by counterions as well. The difference in swelling degree for vary-

ing degree of crosslinking is more pronounced for low ion concentrations thus for an 

increased number of free charges. To determine the ferrocene content via UV-VIS spec-

troscopy (Figure 3.2.3) thicker hydrogel films with a clear absorption maximum at 

450 nm would be necessary to allow a precise analysis. At 450 nm the absorption value 

is determined to be 0.095 before rinsing and 0.08 after additional rinsing for this 

870 ( 30± ) nm thick hydrogel film. Taking into account the thickness this is a factor ten 

higher absorption than for the pre-functionalized film. With the decreasing absorption 

upon rinsing, this points out that either unbound ferrocene molecules are still present or 

the coupling efficiency on a substrate is much higher. Because of this huge difference of 

one order of magnitude the presence of unbound ferrocene molecules due to incomplete 

wash out is more likely and is consistent with the results derived from cyclic voltam-

metry measurements (Chapter 4.3). The main problem here is the insolubility of ferro-

cenethyleneamine in water, which makes a removal of unbound ferrocene impossible 

during hydrogel swelling. 
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Figure 3.2.3: A) Concentration dependent ferroceneethyleneamine spectra for 0.034, 1, 3 mmol/L. B) 

Absorption (0.034, 1, 3 mmol/L) at 450 mm in ethanol for d=1cm. C) UV-VIS spectra for the unmodified 

dextran-based hydrogel before modifying it with ferroceneethyleneamine (black) and the corresponding 

ferrocene containing dextran-based hydrogel before (blue) and after (green) repeated rinsing with DMSO 

and water. The film thickness was determined with a profiler to d = 870 ( 30± ) nm  

 

3.2.4 Conclusion and Outlook  

 

The modification of a benzophenone and carboxymethyl modified dextran-based poly-

mer with ferroceneethyleneamine redox centers was demonstrated via wet chemical 

reaction and with surface chemistry. Besides the characterization of the chemical com-

position, the hydrogel film stability was determined as the most crucial parameter for 

surface modifications. The redox-center containing dextran-based hydrogel is expected 

to be a promising candidate for biosensor applications due to its hydrophilicity and high 

swelling degrees as shown for the redox center free hydrogel matrix. An additional ex-

ternal electrochemical charge switching possibility is expected to open new options es-

pecially in the field of sensors and binding studies. The electrochemical and swelling 

properties of the redox center modified hydrogel films presented here have been inves-

tigated by electrochemistry combined with simultaneous analysis by surface plasmon 

resonance and optical waveguide mode spectroscopy (Chapter 4.3). 
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3.2.5 Experimental 

 

Synthesis of Ferroceneethyleneamine
[43, 44]

: A solution of anhydrous aluminum chlo-

ride (10.3 mmol, 1.36g) in 12 mL of anhydrous diethyl ether was added dropwise to a 

stirred suspension of lithium aluminium hydride (10.3 mmol, 0.39 g). Afterwards a sus-

pension of ferrocene-acetonitril (alfa aesar) (4.5 mmol, 1 g) in 50 mL of anhydrous di-

ethyl ether was added. The reaction mixture was refluxed over night. The excess of 

metal hydride halide was slowly acidified with 34 mL of 6N sulfuric acid. The aqueous 

phase was extracted two times with diethyl ether and made alkaline with potassium hy-

droxide pellets until a pH of 9 and again extracted twice with diethyl ether. The com-

bined extracts were dried over potassium carbonate and evaporated to obtain 0.6g 

(60 mol%) of a dark-brown viscous liquid.  
1
H-NMR (CDCl3) (250MHz), δ [ppm]: 4.2 (m, 9H, Fc); 2.7 (t, 2H, CH2-Fc, J = 6,7); 2.4 (t, 2H, 

CH2N, J = 6,7); 1.6 (2H, NH2). 

Preparation of a Ferrocene-modified Hydrogel: The photo-crosslinkable, dex-

tran-based hydrogel was synthezised as described in Chapter 3.1. The degree of benzo-

phenone substitution was determined to be 0.04 and the degree of carboxymethylation 

0.16. The binding of ferroceneethyleneamine was carried out under argon in dimethyl-

sulfoxide with 0.7 g carboxymethylated and benzophenone-modified dextran-based 

hydrogel in ~40 mL of DMSO. In the first step the carboxyl groups were activated with 

pentafluorophenyl trifluoroacetate (TFA-PFP). The reaction was carried out at room 

temperature by addition of 0.3 mL (0.45 g, 1.6 mmol) TFA-PFP (Fluka) and ~5 mL of 

4-methylmorpholine (Merck) for 3 hours. To remove the trifluoracetic acid the reaction 

mixture was dialyzed against 2L of DMSO over night, directly followed by the reaction 

with ferroceneethyleneamine (typically 0.1 g, 0.44 mmol) in DMSO with 5mL of 

4-methylmorpholine at room temperature under argon for 12h. 

For purification the reaction mixture was extensively dialyzed against DMSO and des-

tilled water. In case of excess ferroceneethyleneamine it could be centrifuged from the 

hydrogel-water solution due to its insolubility in water. 
1
H-NMR (D2O) (300MHz), δ [ppm]: 7.8 (9H, arom. H (benzophenone)); 4.7 (1H, CH1); 5.30, 

5.16, 4.97 (s,1H,CH1), 4.19 (m,2H,MeCM), 3.92 (m,2H,H6, H5), 3.71 (m,2H, H6’,H3), 

3.54(m,2H,H2, H4), 2.8 (m, 2H, Me ferrocene); 2.6 (m, 2H, Me ferrocene). 

Preparation of Ferroceneethyleneamine-Modified Hydrogel on a Substrate: For the 

coupling of ferroceneethyleneamine to an already crosslinked hydrogel film the car-

boxymethylated dextran-based hydrogel containing benzophenone as crosslinking unit 

was spincoated onto a slide and crosslinked (Chapter 3.1). This hydrogel film was sub-

sequently activated by swelling in a fresh mixture of 500 µL of 0.4 M 

1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC) and 500 µL of 

0.1 M N-hydroxysuccinimide (NHS) in destilled water for 10 min followed by rinsing 

with dimethylsulfoxide(DMSO). By carefully dropping a ferroceneethyl-

eneamine-DMSO-solution (c=0.1 g/5mL) containing ~0.1 mL 4-methylmorpholine onto 

the hydrogel film the active ester activated carboxy groups are converted to amides. In 

this step it seems to be important to control the volume of DMSO solution on the slide 

and use as little volume as possible to keep the gel stable. Furthermore the film thick-

ness plays an important role for the film stability and has to be optimized for every gel. 

The reaction was allowed to proceed for 30-90min followed by rinsing with DMSO and 

destilled water. The hydrogel films were dried on air. 

Film Preparation: For the UV-VIS measurements quarz slides (PGO) were coated with 

a chemisorped layer of 4-(3-triethoxysilyl)propoxybenzophenone from a 5 mM ethanol 

solution for ~24 h at room temperature. Afterwards the slides were cleaned by exten-

sively rinsing with ethanol and acetone and blown dry with air.  
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Deposition of dextran films and photo-crosslinking. Dextran-based films up to several 

micrometers in thickness were deposited onto the pre-treated substrates by spin-coating 

from polymer/water solutions with 3000-6000 rpm. A solution with a polymer content 

of 20 wt% resulted in a film thickness of approximately 500 nm at 5500 rpm. The sam-

ples were dried in vacuum at 45°C over night and crosslinking was performed for 30 or 

90 minutes with a Stratagene UV Stratalinker 2400 operating at 75 W with a emission 

maximum at 254 nm with an irradiation dose of 0.2 J cm
-2

 per minute. 

UV-VIS: To investigate the crosslinking UV-VIS spectra were recorded with a 

UV-VIS/NIR (Perkin Elmer, Lambda 900) for different crosslinking times and different 

periods after the crosslinking was finished 

Swelling Degree: The swelling degree is obtained by dividing the swollen film thick-

ness as determined with the WKB-approximation (Chapter 4.1) through the dry film 

thickness after rinsing and drying as determined with the profiler (TLA Tencor). 
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3.3  Synthesis of a Magnetic Dextran Composite Hydrogel 

 

 

 

Magnetic composite hydrogels are useful candidates for a broad field of applications 

from medicine to mechanical engineering. Here, a method for the fabrication of a mag-

netic composite hydrogel based on dextran and iron oxide nanoparticles is presented. 

The separation of the nanoparticle- and the polymer synthesis allows a separate tuning 

of the polymer and nanoparticle properties. Composite hydrogel films on glass or gold 

surfaces were prepared and photo-chemically crosslinked. The pH-stability of the mag-

netic hydrogel is shown and optimal fabrication conditions are discussed. 

 

3.3.1 Introduction 

 

Dextran is known as a biocompatible and enzyme-degradable material with low unspe-

cific binding to biomolecules. Thus, it is a good material for medical
[1-5]

, or sensing
[6-9]

 

applications, and protein binding studies
[7, 10, 11]

. 
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Several dextran derivatives are reported as precursor for dextran-based hydrogels 

(Chapter 1.1). The variety of dextran derivatives enables the synthesis of dextran-based 

hydrogels with a multitude of characteristics, tunable for specific desired applications. 

Magnetic nanoparticle modified polymers
[12, 13]

 open new possibilities for applications 

like inductive heating
[14, 15]

 and potentially triggering a temperature induced collapse, 

catalysis
[16]

, magnetic separation
[15, 17-19]

, drug release
[20, 21]

, contrast agents
[22]

, magnetic 

resonance imaging
[23]

 and other biomedical applications.
[1, 21, 24-27]

 This can mainly be 

attributed to improved aqueous stability, biocompatibility and conjugation properties of 

nanoparticles. Various materials and methods are used for the synthesis of magnetc par-

ticle-modified polymers. Unfortunately, methods yielding monodisperse particles with a 

nice size distribution and excellent magnetic properties, often do not allow chemical 

functionalization of the material’s surface.
[28]

 Thus, from the plethora of synthetic pos-

sibilities, a different optimal method has to be chosen for every single application. For 

the incorporation of magnetic nanoparticles into polymers and hydrogel structures 

mainly five different strategies are implemented: The most common one is the encapsu-

lation of magnetic iron oxide nanoparticles during the synthesis by co-precipitation 

methods.
[24, 29, 30]

 Sometimes, nanoparticles and polymer are synthesized simultane-

ously.
[31]

 In this case the polymer replaces the stabilizing surfactant and serves as stabi-

lizing and capping agent. Especially the nucleation and growth, and with this the parti-

cle size is influenced by the nature, quality and amount of the polymer. Therefore, the 

reaction conditions required optimization. Delayed addition of dextran, for example, 

leaves the nucleation process unaffected, and consequently leads to bigger particles.
[32]

 

The particles are in most cases mechanically locked inside the polymer. With this fabri-

cation method not only nanoparticle containing hydrogels but also core-corona particles 

and microgels can be fabricated.
[22, 33]

 The second strategy focuses on generating the 

nanoparticles inside the pre-designed hydrogel. Here, the gel serves as a template or 

nanoreactor and the nanoparticle properties, especially their shape and size, are influ-

enced by the gel structure. 
[19, 34, 35]

 The most common reaction sequence for this fabri-

cation method is the swelling of the hydrogel in an iron salt solution followed by the 

particle generation by co-precipitation inside the hydrogel pores. The particles can be 

mechanically locked inside the gel. Alternatively, they can be coupled electrostatically 

in case the hydrogel is functionalized with carboxyl groups, for example. The third 

strategy utilizes the swelling characteristics of hydrogels by swelling a pre-synthesized 

hydrogel in a nanoparticle solution. The pre-designed particles are soaked up or 
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“breathed” into the hydrogel.
[33, 36]

 The fourth strategy uses pre-synthesized and very 

often surfactant-stabilized nanoparticles. The polymeric shell is synthesized in the pres-

ence of the nanoparticles and coupled in-situ to their surface, either by a “grafting from” 

approach or by producing a functionalized polymer, that can bind to the particle surface 

through its functional groups. With this technique, both polymer- and surfactant-coated 

magnetic materials have been embedded into polymeric networks using suspension, 

emulsion, or precipitation polymerisation. 
[37-40]

 Recently, a fifth strategy, similar to the 

one used in this work, was applied by J. Wotschadlo and co-workers to manipulate 

nanoparticle uptake by living human tumor cells.
[41]

 This strategy fully separates the 

nanoparticle and polymer syntheses. The pre-synthesized suspended nanoparticles are 

mixed with pre-synthesized carboxymethylated dextran (Mw 20.000 gmol
-1

) and mag-

netically separated from any unbound polymer in a washing step. The separation of 

nanoparticle and polymer synthesis facilitates the independent modification of particles 

and polymer and is advantageous for following steps like hydrogel formation and ad-

justment of composite material properties like the nanoparticle load and distribution of 

the polymer. Pursuing this strategy, especially the modification of the polymer func-

tionalization and the nanoparticle properties like shape, monodispersity and magnetiza-

tion can be improved. In the nanoparticle synthesis the coprecipitation method can be 

replaced by organic phase synthesis, for example allowing better control over the 

nanoparticle size, monodispersity and therefore magnetic properties.
[24]

 

Compared to mechanically entrapping magnetic nanoparticles inside a polymer struc-

ture, electrostatical binding facilitates higher stability of the composite material. To 

couple iron oxide nanoparticles electrostatically to a polymer like dextran, binding 

points are needed. Carboxyl groups are known to bind electrostatically to iron oxide,
[16]

 

whereas the interactions between magnetic cores and the hydroxyl groups of dextran 

itself is reported to be too weak to form a stable bond. Thus, efficient derivatization of 

pure dextran with magnetic nanoparticles is prevented.
[30, 42]

 . In pure dextran, magnetic 

nanoparticles can therefore only be mechanically trapped, which is disadvantageous for 

the stability of highly swelling hydrogels. Additionally, carboxyl functionalities are 

interesting as coupling points for further modification e.g. with biomolecules or ana-

lytes. 

In this Chapter the preparation of a composite hydrogel based on dextran, containing 

magnetite nanoparticles with application potential for magnetic separation and affinity 

studies is reported. To this end, a decoupled approach of nanoparticle and polymer syn-
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thesis was developed and bulk as well as film properties of the magnetic hydrogel were 

investigated.  

 

3.3.2 Magnetic Nanoparticles – Synthesis and Properties  

 

The magnetic iron oxide nanoparticles used in this work were synthesized and charac-

terized by Stefanie Utech in the group of PD. M. Maskos at the University of Mainz. A 

co-precipitation reaction of Fe(III) and Fe(II) cations in NaOH or NH4OH solution was 

carried out analoguos to the literature.
[43, 44]

 The reaction conditions are summarized in 

table 3.3.1. The nanoparticles contain Fe3O4 as well as γ-Fe2O3 as determined by 

Mößbauer spectroscopy for FexOy-I. Because Fe3O4 is relatively easy oxidized to 

γ-Fe2O3  the FexOy-I nanoparticles mainly consist of γ-Fe2O3. 

 

Table 3.3.1: Reaction conditions during synthesis of iron oxide nanoparticles by coprecipitation of iron 

oxide salts in basic media. 

 Fe(II) / Fe(III) Coprecipitation Reagent 

FexOy-I 1/1 NaOH 

FexOy-II 1/2 NaOH 

FexOy-IV 1/2 NH4OH 

 

The nanoparticles were suspended in solution acidified with hydrochloric acid after 

cleaning. Nanoparticles with a size of 3.2 to 8.3 nm were prepared. The average hydro-

dynamic radius was determined with asymmetric flow field-flow fractionation 

(AF-FFF) and is summarized in Table 3.3.2. The superparamagnetic nature of these 

particles was confirmed by SQUID measurements as can be seen in Figure 3.3.1. The 

magnetic nanoparticles contain Fe3O4 and γ-Fe2O3. The saturation magnetization in-

creases with increasing Fe3O4 content due to its higher saturation magnetization com-

pared to γ-Fe2O3 and with increasing size of the particles. Magnetic nanoparticles pre-

pared from a Fe(II)/Fe(III) ratio of 1:2 are expected to contain more Fe3O4 and the ones 

prepared in NH4OH are expected to be larger. 
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Figure 3.3.1: SQUID measurements of the iron oxide nanoparticles at 5K (A) and representative TEM 

images of the magnetic nanoparticles. All types of particles are superparamagnetic but show a decrease 

in their saturation magnetization in the following order: FexOy-IV > FexOy-I I> FexOy-I.  
 

Nanoparticles with different characteristics were used as summarized in Table 3.3.2. 

The influence of different particle characteristics on the synthesis of magnetic compos-

ite dextran based hydrogels, are discussed in Chapter 3.3.3. Knowing the size of the 

particles the determined order for the saturation magnetization of FexOy-IV> FexOy-II> 

FexOy-I represents the expected sequence. 

 

Table 3.3.2: Nanoparticles used for the preparation of magnetic photo-crosslinked composite dextran 

based hydrogels. 

Sample Average particle size  

(hydrodynamic radius) 

 /nm 

Saturation  

magnetization  

/emu g
-1 

FexOy-I      3.2       50 

FexOy-II      5.6       78 

FexOy-IV      8.3       89 

 

Nanoparticle suspensions without any surfactant as stabilizing agent can be synthesized 

because the iron oxide nanoparticles are stabilized by electrostatic repulsion in acidic 

water solutions below pH 4. Consequently, the nanoparticle surface can be used to elec-

trostatically bind ligands, independently from the nanoparticle synthesis, which opens 
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new possibilities for the preparation of nanoparticle composite materials and allows for 

the independent tuning of the nanoparticle characteristics. 

 

3.3.3 Synthesis of a Composite Dextran Hydrogel with Embedded 

Magnetic Nanoparticles 

 

The photo-crosslinkable carboxymethylated dextran-based hydrogel (PCMD), described 

in Chapter 3.1, contains benzophenone groups as photo-crosslinking units and car-

boxymethyl groups, that serve as possible binding points for analytes. Additionally, the 

carboxyl groups introduce a pH- and ionic strength-responsive behaviour, as discussed 

in Chapter 4.1. The PCMD was pre-synthesized independently from the nanoparticle 

preparation in a three step synthesis. At first the dextran is carboxymethylated in wa-

ter
[45]

, followed by the conversion of a part of the carboxymethyl functionalities to ac-

tive esters with TFA-NHS or PFP-NHS. Subsequently, 4-aminomethylbenzophenone 

was coupled in-situ via nucleophilic substitution. Like this the benzophenone 

photo-crosslinking units were bound via an amide bond.  

For the preparation of the magnetic composite iron oxide nanoparticle-PCMD blend, the 

pre-synthesized polymer and the nanoparticle suspension (pH = 4) need to be mixed 

under acidic conditions. Therefore, the PCMD was dissolved in water at concentrations 

between 0.05 g/mL and 0.2 g/mL and the pH was lowered to pH = 1-2 with hydrochlo-

ric acid. Slow dropwise adding of the nanoparticle suspension directly into the polymer 

solution while shaking, leads to the formation of the blend, due to electrostatically bind-

ing of the iron oxide nanoparticels to the carboxyl groups of the PCMD. The prepara-

tion procedure is schematically shown in Figure 3.3.1. In order to prevent precipitation 

in this process of electrostatical coupling of the iron oxide particles, lower polymer con-

centrations are advantageous as well as very slow addition of the nanoparticle solution, 

intense mixing and low viscosity and acidic pH of the polymer solution. In general, the 

local concentration of the nanoparticles and the viscosity of the PCMD solution should 

be low to prevent aggregation. A possible reason for the observed aggregation might be 

a “depletion effect” resulting in a local aggregation of particles. This interaction origi-

nates from a loss of conformational entropy of the polymer between the surfaces of 

neighboring particles due to a lower effective polymer concentration. This lower effec-

tive concentration causes osmosis and thus the depletion of the solvent, resulting in a 

phase separation at high enough polymer and nanoparticle concentrations.  
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A second effect responsible for aggregation can be a “bridging effect”, which mainly 

occurs if the polymer concentration is low. In case two or more particles are bridged by 

one polymer chain, the repulsion due to a polymer brush layer covering a nanoparticle is 

inhibited and aggregation occurs. 

The influence of the reaction conditions on the stability of nanoparticles without surfac-

tants, was reported for other water based iron oxide nanoparticle systems as well.
[28, 46, 

47]
 Usually, the mixing of polymer and nanoparticles is used to prepare polymer micro-

spheres with encapsulated nanoparticles or nanoparticle aggregates with a size below 

100 nm.
[41, 48]

 The coupling of the magnetic nanoparticles to the PCMD is indicated by 

the stability of the composite material at neutral pH.  

 

Figure 3.3.1: Synthetic concept of the preparation of the magnetic polymer composite, including the 

acidic polymer solution (a), mixing of polymer and nanoparticle solution (b), dialysis to neutral pH (c) 

and volume reduction at increased temperature under vacuum (d). 

 

To investigate the pH-stability, the composite material was dialyzed against water and 

against a sodiumhydroxide solution at pH 8. No precipitation of iron oxide nanoparti-

cles or of the composite material due to pH-change was observed. Unbound and aggre-

gated nanoparticles, which sometimes occur after mixing, can be removed by sedimen-

tation. Under optimized conditions, minimized precipitation and single distributed 

non-aggregated particles in the polymer blend were achieved. Based on the pH-stability 

of the composite material it is assumed that these particles inside the polymer solution 

are effectively stabilized by the dextran polymer. The particle distribution inside the 
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composite was studied by transmission electron microscopy (TEM). Exemplarily results 

are shown in Figure 3.3.2. 

Figure 3.3.2: TEM images (recorded by S. Utech, University of Mainz) of composite iron oxide nanopar-

ticle dextran-based polymers at neutral pH with increasing nanoparticle content: A) FexOy-II 2,5%, 

B) FexOy-IV 5%, C) FexOy-I 5%, D) FexOy-II 15%. The nanoparticle content refers to the weight of iron 

oxide nanoparticles added to a dextran-based polymer (ds(carboxymethyl) = 0.16; 

ds(benzophenone) = 0.04) solution of 0.1 g/mL during the preparation process. For all concentrations up 

to 15% single distributed particles were present but the amount of aggregated particles increased espe-

cially for the composite gel with a particle content of 15%.  

 

The TEM measurements clearly show well distributed individual magnetic nanoparti-

cles for all concentrations, although, for a particle content of 15 wt% some aggregates 

are present as well. The nanoparticle content of 2.5 – 15 wt% is comparable to values 

reported in the literature for composite gels synthesized with other methods. The 

amount of particles that can be stabilized via electrostatical binding to the carboxyl 

groups in the dextran-based polymer is probably limited by its carboxyl group content. 

For a particle content of 15 wt% the amount of particles that can be stabilized due to 

electrostatic forces might be already exceeded resulting in an aggregation of nanoparti-

cles which is in agreement with the results we found. This saturation effect was not fur-

ther investigated in this work. Liang et al. for example reported polysaccharide compos-

ite gels with nanoparticle contents around 9% after particle formation inside the poly-

saccharide hydrogel.
[19]

  

For film formation by spin-coating the composite solution was concentrated by evapo-

rating water up to concentrations of 0.1-0.2 mg/mL or even up to dryness followed by 

dissolving the composite polymer. Composite films from approximately 100 nm up to 

several micrometers in thickness could be prepared by adjusting the spin-coating condi-

tions. The hydrogel films were prepared on 4(3-triethoxysilyl)propoxybenzophenone-

coated quartz (Fig. 3.3.3) or S-3-(4-benzoylphenoxy)propyl ethanethiol-coated 

gold-covered glass substrates depending on the application (Chapter 3.1).  
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Figure 3.3.3: Schematic view of the sample preparation for UV-VIS measurements. The magnetic com-

posite hydrogel is crosslinked and coupled to a quarz glass slide covered with a monolayer of 

4(3-triethoxysilyl)propoxybenzophenone via UV-light irradiation.  

 

Crosslinking and coupling to the surface-bound monolayer was achieved by irradiation 

with UV-light as described in Chapter 3.1. With this technique, the crosslinking density 

can easily be tuned by varying the crosslinking irradiation energy dose, giving rise to an 

easy manner of manipulating the swelling degree of the composite gel. To verify the 

stability of the nanoparticle bonding to the PCMD, composite hydrogel films on quarz 

were investigated by UV-VIS spectroscopy while rinsing with water or buffer.  
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Figure 3.3.4: A) Representative UV-VIS measurements of a composite magnetic dextran-based hydrogel 

(ds(carboxymethyl) = 0.16; ds(benzophenone) = 0.04, FexOy-I nanoparticle content ~15 wt%, 

d = 1.65 µm) for different periods of rinsing (0.8 mL/min) with PBS (150 mM). B) UV-VIS spectra after 

30 min of rinsing with different buffers (PBS, pH 3, pH 8). For comparison, the pure nanoparticle sus-

pension (- -), the pristine hydrogel spectrum for the same film thickness (…) and the background meas-

urement (-) are shown as well. The nanoparticle absorption at ~350 nm is indicated by the black vertical 

line. The composite hydrogel spectra are stable for more than 60 minutes of rinsing indicating no loss of 

nanoparticles due to rinsing with different buffers. 
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As can be seen in Figure 3.3.4 the particles seem to be permanently fixed into the hy-

drogel network, no decrease in the iron oxide nanoparticle absorption at ~350 nm and 

thus no loss of material, even after 60 minutes of rinsing, could be observed.  

The particles are permanently fixed into the hydrogel for different ion concentrations 

(10-150 mM) and various pH-values (pH = 3-8). Consequently, the coupling of the par-

ticles inside the hydrogel does not seem to be influenced by the swelling state and the 

pH. 

 

3.3.4 Conclusion and Outlook  

 

In summary, the fabrication of a magnetic iron oxide nanoparticle photo-crosslinkable 

dextran based blend and subsequent composite hydrogel formation was shown. The 

dextran blend was prepared by simply mixing of pre-synthesized magnetic nanoparti-

cles with the also pre-synthesized photo-crosslinkable dextran-based polymer in aque-

ous solution. This method allows separately optimizing of the nanoparticle and the hy-

drogel characteristics and avoids the interferences of polymer and nanoparticles in case 

both are present during the synthesis. The fabrication conditions could be optimized and 

hydrogels containing evenly distributed, non-aggregated particles were achieved. Be-

sides the bulk synthesis composite hydrogel films were prepared and their stability in 

general as well as the pH-stability of the nanoparticles coupled to the hydrogel was 

shown by UV-VIS spectroscopy. 

Further developments of this project aim towards optimizing the nanoparticle content 

for different applications, the polymer functionalization towards analyte binding or 

stimuli responsiveness and to expand this simple fabrication method to a broad field of 

different polymer types.  

 

3.3.5 Experimental 

 

Dextran-Based Hydrogel: For the hydrogel synthesis the commercially available dex-

tran (Sigma Aldrich, Mr = 2.000.000) was first carboxymethylated followed by the in-

troduction of 4-aminomethylbenzophenone via active ester chemistry as described in 

Chapter 3.1 resulting in a photocrosslincable, pH-responsive dextran with tuneable 

swelling and binding properties. The carboxyl groups can serve as electrostatical bind-

ing points for magnetic nanoparticles. 

Magnetic Nanoparticles:  The superparamagnetic iron oxide nanoparticles were syn-

thesized by coprecipitation of Fe(II) and Fe(III) in NaOH or NH4OH solution. An aque-

ous solution of various ratios of FeCl2·4 H2O (0.1 M) and FeCl3·6 H2O (0.1 M and 0.2 
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M respectively) was added dropwise into 50 mL of alkali solution (1 M NaOH, alterna-

tive 1 M NH4OH) under vigorous stirring for 30 min at room temperature. The black 

precipitate was washed three times with water and collected by centrifugation. After 

addition of HCl solution a stable aqueous dispersion was obtained. 

Magnetic Composite Dextran-Based Hydrogel: The magnetic dextran-based 

photo-crosslinkable hydrogel was produced by mixing the magnetic nanoparticles with 

the modified dextran-based hydrogel under diluted acidic conditions. Therefore, the 

carboxymethylated and 4-aminobenzophenone-modified dextran was dissolved in ul-

trapure water (MilliQ, Millipore) at a concentration of 0.05-0.25 g/mL. The pH was 

adjusted with HCl to a pH of 1-2 followed by the dropwise addition of the nanoparticle 

solution (pH~4, c=52.43 mg/mL (FexOy-I), 49.83 mg/mL (FexOy-II), 

33.70 mg/mL (FexOy-IV)) directly into the polymer solution while shaking. The mixture 

was dialyzed against water to a neutral pH. In case of addition of too many nanoparti-

cles to the solution the excess amount of particles precipitates and can be removed by 

centrifugation (8000 rpm, 30 min). If the added amount of nanoparticles was carefully 

adjusted to the amount of polymer in the solution no precipitation was seen at a neutral 

pH.  

TEM Measurements: Transmission electron microscopy (TEM) was performed with a 

Philips CM-12 microscope at 120 kV. Samples were prepared evaporation of aqueous 

solutions of the preparations on carbon films supported by copper grids.  

AF-FFF Measurements: The asymmetrical flow-field flow fractionation device 

(AF-FFF) from Consenxus consisted of an AF-FFF channel system 2.0. 

Poly(ethersulfone) membranes were utilized as semipermeable walls (MWCO: 4 kDa). 

Degassed ultrapure water (MilliQ) with NaCl (5 mmol/L) and TWEEN 20 (100 mg/L) 

was used as eluent. A Waters 486-UV detector operating at 254 nm monitored the 

eluting particles. 

SQUID Measurements: The superconducting quantum inference device (SQUID) 

measurements were performed with a Quantum Design Squid-Magnetometer MPMS 

XL at 5 K with dried particle suspensions. 

Film Preparation and Photo-Crosslinking: Films of the magnetic hydrogel were pre-

pared on SiOx or gold surfaces depending on the application. For the UV-VIS measure-

ments 4-(3-triethoxysilyl)propoxybenzophenone was chemisorbed onto SiOx surfaces 

(quartz glass (PGO)) from ethanol solution (5 mM) at room temperature for ~24 h. Af-

terwards the slides were cleaned by extensively rinsing with ethanol and acetone and 

blown dry with air. 

To produce hydrogel films the nanoparticle-polymer blend solution was concentrated by 

evaporating the water (60°C, 20 mbar) until a desired concentration of 0.1-0.2 g/mL 

followed by spincoating. Magnetic dextran films up to several micrometers in thickness 

were deposited onto the pre-treated substrates by spin-coating from polymer/water solu-

tions with 3000-6000 rpm. A solution with a polymer content of 20 wt% resulted in a 

film thickness of approximately 500 nm at 5500 rpm. The samples were dried in vac-

uum at 45 °C overnight and crosslinking was performed for 7-90 minutes with a 

Stratagene UV Stratalinker 2400 operating at 75 W with an emission maximum at 

254 nm corresponding to 0.2 Jcm
-2

min
-1

. 

UV-VIS Measurements: The UV-VIS measurements were performed with a UV-VIS 

(Perlin Elmer, L900) spectrometer. A teflon flow cell (d = 5 mm, V= 1 mL) with two 

quartz (PGO) windows, one of them coated with the composite hydrogel sample, was 

used. The flow during rinsing was controlled to 0.8 mL/min by a peristaltic pump (Is-

matec, Reglo Digital).  

The composite hydrogel samples were rinsed with PBS 150 mM (Sigma Aldrich) and 

pH 3 and pH 8 buffers with a concentration of 10 mM. The buffers were composed of 
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1.25 mM citric acid, 1.25 mM KH2PO4, 1.25 mM Na2HPO4, 1.25 mM tris-

(hydroxymethyl)-aminomethane and 1.25 mM KCl were dissolved in ultrapure water 

and the pH was controlled by adding HCl or NaOH.  
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3.4 Modification of a Dextran-Based Hydrogel for Cell Adhesion 

 

 

 

Hydrogel scaffolds are promising candidates for cell growth with potential applications 

in bone regeneration or wound healing. To permit cell attachment and cell growth the 

mechanical strength as well as the pore size of the hydrogel matrix has to be optimized. 

Furthermore, the possibility of introducing growth factors or other biomolecules is a 

desirable feature. Here, the preparation of a hydrogel matrix for potential applications in 

tissue engineering is presented. 

 

3.4.1 Introduction 

 

Hydrogels are widely used for cell attachment and cell growth
[1-4]

 as well as to prevent 

cell growth on surfaces.
[5, 6]

 Various types of hydrogels are reported to be used for cell 

attachment and cell growth. Synthetical polymers are for example acrylate-based or 

poly(ethyleneglycol)-based polymers.
[1, 6-8]

 For these materials the crosslinking method 

can be varied from chemical crosslinking to photo-crosslinking.
[9]

 An advanced method 

for the generation of pores adequate for cell migration is the sphere template technique 

applied for poly(HEMA)-based hydrogels for example.
[6]

  

Nanocomposite hydrogels are unique materials combining the benefits of a hydrogel 
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matrix with special properties of certain nanoparticles. These materials are 

especially investigated in terms of structural reinforcement.
[10, 11]

 Various hydrogel 

nanocomposites have been reported in the literature. Depending on the gel and on 

the nanoparticle properties the characteristics can be tuned and responsive behavior 

can be introduced. Nanocomposites of hydrogels with gold nanoparticles allow 

solvent-switchable electronic properties
[12]

 and optical pH-sensing.
[13]

 Furthermore, 

responsive hydrogels have been combined with polystyrene colloidal crystals,
[14]

 for 

application in metal-ion sensors,
[15]

 for example. 

For applications in vivo, biodegradable hydrogels are desirable.
[16]

 Gel degradation 

within these polymers can be tailored by varying length and chemistry of the hydrolytic 

labile groups such as poly(lactic acid) (PLA) for example or by incorporating enzyme 

cleavable groups like peptide sequences within the crosslinker.
[17-19]

 Besides synthetic 

polymers, natural polymers like peptides or polysaccharides can be used.
[20]

 Within this 

class of materials agarose,
[21]

 chitosan,
[22, 23]

 collagen.
[24]

 alginate,
[25]

 gelatin,
[26]

 or dex-

tran
[1, 27]

 are versatile materials. Dextran-based systems are for example reported to be 

crosslinked with peptides to create an enzymatically degradable matrix for cell 

growth.
[28]

 Furthermore, the combination of different polymers is applied to tune their 

properties.  

The spreading of cells requires pores with a size in the range of several micrometers to 

allow cells to penetrate into the hydrogel. On the other hand, a certain density of the 

hydrogel matrix is necessary to allow cell adhesion to the hydrogel. Consequently, the 

swelling degree has to be optimized with respect to maximum pore size and required 

mechanical strength.
[29]

  

The interaction of cells with polymers are governed by a variety of factors, including 

biophysical (degree of hydrophilicity and hydration), chemical (functional groups), me-

chanical properties, and topography.
[30]

  

The following criteria have to be fulfilled to create a scaffold for cell growth:
[31, 32]

 

- a surface that promotes cell growth  

- biocompatibility of the matrix and the degradation products 

- biodegradability 

- a porosity that is high enough for cell penetration and allows homogeneous tis-

sue formation 

- mechanical strength  
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Approaches to control cell growth by surface modification included silane-based chem-

istry,
[33, 34]

 electrostatic interations,
[35]

 and plasma treatment.
[36]

  

As further developments the hydrogels can be modified with bioactive molecules. For 

example, growth factors like RGD sequences or sacrificial substances like gelatin or 

collagen can be used for hydrogel modification. Adhesive peptide sequences interact 

with receptors on the cell surface in order to mediate cell adhesion and spreading. 

Whereas gelatin can be digested by cells and thus facilitates cell growth and simultane-

ously enables a degradation of the matrix.
[6, 37-41]

 The incorporation of gelatin provided 

cell adhesive and enzymatically degradable properties and simultaneously led to a sig-

nificantly increased compressive modulus and strength.
[42]

  

Dextran is hydrophilic, biocompatible, and can be degraded through dextranase in vari-

ous organs in the human body.
[8]

 The methacrylation of dextran for example leads to 

biodegradable and biocompatible hydrogels.
[43, 44]

 Recently, the preparation of inter-

penetrating networks of dextran-based polymers and gelatin, as another promising ap-

proach to create 3-dimensional matrices for cell growth, was reported.
[42]

 Thereby, the 

dextran component was characterized to induce elastic properties superior to those re-

ported for PEG-based hydrogels.  

In the following chapter, the modification of the dextran-based and photo-crosslinkable 

hydrogel matrix for the growth of osteoblasts and endothelial cells is reported.  

 

3.4.2 Dextran-Based Hydrogels with Enhanced Mechanical Stability 

 

For the preparation of mechanically denser but still porous networks a two-component 

crosslinking approach was developed. The benzophenone photo-crosslinkable dex-

tran-based hydrogels described in Chapter 3.1 are used as highly swelling porous basic 

material. To achieve structural reinforcement super-crosslinkers were introduced that 

consist of nanoparticles, functionalized with benzophenone as multiple 

photo-crosslinking unit. With this strategy the porous hydrogel structure is maintained 

between the crosslinking benzophenone-functionalized nanoparticles (Figure 3.4.1) Si-

multaneously, the mechanical strength of the matrix is enhanced leading to improved 

cell adhesion (Chapter 4.6). The use of super-crosslinkers in a highly swelling hydrogel 

matrix seems to be superior to alternatives. The alternative of using a bi-functionalized 

crosslinker molecule is expected to be less effective due to the expected lower solubility 

of a bi-functionalized benzophenone derivative in water and the limitation to only two 
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directly linked benzophenone units. In addition, the crosslinking is expected to be more 

continuous resulting in smaller pore sizes as compared to the crosslinking by a lower 

amount of super-crosslinkers. With an identical overall amount of benzophenone units 

the crosslinking molecules are expected to be more localized allowing bigger pores to 

be created in the interstitials. Another option might be a dendrimer-like structure carry-

ing benzophenone moieties. The synthesis is complex compared to the nanoparticle ap-

proach. However, the introduction of super-crosslinking benzophenone functionalized 

nanoparticles revealed strong mechanical reinforcement of the PCMD hydrogels.  

 

Figure 3.4.1: Scheme of the two component photo-crosslinked hydrogel matrix for cell adhesion.  

 

The introduction of more benzophenone molecules into the dextran backbone would 

result into a less hydrophilic hydrogel and into smaller pores upon crosslinking which is 

disadvantageous for subsequent cell growth applications. Thus, the application of 

crosslinker-functionalized nanoparticles as crosslinking centers seems to be a versatile 

approach for the fabrication of mechanically more stable but still highly porous scaf-

folds. 

 

Nanoparticles as Second Component Super-Crosslinker 

 

The benzophenone-functionalized nanoparticles (NP’s) were prepared by Coenraad van 

den Brom at the Max Planck Institute for Polymer Research.
[11]

 The method for the sili-

con oxide nanoparticle synthesis was adopted from Giesche et al.,
[45]

 applying condi-

tions that lead to 40 nm diameter SiO2-particles. These particles were subsequently 

functionalized with benzophenonetriethoxysilane (BPTES) and 

N-(trimethoxysilylpropyl)-N,N,N-trimethylammonium chloride (NR4
+
) and passivated 
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with hexamethyldisilazane (HMDS). The degree of benzophenone functionalization was 

kept low at a ratio of approximately NR4
+
 : BPTES = 10:1 by adjusting the ratio in the 

reaction mixture to NR4
+
 : BPTES = 1:0.65 taking into account the different reactivities. 

With this ratio the water solubility of the particles is maintained. The nanoparticles were 

subsequently transferred into an aqueous dispersion by centrifugation and redispersion. 

In the following the nanoparticles were characterized in terms of size, separation and 

degree of functionalization. Comparing SEM samples of the latest decantate and the 

latest precipitated NPs after cleaning both have a very similar appearance (Fig-

ure 3.4.2 A, B).  

A BA B

200 nm 1 µm

A BA B

200 nm 1 µm  

Figure 3.4.2: SEM images of NR4
+
/BPTES-coated SiO2 NPs. A) NPs from the most concentrated fraction 

used for subsequent experiments and B) NPs obtained from the latest supernatant after cleaning by cen-

trifugation and re-dispersion in fresh solvent. 

 

The particle diameter was determined to be R = 45 nm (± 4 nm). To evaluate the hydro-

dynamic radius of the particles dynamic light scattering (DLS) was performed with a 

filtered 6.5 wt% solution. The average hydrodynamic radius (Rh) obtained by DLS was 

dependent on the angle at which it was measured as can be seen in Figure 3.4.3. The 

angular dependence is an effect of the particle size distribution: For larger objects the 

scattered intensity decreases stronger as a function of angle than for smaller objects.
[46]

 

The obtained radii are clearly larger than those obtained by SEM (45 nm). The average 

number of particles in an aggregate (n) can be qualitatively estimated from the hydro-

dynamic volume (Vh) (equation 3.4.1) 

33

NP ˆ NPhh RRVVn =≈     (3.4.1) 

assuming that the aggregates are sufficiently spherical for the Stokes-Einstein relation to 

be still valid. Furthermore, assuming that the hydration shell of the particles is small 

compared to their diameter (i.e. RNP = 45 nm) leads to an aggregate size of about 

13-28 NPs. As large particles are generally much stronger scatterers than small particles 

( 6rI ∝ ), the relatively strong angular dependence implies that there must be smaller 

particles as well. Because small aggregates are not expected to be a problem in for their 
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subsequent application as super-crosslinkers they were used without further purifica-

tion. 

 

Figure 3.4.3: Hydrodynamic radius Rh measured for an aqueous dispersion of benzophenone-modified 

SiO2 NP’s. 

 

To estimate the amount of benzophenone attached to the nanoparticles, UV-VIS spectra 

of the nanoparticles in water were recorded at different concentrations. The spectra for 

2.1 and for 0.21 mg/mL are depicted in Figure 3.4.4.  
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Figure 3.4.4: UV-VIS spectra of the benzophenone modified SiO2 nanoparticles in water at a concentra-

tion of 2.1 mg/mL and at 0.21 mg/mL. 

 

By comparing the benzophenone absorption at 300 nm with the concentration depend-

ent absorption of the pure benzophenone derivative (BPTES) in chloroform
[11]

 the de-

gree of benzophenone attachment can be estimated to approximately 

5*10
-14

 mol BPTES per mg functionalized particles. 

 

Dextran Hydrogel Silica Nanoparticle Composite Formation 

 

The preparation of a composite SiO2 nanoparticle dextran hydrogel material was carried 

out by mixing the pre-synthesized PCMD polymer and the pre-synthesized benzophe-

none modified silica-nanoparticles. A comparable strategy was already applied to syn-

thesize a magnetic composite hydrogel (Chapter 3.3). The PCMD hydrogel was dis-

Angle / ° Zave / nm 

30 138 

60 128 

90 113 

120 107 
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solved in destilled water at concentrations of 0.1 g/mL or 0.2 g/mL and the aqueous 

suspension of nanoparticles was added under extensive shaking. Suspensions with 5, 10 

and 20 wt% nanoparticles were prepared. The composite suspension was concentrated 

to 0.1-0.2 g/mL polymer and samples for cell adhesion experiments were prepared. 

TEM images of the hybrid material revealed that small nanoparticle aggregates were 

formed. The amount and size of aggregates is relatively low with clusters of < 20 parti-

cles for a particle content of 5 wt% and increases slightly with increasing nanoparticle 

content from 5-20 wt%. The aggregate formation can be explained by “bridging” and 

“depletion” effects as discussed more detailed in Chapter 3.3. In addition, the partly 

hydrophobic particle surface due to the benzophenone functionalization has to be taken 

in to account. Although, the degree of functionalization is low in order to conserve their 

dispersion in water. It is expected to achieve a reduced aggregation upon optimization 

of the mixing conditions. For example, a reduced concentration of the polymer solution 

and a slower addition should result into less aggregation.  

A B

200nm200nm

A

1µµµµm

A B

200nm200nm

AA B

200nm200nm

A

1µµµµm1µµµµm
 

Figure 3.4.5: TEM images of the benzophenone modified SiO2 NP’s in the polymer composite environ-

ment for a 5 wt% (A) and a 10 wt% (B) solution. The increasing aggregate formation is clearly visible.  

 

These aggregates are not expected to form a problem in the further processing of the 

sample and should serve as multiple crosslinking points as well. During the 

photo-crosslinking process the benzophenone should covalently bind the nanoparticles 

inside a cluster and simultaneously, the cluster is covalently coupled to the surrounding 

dextran polymer. 

For the cell growth expermiments a petri dish (diameter = 3 cm) was treated with oxy-

gen plasma (60 W, 0.2 mbar, 5 min) to create a more hydrophilic surface and thus en-

hance the wettability of these surfaces for the highly hydrophilic dextran-based poly-

mer. The concentrated composite hydrogel suspension was dropcasted onto the surface 

and the solvent was evaporated over night at room temperature and atmospheric pres-

sure. Subsequently, the matrices were crosslinked by irradiation with UV-light at 



3.4 Materials   

 

92 

254 nm for one hour achieving sterilization simultaneously. The irradiation thereby in-

duces three processes:  

I) the crosslinking with the benzophenone units chemically bound to the dextran 

backbone 

II) the multiple crosslinking with the benzophenone-functionalized silica 

nanoparticles 

III) the surface attachment in case of a polymer composite film on a benzophe-

none monolayer-modified substrate (SPR/OWS characterization). 

Because structuring of the matrix creates three dimensional textures that might be bene-

ficial for cell adhesion, the crosslinking process was performed with three different ap-

proaches. 1/3 of the Petri dish area was crosslinked through a µm-grating-mask (Fig-

ure 3.4.10), 1/3 of the petri dish area was structured with a macroscopic grating pro-

duced by scratching with a sterile needle, and 1/3 of the area was left as prepared. Ex-

amples of the hydrogel matrices as seen in the microscope are shown in Figure 3.4.6.  

 

Figure 3.4.6: Microscope images of swollen hydrogel matrices (10 wt% SiO2 NP’s). The unmodified 

hydrogel surface (B) as well as the structuring with a sterile needle (A, black arrow) is shown. Structures 

induced by photo-crosslinking through a µm-grating-mask can not be resolved (scalebar = 100 µm). 

 

3.4.3 Gelatin-Dextran Composite Hydrogels 

 

An alternative strategy to facilitate cell growth inside the hydrogel matrix is the intro-

duction of gelatin, which can be digested by cells and thus can serve as spacer for cell 

growth and as cell attracting agent simultaneously. Gelatin was introduced either as 

macroscopic pestled powder with a polydisperse particle size in the range between sev-

eral up to hundred micrometers or as polydisperse nanoparticles (Figure 3.4.7/ 3.4.8).  

 

Gelatin Preparation 

 

Gelatin powder was purchased from Sigma Aldrich and pestled to create particles with a 

size in the micrometer range (Figure 3.4.7). The particles are stable in cold water based 

solutions up to temperatures of approximately 50 °C. At higher temperatures they dis-
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solve. Therefore, it is important to keep the temperature during the entire preparation 

process at room temperature. Single chains dissolving even at low temperatures are not 

expected to resemble a problem in subsequent cell growth applications. 

A BA B

100µµµµm 100µµµµm

A BA B

100µµµµm 100µµµµm
 

Figure 3.4.7: Optical micrographs of pestled gelatin. The polydisperse particle size between several 

micrometers to approximately hundred micrometers is clearly visible. 

 

To investigate the influence of the size of gelatin inside the hydrogel smaller gelatin 

particles in the nanometer range were prepared. To this end, gelatin was dissolved in 

water at 70°C and precipitated into ice-cold acetone.
[47]

 The suspension was subse-

quently dialyzed against water at room temperature and the gelatin nanoparticles were 

characterized by DLS measurements (Figure 3.4.8 A). A bimodal size distribution was 

determined by DLS at 90º: one with a maximum at 85 nm and a second one around 

540 nm. The particles with a size around 540 nm can be attributed to bigger particles or 

more likely to aggregate formation. Because monodisperse particles are not necessary 

for cell adhesion experiments and polydisperse gelatin particles might be beneficial the 

particles were used without further purification. The gelatin is invisible in the TEM 

(Figure 3.4.8 B).  
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Figure 3.4.8: A) DLS results (90 º) for the gelatin nanoparticles and B) TEM image of a dextran-silica 

super-crosslinker (10%)-gelatin nanoparticle (10%) composite. The polymer components are not visible. 

 

The silica particles seem to form even bigger aggregates (compare Figure 3.4.5 B) after 

gelatin addition and repeated concentration of the composite suspension. 
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Gelatin Dextran Composite Preparation 

 

Because gelatin is only water-soluble at temperatures higher than 50°C it can be mixed 

with the water based dextran polymer solution without dissolving. In this way, gelatin 

centers of various sizes can be generated inside the hydrogel matrix. To create gela-

tin-dextran hydrogel composite materials either the pestled gelatin was added to the 

pure dextran polymer solution or to the dextran polymer-silica nanoparticle suspension. 

The gelatin nanoparticles were added as suspension in water (c ~ 4mg/mL) either to the 

pure PCMD polymer water solution or to the PCMD-silica nanoparticle suspension. The 

solution was concentrated to 0.1-0.2 g/mL at reduced pressure. Heating was avoided to 

prevent the gelatin from dissolving. Afterwards the suspensions were dropcasted onto a 

oxygen plasma pre-treated petri dish as already described for gelatin-free matrices fol-

lowed by structuring and crosslinking as described above as well. Representative hy-

drogel surfaces are summarized in Figure 3.4.9. 

 

Figure 3.4.9: Microscope images of the gelatin containing composite PCMD matrix. The linear struc-

tures visible in A, B, C are introduced with a sterile needle. The composition varies: 

A) 10 wt% SiO2 NP’s and 10 wt% gelatin NP’s B) 10 wt% SiO2 NP’s and 10 wt% gelatin pestled, 

C) 20 wt% SiO2 NP’s and 10 wt% geltin pestled, D) 10 wt% SiO2 NP’s and 20 wt% gelatin pestled. The 

surfaces are comparable for all different composite materials. The scalebar represents 100 µm. 

 

These hydrogel matrices where tested for cell growth experiments as discussed in Chap-

ter 4.6. All matrices were prepared with a thickness resulting in a swollen thickness in 

the range of hundrets of micrometers. For these thick matrices, stable surface attach-

ment could not be achieved by a benzophenone terminated self-assembled monolayer as 

adhesion layer. This is in agreement to the stability experiments discussed for the 

PCMD hydrogel matrix in Chapter 3.1. Thus, the prepared matrices where used without 

being covalently attached to the petri dish. 

 

3.4.4 Conclusion and Outlook  

 

The dextran-based PCMD hydrogel introduced in Chapter 3.1 and 4.1 was optimized to 

serve as scaffold material for cell growth. For this purpose, benzophenone-modified 
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SiO2 nanoparticles were successfully introduced as multiple crosslinking units. Al-

though these particles tend to form small aggregates, this should not limit their potential 

as crosslinking component. Higher crosslinking leads to structural reinforcement which 

is necessary to allow cell attachment due to the high swelling degrees of the PCMD 

hydrogel. To create pores and simultaneously attract cells gelatin was used as sacrificial 

material. The preparation procedure of the composite material is fast and easy and the 

matrix only consists of natural polymers. Furthermore, structuring of the matrix can be 

achieved relatively easy by using appropriate masks due to the light-induced crosslink-

ing reaction. Possible improvements can be achieved in the surface attachment for this 

type of millimeter thick films. This might be optimized by plasma modification of the 

surface with allylamine
[48]

 and further covalent attachment of benzophe-

none-derivatives. These matrices were applied for cell growth experiments (Chap-

ter 4.6) and further optimization of the composition as well as further optimization of 

the size and crosslinking are desirable. 

 

3.4.5 Experimental 

 

Dextran-Based Hydrogel (PCMD): For the hydrogel synthesis, the commercially avail-

able dextran (Sigma Aldrich, Mr = 2.000.000) was carboxymethylated, followed by the 

introduction of 4-aminomethylbenzophenone via active ester chemistry as described in 

Chapter 3.1. The degree of benzophenone substitution was determined by 
1
H-NMR in 

D2O to be ds =0.09  and the degree of carboxymethylation to be ds = 0.30 for the PCMD 

hydrogel used here. 

Benzophenone-Modified Silica Nanoparticles: SiO2 nanoparticles were prepared by 

Coenraad van den Brom
[11]

 following a method adapted from Giesche et al. 
[49]

, using 

the Stoeber process.
[50]

 A stock solution of tetraethylorthosilicate (TEOS, 98%, Acros, 

destilled before use) (0.14 M) in ethanol (5 ml) was diluted with ethanol (20 ml), 

warmed to 60 °C and added to a stirred mixture of aqueous ammonia (0.86 M, 10 ml) 

and ethanol (125 ml) in a reactor flask kept at 60 °C. The mixture was stirred overnight 

at 60 °C and became slightly turbid. The crude reaction mixture was used in the follow-

ing experiments without intermediate workup (in order to prevent coales-

cence/aggregation of the NPs). 

Surface Functionalization: To 50 ml of the crude SiO2 mixture – transferred into a 

round-bottom flask with stirrer – was added 33 ml of DMSO. A premixed solution of 

470 mg of a 50% solution of N-(trimethoxysilylpropyl)-N,N,N-trimethylammonium 

chloride (NR4
+
) in methanol (0.9 mmol) with 3.2 g of a BPTES stock solution in EtOH 

(0.6 mmol), (yielding a ratio of NR4
+
 / BPTES = 1:0.65) was than added. A functionali-

zation ratio of NR4
+ 

/ BPTES = 10:1 should be achieved taking into account the dif-

frence in reactivity between trimethoxy- and triethoxysilanes. After stirring for 22 hours 

at RT 0.5 ml HMDS was added and the mixture was stirred for another 12 hours. The 

material was divided into three fractions and centrifuged for 45 minutes at 6000 rpm 

(RCF = 3904g) at 20°C. The supernatant was decanted and the precipitate was easily 

redispersed in water/EtOH (1:1) (3×20 ml) with some shaking. Centrifugation at 6000 
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rpm for 45 minutes at 20°C led to a good separation. The supernatant was decanted and 

the material was redispersed in 3×20 ml water/EtOH by vigorous shaking for 5 minutes 

and some sonication. The turbid suspension was centrifuged at 2000 rpm for 30 min-

utes. After decanting, the material was redispersed in 3×23 ml water by shaking for 5 

minutes, 1 minute of sonication and an additional minute of shaking. A more concen-

trated batch was prepared by transferring one batch of material into a clean centrifuge 

tube and centrifugation at 2000 rpm for 30 minutes. Most of the still somewhat turbid 

supernatant was decanted. The deposit was easily redispersed in the remaining liquid by 

combined sonication and shaking for about 1 minute. This concentrated dispersion had a 

dry matter content of ca 6.5%.  

SEM samples of both the concentrated dispersion and the latest decantate were prepared 

by placing a droplet of liquid on a siliciumi wafer and blotting it off with filtration pa-

per. A Gemini field emission electron microscope (Zeiss), equipped with an InLense 

detector was used. 

Gelatin Nanoparticles were prepared by precipitation of gelatin in acetone. 0.5 g of 

gelatin were dissolved in 10 mL of water by heating up to 70 °C. After complete disso-

lution the gelatin was precipitated in ice-cold acetone (80 mL). A turbid nanoparticle 

suspension is prepared which is dialyzed against water at room temperature afterwards. 

Dextran-Silica Composites were prepared by dropping the benzophenone modified 

SiO2 nanoparticles water suspension (c ~ 0.6 mg/mL) into a water based solution of the 

PCMD polymer (c = 0.2 g/mL) to get a SiO2 fraction of 5, 10, 15, or 20 wt%. The mix-

ture was concentrated up to 0.1 – 0.2 g/mL (referred to the PCMD fraction) under re-

duced pressure and a temperature of 45 °C. 

Dextran-Gelatin Composites: Gelatin was either used as pestilled particles with a pore 

size in the range of micrometers or as nanoparticles. The composite was prepared by 

simple mixing of both components. Pestilled gelatin was added with a fraction of 5 

(5 mg), 10 (10 mg), and 20 (20 mg) wt % to a 0.1 g PCMD containing water-based so-

lution of V€= 1 mL. Gelatin nanoparticles were added as aqueous suspension 

(c ~ 4 mg/mL) to obtain a gelatin content of 5 – 20 wt%. In case a three component sys-

tem with the PCMD polymer, SiO2 particles and gelatin was prepared, gelatin was 

added as the last component to the concentrated PCMD-SiO2 composite material. The 

PCMD-gelatin nanoparticle mixture was concentrated under reduced pressure at room 

temperature to prevent the dissolution of the gelatin. 

Hydrogel Formation: To create three dimensional textures that the UV-crosslinking 

process was performed using three different approaches. 1/3 of the petri dish area was 

crosslinked through the two µm-grating-mask (Figure 3.4.10), 1/3 of the petri dish area 

was structured with a macroscopic grating produced by scratching with a sterile needle, 

and 1/3 of the area was left as prepared.  

50µµµµm 50µµµµm50µµµµm50µµµµm 50µµµµm50µµµµm
 

Figure 3.4.10: Two areas of the mask used for structuring the hydrogel matrix during the 

photo-crosslinking process. 

 

Microscope: The microscope pictures of the pestled gelatin and the mm-grating mask 

were recorded with a 20x lens in an Olympus IX70.  
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DLS: The particle size measurements of gelatin nanoparticles were performed by DLS 

using a Submicron Particle Sizer Nicomp 380 (Nicomp, USA). Dynamic light scattering 

measurements were performed using a ALV/CGS3 Compact Goniometer System, with 

He/Ne Laser (632.8 nm), ALV/LSE-5004 Correlator and ALV5000 software at various 

angles (30°, 60°, 90,°120°,150°). Rh was calculated from the correlation data using a 

regularised fitting method. A 1 mg/ml dispersion of SiO2 NPs in CHCl3 was prepared 

by combining appropriate amounts followed by sonication and simultaneous shaking for 

5 minutes. The resulting dispersion was diluted down further and filtered 3 times using 

a 0.45µm PTFE filter.  

UV-VIS Measurements: The UV-VIS spectra were recorded with a UV-VIS/NIR 

(Perkin Elmer, Lambda 900) The measurement was carried out with an aqueous 

nanoparticle suspension in a quarz cuvette with d = 0.5 cm, a slit of 4 nm. 
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4 Results and Discussion 

4.1 Hydrogel Film Characteristic 

 

 

Hydrogel films are versatile structures for coatings in medicine or for sensor matrices. 

These applications require stable but highly swelling gels to allow the diffusion of spe-

cies inside the hydrogel matrix. Furthermore, thick hydrogel films in the range of mi-

crometers facilitate the guiding of leaky optical waveguide modes. Leaky optical 

waveguide modes enable a more detailed film characterization with respect to the re-

fractive index and thickness perpendicular to the surface. So far poly(N-isopropylacryl 

amide) films were reported to be characterized according to their refractive index using 

optical waveguide mode spectroscopy. Apart from that, mainly thinner films in the 

range of tens to hundreds of nanometers, or macroscopic gels are discussed in the litera-

ture. Here, the film stability and its tuning by modification of “external” and “internal” 

parameters are reported. Furthermore, the swelling behavior for stable films in the range 

of up to 20 µm is discussed. Special emphasis is put on the manipulation of the swelling 

degree by variation of “external” parameters such as pH and its investigation with sur-

face plasmon resonance (SPR) and optical waveguide mode (OWS) spectroscopy. 
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4.1.1 Introduction 

 

Functionalized dextrans as described in Chapter 3.1 are expected to be versatile materi-

als for biosensor applications.[1-4] In order to apply them as biosensor matrices their ma-

terial and film characteristics have to be understood. For many interesting applications 

from sensing to medicine highly swelling hydrogels are desirable to allow the diffusion 

of molecules or antibodies or to permit cell growth. In the literature swelling degrees are 

mainly related to a weight increase upon water uptake and are calculated by dividing the 

weight of the swollen hydrogel by the weight of the dry hydrogel.[5, 6] Swelling degrees 

of 1.5 for a mixed hydrazide-modified carboxymethyldextran/ aldehyde-modied dex-

tran[5] and swelling degrees up to 13 for a γ-irradiation crosslinked glycidylacrylated 

dextran[6] are reported. Other swelling ratios are calculated by relating the water uptake 

to the weight of the hydrogel. For this purpose, the water-uptake (weight of the swollen 

hydrogel substracted by the weight of the dry hydrogel) is divided by the weight of the 

dry hydrogel. Swelling ratios of 0.5 to 30 are reported for dextran based systems.[7-12] 

The swelling degree generally depends on the balance between various forces such as 

solvation, elastic, electrostatic, and osmotic pressure.[13-16] Swelling forces are deter-

mined by internal parameters like the hydrogel composition, density and hydrophilicity 

as well as by external parameters like type of solvent or ion concentration and pH. A 

variety of stimuli sensitive polymers was developed.[17] Depending on the polymer and 

the environmental conditions the influence of certain forces varies. The interplay of the 

present forces with varying environmental parameters on the swelling behavior of 

polyelectrolyte hydrogels was intensively investigated by simulation studies. Especially 

the influence of external parameters like salt concentration,[18-21] crosslinking density,[22, 

23] or solvent quality[19] are discussed. For uncharged surface attached polymers the 

equilibrium swelling is an interplay between elasticity of the polymer and the osmotic 

pressure of the polymer. For charged polymers the situation changes: the swelling equi-

librium is mainly determined by electrostatic interactions and the osmotic pressure of 

the counterions rather than by the osmotic pressure of the polymer. Generally, the elec-

trostatic interaction increases with decreasing salt concentration, the elastic force in-

creases with decreasing crosslinking density and the better the solvent quality the higher 

the solvent pressure resulting in higher swelling. 

Surface Plasmon Resonance (SPR) and Optical Waveguide Mode Spectroscopy 

(OWS)[24-26] are useful techniques to investigate the swelling behavior of hydrogel 
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films. The change of the swelling state is thereby followed by a change in the angular 

position of the surface plasmon and the optical waveguide modes due to the change of 

the thickness and the refractive index of the hydrogel film (Chapter 2.1). The most 

common method to extract the thickness and the refractive index from the SPR/ OWS 

data is to assume a homogeneous one-layer like hydrogel film and to adjust the thick-

ness and refractive index to the measured data (Chapter 2.3).[27] For more complex sys-

tems especially for films with a refractive index gradient this “one-box” model does not 

represent the hydrogel film structure. In these cases the hydrogel film parameters can be 

determined with the reversed Wentzel-Kramer-Brillouin (WKB) approximation. The 

WKB approximation determines the variation of the refractive index perpendicular to 

the surface[28] by allocating a thickness and a refractive index value to every optical 

waveguide mode (Chapter 2.3).[29] The performance of this theory for hydrogel films 

was validated for PNIPAAm hydrogel films by Beines et al.[27] Usually, a hydrogel film 

refractive index-thickness profile can be modeled by two or three homogeneous layers 

meaning with two or three layers of constant but different refractive index. The number 

and thickness of these layers can be extracted from the WKB calculations. Supplemen-

tary information on the hydrogel film structure, especially on its surface properties in 

the swollen state such as topography and roughness, can be obtained by neutron reflec-

tivity measurements.[30-33] A very smooth surface comparable to water was reported for 

comparable systems.[34, 35] 

 

4.1.2 Hydrogel Film Stability  

 

In order to investigate the hydrogel-film stability films were produced by spin-coating 

the dextran-based polymer on a chromium/gold covered glass slide coated with a self 

assembled monolayer of S-3-(4-benzoylphenoxy)propyl ethanthiol as adhesion pro-

moter. The subsequent irradiation at 254 nm resulted in a photo-crosslinked and sur-

face-bound hydrogel film in one step as schematically described in Chapter 3.3.2. The 

film thickness could be varied from tens of nanometers to micrometers in the dry state 

by changing the spinning speed and the concentration of the polymer solution. In gen-

eral relatively high polymer concentrations (7-40 wt%) are resulting in homogeneous 

films. 

The film stability of these immobilized hydrogel films depends on one hand on external 

parameters like film thickness, irradiation time, solvent quality, salt concentration, and 
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pH. On the other hand the film stability is influenced by internal parameters like the 

benzophenone and the carboxyl groups. Thereby, film instability is defined as a delami-

nation of the hydrogel film, which results in the loss of the otherwise existing optical 

waveguide modes. The hydrogel film stability increases with  

• decreasing film thickness: the thinner the film the lower the mechanical forces at the 

surface while swelling and the higher the layer modulus 

• increasing irradiation time: the longer the films are exposed to UV-light, the higher 

the degree of crosslinking and the lower the degree of swelling 

• decreasing solvent quality: the lower the solvent quality, the less pronounced the 

swelling and consequently the lower the mechanical forces upon swelling 

• increasing salt concentration: the higher the salt concentration the more charges can 

be neutralized leading to decreased swelling and reduced mechanical forces at the 

surface  

• decreasing pH: at pH 3 or lower the carboxyl groups are protonated and the swelling 

is reduced due to reduced electrostatic repulsion. For pH values above 5 all carboxyl 

groups are deprotonated and the gel is completely swollen as long as no ions are 

neutralizing the negative charge of the carboxyl groups. The pKa value of the car-

boxyl groups in vicinity of an ether oxygen is between 3 and 4.  

Mainly, two parameters are determining the impact of the external effects, namely the 

density of the network itself and the ability of manipulation due to charge generation. In 

general, increasing number of charges leads to enhanced swelling due to electrostatic 

repulsion. Deprotonation of carboxyl groups or decrease of the salt concentration at 

high pH generates negative charges. The effect of a decreasing ion concentration is 

based on charge screening by counterions and a salting out effect. These effects are of 

course more pronounced for intrinsically less dense - meaning low crosslinked - net-

works. For optimized external parameters the hydrogel film stability seems to be de-

fined by the proportion of the benzophenone crosslinker and the charge generating car-

boxyl functionalities as can be seen by plotting the degree of carboxyl functionalization 

versus the degree of benzophenone functionalization (Figure 4.1.1). The values are ob-

tained by dividing the CH(1) integral of the 1H-NMR in D2O by the integral for one 

proton of the functional group as described in Chapter 3.1.2. The black circles represent 

the hydrogels that are stable on the substrate even under non-optimal conditions while 

the white circles present the ones that are delaminating even under optimal external 

conditions meaning they are even deliminating if they are completely crosslinked 
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(254 nm, 90 minutes), prepared as thin films (<1 µm in the swollen state), swollen in 

low pH (pH = 3) and high ionic concentration (150 mM or higher). 
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Fig. 4.1.1: Degree of benzophenone functionalization versus degree of carboxymethylation for completely 

photo-crosslinked (90 min) hydrogels (type(3)). The hydrogel films (100 nm-1 µm in the dry state) that 

are stable on a gold surface coated with a self-assembled monolayer of S-3-(4-benzoylphenoxy)propyl 

ethanthiol after photo-crosslinking are shown by the filled black circles, the ones that are not stable even 

if their thickness is decreased are represented by the white circles. 

 

As can be concluded from the results shown in Figure 4.1.1, a diagonal boundary di-

vides the stable films from the instable ones implying the increasing amount of benzo-

phenone crosslinker that is necessary to stabilize the hydrogel films with increasing 

amount of carboxyl functionalities. In the vicinity to this boundary one finds a critical 

crosslinking density, at which a stable gel in low pH or high ionic strength solvents can 

be obtained. Lowering the ionic strength, however, below 10 mM induces pronounced 

swelling, which ultimately leads to a failure of the surface attachment and consequently 

delamination. The delamination is detected by SPR/OWS upon the disappearance of 

optical waveguide modes and a shift of the surface plasmon to lower angles. As already 

mentioned decreasing the ionic strength leads to reduced electrostatic shielding and an 

increased swelling of the hydrogel matrix.[18, 22] Delamination occurs increasingly likely 

when swelling a dry gel with a critical benzophenone to carboxyl group ratio directly in 

a low ionic strength solvent, compared to solvent exchange to low ionic strength buffer 

after swelling in a high ionic strength medium first. This implies that the intermittent 

forces upon swelling play a major role in the film stability and need to be counteracted 

by the crosslinking points of the hydrogel. For biological, medical or sensing applica-

tions molecules or cells are intended to diffuse through the gel. A highly swelling but 

stable network is required making it necessary to optimize the swelling properties ac-

cording to the above discussed effects. 
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4.1.3 Hydrogel Film Characteristics – Surface and Swelling Proper-

ties 

 

In order to characterize the swelling properties of the hydrogel films, they were 

crosslinked with varying energy and swollen at pH 3-8 (10mM buffer), in HEPES 

(10mM) and in PBS with varying ionic strength followed by surface plasmon resonance 

and optical waveguide-mode spectroscopy (SPR/OWS). The SPR/OWS angular scans 

were translated into refractive index-thickness profiles of the hydrogel films by apply-

ing the Wentzel-Kramer-Brillouin (WKB) approximation (Chapter 2.3). 

For every crosslinking time three cycles of swelling over night, pH- and salt-screening, 

and drying were performed with AFM measurements in between to investigate the sur-

face roughness. Additionally, the dry film thickness was measured with a profiler before 

and after every swelling cycle. A loss of material mainly occurs during the first swelling 

cycle before starting the pH and salt-screening and can be up to 50 % of the initial dry 

thickness. The results for the thickness and refractive index profile were comparable for 

all three cycles.  
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Figure 4.1.2: AFM measurements in the dry state for a completely (90 minutes) crosslinked hydrogel film 

(ds(benzophenone) = 0.04; ds(carboxymethylation) = 0.16) before swelling (A), after one cycle of swell-

ing  and drying (B), and after 3 cycles of swelling and drying (C). The surface roughness along the black 

line indicated in every AFM picture is shown below.  

 
Furthermore, the AFM measurements (Figure 4.1.2) show very smooth and defect-free 

surfaces with a surface roughness of 0.2-0.5 nm (rms) at a scale of 1x1µm even after 3 

cycles of swelling, pH-screening, and drying.  

Depending on the spin-coating conditions, mainly on the concentration of the polymer 

solution, the overall surface roughness on a scale of centimeters is in a range of tens to 

A B C 
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hundreds of nanometers, as determined with a profilometer. For the samples shown here 

the large-scale roughness was determined to be 10% of the thickness over an area of 

9 cm2 . 

To study the gel thickness-refractive index profile change due to pH- or ionic strength 

induced shrinking the reversed Wentzel-Kramer-Brillouin (WKB) approximation 

(Chapter 2.3) was used to model the hydrogel profile[27] (Figure 4.1.3). This method 

calculates a thickness-refractive index profile from the angular positions of the optical 

waveguide modes in an SPR/OWS-spectrum by allocating a thickness and a refractive 

index value to every optical waveguide mode.[29] For this purpose, the accuracy of the 

calculated profile is mainly determined by the number of optical waveguide modes 

available which depends on the thickness and refractive index of the hydrogel film.  

 
Figure 4.1.3: Chemical structure of the hydrogel matrix and the procedure to extract the model of the 

photo-crosslinked dextran-based hydrogel film profile from the SPR/OWS measurements and simulating 

the measured data according to the hydrogel film refractive index - thickness profile. The WKB thickness 

refractive index profile is deduced from the angular position of the optical waveguide modes and the 

refractive index calculated for the surface plasmon. 

 

The gold-hydrogel interface is set as z-position z = 0 defining the origin of height. The 

refractive index closest to the interface was deduced from the surface plasmon, which is 

sensitive on the first hundreds of nanometers and was therefore assigned to a layer 

height level perpendicular to the gold—hydrogel interface of z = 0 nm. The value clos-

est to the gold-hydrogel interface calculated from the optical waveguide modes by the 

WKB approximation is set to z = 150 nm, assuming a detection length for the surface 

plasmon of 150 nm.[36] Further details are described in Chapter 2.3. Usually, the hy-

drogel refractive index-thickness profile does not resemble a single-layer-like structure 

but is denser at the gold interface and shows a gradient transition at the hy-
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drogel-solution interface. This gradient at the film-solution interface can be sharpened 

by creating a denser network either by increasing the crosslinking time or by compac-

tion of the gel. The photo-crosslinked dextran based hydrogel films can be simulated 

with a two-box layer model for high crosslinking times and a three-box layer model for 

incomplete crosslinking: namely, a denser layer up to ~150 nm, a subsequent box-like 

layer and for low crosslinked films a further box layer with even lower refractive index 

than the previous one was used, which is in agreement with the WKB-based profiles. 

Contradictory reports on the refractive index profile of such hydrogel films exist. Even 

for one system like PNIPAAm different film structures are reported. Beines et al. re-

ported a denser film at the substrate interface.[27] Harmon and Kuckling characterized 

photo-crosslinked PNIPAAm-based hydrogel films with a denser network at the solu-

tion interface but in the deswollen state.[37] They differenciated thin homogeneous films 

and thicker films consisting of two refractive index regimes, with a less dense confor-

mation at the substrate interface and defined a critical film thickness between 280 and 

500 nm.[37, 38] Thereby, the chemical differences for example the different crosslinker, 

and the different crosslinking reaction has to be taken into account and might be one 

reason for the different behaviour. Harmon and Kuckling are using a 

[2+2]-cycloaddition for crosslinking involving a sensitizer, whereas Beines et al. use the 

same benzophenone crosslinking concept as applied for the dextran-based systems re-

ported in this work. Besides chemical influences, two effects seem to be responsible for 

the refractive index gradient: one effect is the decreasing light intensity due to absorp-

tion from the surface to the substrate interface initiating the photo-crosslinking reaction. 

The second influence is the wettability during the hydrogel film preparation by spin 

coating. For long crosslinking times the absorption should become negligible because 

all absorbing, crosslinking molecules are reacted. The volume-phase transition should 

be affected by the non-equilibrium chain conformation resulting from the sample prepa-

ration as well as the stress distribution in the hydrogel layer. This varies as a function of 

the gel modulus and the gel equilibrium state as a consequence of the film preparation. 

As representative examples the hydrogel profiles for crosslinking times of 

10, 30, 60 and 90 minutes are shown in Figure 4.1.4 A and 4.1.4 B and the variation of 

the swelling degree 
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thickness in the swollen state was extracted from the WKB thickness-refractive index 
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profiles, as indicated in Figure 4.1.3 and described in detail in Chapter 2.3, whereas the 

thickness of the dry state was measured with a profiler after swelling and drying.  

The thickness-refractive index profile derived from one SPR/OWS scan represents one 

specific state of the hydrogel film for a specific crosslinking time, pH and ionic 

strength. The influence of the pH on the swelling of the hydrogel film can be attributed 

to the charging of the carboxyl groups in the hydrogel network as discussed above. By 

reducing the pH below the pKa value of the carboxyl groups, these are protonated and 

the electrostatic repulsion and with this the degree of swelling of the hydrogel network 

is reduced (Figure 4.1.4 A). Additionally, hydrogen bond formation for example with 

the backbone-hydroxyl groups becomes possible.[39] This deswelling of the hydrogel 

film occurs relatively abrupt upon passing the pKa value.  

For pH values between five and eight no significant change in the hydrogel film profile 

takes place. Even if the buffer type, and thus the type of counterion, is changed to 

HEPES or PBS, which are frequently used in sensing experiments, the swelling state 

stays constant while maintaining the pH and ionic concentration. Whereas the change 

from pH 4 to pH 3 induces a shrinking of the hydrogel film up to 50%. According to 

Hofmeister series one would expect an influence of the ion-type on the swelling as well. 

For PBS, HEPES and the pH 8 buffer such an effect was not observed. Thereby, PBS 

and the pH-screening buffers contain similar types of counterions, mainly Cl- and HPO4
- 

whereas HEPES is a zwitterionic organic chemical buffering agent namely (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid). Furthermore, specific binding effects 

are known for certain combinations of ions and functional groups. For example a spe-

cial binding effect overlaying simple charge screening is reported for potassium to dex-

tran sulphate.[40]  

The charge screening effect of counterions is more pronounced for low crosslinked hy-

drogel films due to their less dense network and thus higher degree of swelling as visi-

ble in Figure 4.1.4 A by comparing the pH-dependent hydrogel profiles for 10, 30, 60, 

and 90 minutes of crosslinking. The extracted pH-dependent swelling degrees for one 

distinct crosslinking time in Figure 4.1.4 A show the abrupt swelling upon passing the 

pKa value of the network carboxyl groups and the increasing swelling with decreasing 

crosslinking density. Adjacent to the pH influence on the hydrogel film profile the 

change upon ionic strength variation was investigated by diluting a 150 mM PBS solu-

tion. The corresponding WKB refractive index-thickness profiles are presented in Fig-
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ure 4.1.4 B for decreasing ionic strength in one plot and for increasing crosslinking time 

in one row. 
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Figure 4.1.4: The hydrogel film profile calculated with the WKB approximation upon variation of the pH 

(A) and ionic strength (PBS, pH = 7.4) (B) for different crosslinking times. The degree of substitution of 

benzophenone as photo-crosslinking unit was determined to be 0.04 and the one of the carboxyl function-

alities to be 0.16. The film thickness in the dry state after swelling and drying was 400nm (±10%). 

 

For one distinct crosslinking density the decrease in ionic strength leads to reduced neu-

tralization of the deprotonated carboxyl functionalities in the hydrogel network resulting 

in increased swelling of the hydrogel film. For an ionic concentration of 150mM the 

hydrogel profile is comparable to the one for pH 3 (10mM) indicating that all charges 

are electrostatically screened. In contrast to the pH effect on the swelling degree the 

ionic strength effect is a continuous screening effect. For very low ionic strength an 
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increase in swelling upon increasing ion concentration for weak polyelectrolyte, surface 

attached polymers, passing a maximum swelling at a certain ion concentration, followed 

by the described shrinking due to charge screening is known.[41-47] 

This effect could not be observed for these hydrogel systems. Either the refractive index 

of the hydrogel film at ion concentrations below 10 mM decreased that much, that no 

optical waveguide modes were guided inside the film or delamination of the hydrogel 

film occured. For a crosslinking time of 90 minutes PBS concentrations of down to 

1 mM were measured. For PMMA brushes a concentration of 2 mM NaNO3 is reported 

to cause maximum swelling.[46] The theoretical swelling for low ion concentrations (os-

motic brush) should scale with L ∞ cs
1/3, whereas for higher ion concentrations (salted 

brush regime) the swelling state should scale with L ∞ cs
-1/3. For crosslinked hydrogel 

systems one has to take into account the balancing force of the crosslinking points that 

might prevent higher swelling or in case the crosslinking density is too low to stabilize 

the swelling force, delamination occurs. 

Besides the pH and ionic strength, the influence of the crosslinking time on the swelling 

behaviour was investigated (Figure 4.1.5 B). 
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Figure 4.1.5: The changes of the swelling degree extracted from the WKB profiles in dependence of the 

pH (A) and the crosslinking time (B) at an ionic concentration of 10 mM for a 400 nm (±10%) thick hy-

drogel film in the dry state after swelling (ds(benzophenone) = 0.04; ds(carboxymethylation) = 0.16). The 

error results from the thickness variation of the dry film which is around 10% over an area of 9 cm². 

 
The effect of the crosslinking time on the swelling degree correlates with the decrease 

of the benzophenone absorption at 260 nm (Chapter 3.1) and is more distinctive for pH 

values above the pKa and thus for higher swollen gels. This can be attributed to the bal-

ancing of the electrostatic force by the elastic force of the more rigid hydrogel network 

as discussed above. With the particular gel shown here swelling degrees up to almost 50 

in z-direction could be achieved. 
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The swelling degrees for the extreme external conditions are summarized in table 1. 

Besides the influence of the pH, ionic strength, and crosslinking time the correlation 

between the similar swelling behavior at pH 3 (10 mM) and in PBS 150 mM and for 

pH 8 (10 mM) and PBS 10mM is noteworthy. This indicates a complete neutralization 

of charges for pH 3 (10 mM) and PBS 150 mM and a full swelling for pH 8 (10mM) 

and PBS 10mM.  

Table 4.1.1: Swelling degree for stable gels with increasing crosslinking times at pH 3 and pH 8 and for 

150 mM and 10mM PBS (pH 7.4) derived from the WKB for a hydrogel film with a dry-state thickness of 

~400nm (ds(benzophenone) = 0.04; ds(carboxymethylation) = 0.16). 

crosslinking  

@ 254 nm 

pH 3, 10 mM 

(WKB) 

pH 8, 10 mM 

(WKB) 

PBS 150 mM 

(WKB) 

PBS 10 mM 

(WKB) 

7min 26( ± 3.2) 48( ± 6.0) 26( ± 3.2) 42( ± 5.3) 

10min 24( ± 3.0) 40( ± 5.0) 25( ± 3.1) 40( ± 5.0) 

13min 17( ± 2.3) 33( ± 4.2) 17( ± 2.3) 33( ± 4.2) 

30min 11( ± 1.5) 20( ± 2.6) 13( ± 1.7) 21( ± 2.7) 

60min 11( ± 1.5) 19( ± 2.4) 13( ± 1.7) 19( ± 2.4) 

90min 11( ± 1.5) 16( ± 2.0) 12( ± 1.6) 17( ± 2.2) 

 

Overall, the swelling degrees show a consistent behaviour with pH, ion concentration 

and crosslinking time and are higher than swelling degrees reported in the literature for 

dextran-based systems.[10, 11, 48] This makes them a promising material for biosensor 

applications due to less hindered protein diffusion which is consistent with a macropor-

ous structure observed in cryo-SEM measurements for freeze dried expanded hydrogel 

samples. Especially with the opportunity not only to use the surface plasmon but also 

the optical waveguide modes for precise signal detection, these thick hydrogel films 

have great potential in the field of sensors. 

Considering the swelling degrees and the refractive indices of the presented hydrogel 

films the thickness necessary to get a required number of optical waveguide modes can 

be deduced. An estimation of the expected number of optical waveguide modes is im-

portant for the preparation of biosensor matrices. Consequently, a “single-box” model is 

applied and a highly swollen hydrogel matrix (low crosslinking, pH > 5) with a refrac-

tive index of n = 1.335 (ε = 1.787) and a compacted film (highly crosslinked, pH<4) 

with n = 1.355 (ε = 1.836) were simulated. The simulated angular spectra for a hydrogel 

film guiding 3 optical waveguide modes, is depicted in Figure 4.1.6. For the highly 

swollen hydrogel film (n = 1.335) a thickness of 3 µm is necessary to guide one optical 

waveguide mode. With a film-thickness of 6 µm two and with 9.2 µm three optical 

waveguide modes are guided. 
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Layer-Parameters:

----------------------------------------------------------
| No  | Thick | EpsX-real |EpsX-im |  
----------------------------------------------------------
| 1    | 0         | 3,407     | 0       |   
| 2    | 2        | -4           | 16,8  |
| 3    | 48      | -12,4      | 1,6    |
| 4    | 2        | 2,06       | 0       |
| 5    | 9200  | 1,787     | 0       |
| 6    | 0        | 1,778     | 0       |       

Layer-Parameters:

----------------------------------------------------------
| No  | Thick | EpsX-real |EpsX-im |  
----------------------------------------------------------
| 1    | 0         | 3,407     | 0       |   
| 2    | 2        | -4           | 16,8  |
| 3    | 48      | -12,4      | 1,6    |
| 4    | 2        | 2,06       | 0       |
| 5    | 3600  | 1,836     | 0       |
| 6    | 0        | 1,778     | 0       |  

Figure 4.1.6: Simulated SPR/OWS spectra for a “one-box” hydrogel film (layer 5) model on a chromium 

(layer2) gold (layer 3) covered glass substrate (layer 1) with a self assembled monolayer (layer 4) as 

adhesion promoter. A) shows the simulated spectra for a highly swollen hydrogel matrix, B) the one for a 

denser hydrogel matrix. The spectra were simulated with 6000 points corresponding to the maximum 

experimental resolution of 0.005°. 
 

For the less swelling and thus optically denser hydrogel film (n = 1.355) a thickness of 

1 µm is required to guide one optical waveguide mode. With a thickness of 2.3 µm and 

3.6 µm two and three optical waveguide modes are guided inside the film. Besides, the 

required thickness to allow the generation of optical waveguide modes, the width of the 

optical waveguide modes is influenced by the optical density of the hydrogel matrx. 

This influences the detected coupling efficiency because of the limited experimental 

resolution of maximal 0.005°. A reduced coupling efficiency due to the hydrogel film 

characteristics is mathematically reflected by the imaginary part (ε’) of the refractive 

index. A reduced coupling efficiency can be caused by mechanisms leading to a reduc-

tion of the guided amount of light due to scattering or absorption for example. For the 

simulation discussed here this effect is neglected (ε’ ≡ 0). 

 

4.1.4 Film Characterization with Neutron Reflectivity 

 

In a comparative study a hydrogel film was investigated by neutron reflectivity meas-

urements to analyze the surface structure of the swollen hydrogel films. These meas-

urements were performed by Ann Falk on the reflectometer AndR at the Center for 

Neutron Research at the National Institute for Standards and Technology in Gaithers-
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burg, USA. Therefore a silicon wafer was covered with an adhesion monolayer of 

4-(3-triethoxysilyl)propoxybenzophenone and a hydrogel layer (type (5), 

ds(carboxymethyl) = 0.1 and ds(benzophenone) = 0.025) (compare Chapter 3.1). The 

specular reflectivity was first measured in the dry state before swelling the hydrogel 

film in a D2O based PBS buffer (pH = 7.4, c = 150mM). After measuring the neutron 

reflectivity for the dry and the swollen hydrogel film the hydrogel was reacted with 

deuterated ethanolamine after active ester activation of the carboxyl groups and again 

analyzed with neutron reflectivity.  
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(C) d /Å sld /Å-2 Roughness /Å 

Si 0 2.07e-06 7 

SiOx 61.2 2.5566e-06 10 

Hydrogel (dry) 1434.69 (1435±10-25) 3.4901e-06 52.6035  

Hydrogel (D2O) 14278 (14300±100) 5.8339e-06 23.8355 

Hydrogel + Ethanol-

amine (D2O) 

12514 (12500±100) 5.93896e-06 36.3635 

Figure 4.1.7: Fitted neutron reflectivity profiles (A) and corresponding scattering length density profiles 

(B) of a dextran based hydrogel film (type (5) (compare Chapter 3.1), ds(carboxymethyl) = 0.1 and 

ds(benzophenone) = 0.025, crosslinked at 254 nm for 90 min). The neutron reflectivity results in the dry 

state (black), swollen in D2O (red) and after ethanolamine coupling in D2O (blue) are shown. The de-

termined values are summarized in Table(C). 
 

The background intensity offset to both sides of the specular ridge was determined sepa-

rately and the neutron reflectivity was calculated from the recorded specular raw data, 

the background data and the incident beam. The background neutron radiation mainly 

originates from incoherent scattering from the bulk solvent reservoir. The fitted neutron 

reflectivity profiles and the corresponding scattering length density profiles are shown 

in Figure 4.1.7 A and B. In the dry state the neutron reflectivity profile of the hydrogel 

film exhibits pronounced fringes that can be simulated to a layer thickness of about 

143.5 nm (sld = 3.5 10-6 Å-2) and a surface roughness of 5.3 nm. After swelling in 
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buffer, the hydrogel thickness increased by a factor of ten to 1430 nm, with an sld of 

5.8 10-6 Å-2. The later value was only slightly lower than for pure D2O which suggests a 

very hydrated polymer network. After the reaction with ethanolamine, the layer thick-

ness decreased to 1250 nm with a sld of 5.9 10-6 Å-2, which implies an even more aque-

ous structure and a swelling degree of approximately 8.7. These swelling degrees are 

consistent with the swelling degrees reported in Chapter 4.1.3 for swelling in PBS 

buffer at a concentration of 150mM PBS buffer. Furthermore, the deswelling upon 

ethanolamine coupling was expected. Ethanolamine was coupled to the carboxyl groups 

resulting in a reduction of the number of negative charges in the hydrogel film and con-

sequently to a reduced swelling. This effect was expected to be less pronounced in PBS 

150 mM compared to lower concentrated buffers at neutral pH due to the blocking of 

the negative charges by counterions. The influence of molecules bound to the carboxyl 

groups into the hydrogel film upon its degree of swelling is discussed in Chapter 4.2, 

too. Additionally, the effect of ethanolamine coupling to the hydrogel film (type (3), 

crosslinked at 254nm for 90min, with a ds(carboxymethyl) = 0.16 and a 

ds(benzophenone) = 0.04 is exemplarily shown in Figure 4.1.8 by displaying the refrac-

tive index – thickness profile before and after ethanolamine coupling in PBS 150 mM. 

The deswelling is relatively small from 6150 nm to 6080 nm.  
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Figure 4.1.8: Refractive index-thickness profiles of a hydrogel film (type (3) compare Chapter 3.1), 

ds(carboxymethyl) = 0.16 and ds(benzophenone) = 0.04, crosslinked at 254 nm for 90 min) before (black, 

empty circles) and after (red, full circles) ethanolamine coupling in PBS 150 mM. The coupling of etha-

nolamine results in a slight deswelling of the hydrogel film and an increased refractive index. 

A hydrogel film prepared under identical conditions compared to the sample measured 

with neutron reflectivity was investigated by SPR/OWS spectroscopy. Due to the film 

thickness in the range of 120 nm in the dry state after swelling the angular scan in the 

dry state didn’t show any optical waveguide mode but only a surface plasmon. After 

swelling in buffer the hydrogel film was guiding one optical waveguide mode allowing 

the determination of the thickness and the refractive index with a one-box model. The 
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refractive index was fitted to the position of the surface plasmon, the thickness to the 

position of the optical waveguide mode (TM1). With this approach the normally occur-

ring gradient of the refractive index in z-direction is neglected resulting in an error of 

the thickness and refractive index values. The thickness is expected to be higher than 

simulated and the refractive index to be lower. To minimize the error due to the gradient 

angular scans with p-and with s-polarized light respectively were recorded.  
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 Layer Thickness /nm ε’ (real) ε’’ (imaginary) 

LaSFN9 0 3.407 0 

Chromium 1.9 -4 16.8 

Gold 46 -12.4 1.6 

SAM 3 2.06 0 

Hydrogel 1050 1.854 0.0011(A)/0.0007(B) 

PBS 0 1.778 0 

Figure 4.1.9: SPR/OWS spectra (black) of a comparable hydrogel film as used for the neutron reflectivity 

measurements. The spectra were recorded for the hydrogel film swollen in PBS 150 mM after ethanola-

mine coupling with p-polarized (A) and s-polarized (B) light (633 nm) an simulated with a one box model 

(table).  
 
Because the angular scans recorded with p- and with s-polarized light after ethanola-

mine coupling can be simulated with the same thickness and refractive-index values the 

gradient is assumed to be small in this case. In conclusion the swelling results should be 

in a comparable range than the ones determined with the neutron reflectivity measure-

ments. The angular scan and the corresponding simulation in PBS 150 mM after etha-

nolamine coupling for p- and s-polarized light are depicted in Figure 4.1.9 A and B. The 

values used to simulate the measured data are displayed in the table in Figure 4.1.9. 

The magnitude of the simulated thickness is 200 nm smaller than the one determined by 

neutron reflectivity after ethanolamine coupling which might be attributed to thickness 

variation in the dry state depending on the position on the sample. 
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In conclusion the neutron reflectivity results are consistent with the results of the 

SPR/OWS measurements and constitute the high water content and swelling degrees 

and the very smooth surface of the dextran-based hydrogel presented in this work. Due 

to the enormous water content of this hydrogel it was not possible to determine the sur-

face structure in the swollen state, neither by neutron reflectivity nor by AFM meas-

urements in the swollen state. 

 

4.1.5 Film Characterization with Fluorescence Correlation Spectros-

copy 

 

To obtain more information on the diffusion inside the hydrogel matrix, which is related 

to the pores size of the swollen hydrogel, fluorescence correlation spectroscopy experi-

ments were performed in cooperation with Riccardo Raccis and Prof. G. Fytas at the 

Max Planck Institute for Polymer Research. In first experiments the diffusion of Al-

exa Fluor 647 and the diffusion of bigger quantum dots (d ~ 20 nm) were investigated in 

dependence of the hydrogel’s swelling state. The PCMD films 

(ds(carboxymethyl) = 0.16; ds(benzophenone) = 0.04) were crosslinked at 365 nm. The 

lower irradiation energy per time as compared to 254 nm allows a more exact tuning of 

the crosslinking density and the generation of very low crosslinked hydrogel matrices. 

After crosslinking the hydrogel films were extensively rinsed to remove unbound poly-

mer chains, dried in order to determine the dry film thickness and swollen in buffer to 

perform the desired FCS experiment. 

FCS experiments revealed the reduced diffusion coefficient (D’) which is calculated by 

dividing the diffusion coefficient inside the hydrogel matrix (D) by the diffusion coeffi-

cient of the target analyte in solution (D0) (equation 4.1.1).  

0

'

D

D
D =       (4.1.1) 

Subsequently, the dependence of D’ on two different crosslinking times (15 and 

120 min) and on the one dimensional swelling ratio was investigated so far (Fig-

ure 4.1.10) A clear dependence of D’ on the crosslinking time and with this on the 

swelling ratio was observed. 
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Figure 4.1.10: A) The reduced diffusion coefficient (D’) for Alexa Fluor 647 and the swelling degree for 

a low (15 min) and a highly crosslinked (120 min) hydrogel matrix in 10 mM acetate buffer at pH = 5. B) 
The reduced diffusion coefficient (D’) for Alexa Fluor 647 in dependence of the hydrogel’s swelling ratio. 

 
Figure 4.1.10 A shows the dependence of the swelling ratio (blue squares) and the de-

pendence of the diffusion coefficient (D’) (red circles) of Alexa Fluor 647 on the 

crosslinking time. The swelling ratio (blue squares) after 120 min of irradiation of 13-14 

in 10 mM acetate buffer at pH = 5 indicates a fully crosslinked hydrogel network 

whereas the network after 15 min of irradiation shows a decreased swelling ratio. This 

behaviour is expected and results from the incomplete crosslinking after 15 minutes. 

The values for D’ (red circles) show a correspondence with the swelling ratio and thus 

with the crosslinking density. For increased crosslinking a decreased D’ is observed 

indicating larger pores for the lower crosslinked network. The error for the diffusion in 

the low crosslinked hydrogel network is much higher as compared to the error of D’ 

inside the highly crosslinked network. This might be attributed to the enhanced inho-

mogeneities in the low crosslinked hydrogel. For lower crosslinking time chain entan-

glements for example have a pronounced influence on the hydrogel network structure 

especially in high molecular weight polymers as used here. In higher crosslinked net-

works the photo-crosslinking due to the benzophenone moieties becomes the decisive 

crosslink. The structure becomes more rigid and maybe more homogeneous resulting in 

a lower error of D’. 

Figure 4.1.10 B depicts the relation between D’ and the swelling ratio. Thereby, the 

factor which induces the different swelling degree such as pH or crosslinking time is 

neglected. Although a more detailed investigation of the diffusion on the crosslinking 

process is required it becomes clear that the diffusion of Alexa Fluor 647 can be tuned 

by modulating the crosslinking density and with this the swelling degree and the pore 

size of the hydrogel. With this network formation can be followed indirectly. 
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To obtain first information about the pore size of the completely crosslinked hydrogel 

matrix crosslinked for 120 min in the swollen state the diffusion of quantum dots 

(d~20 nm, Q-dot 545, Invitrogen) with a diameter of ~ 20 nm was investigated. The 

results are depicted in Figure 4.1.11. The diffusion of these quantum dots inside the 

hydrogel matrix was possible but the diffusion coefficient shows a remarkable slow 

down (D/D0) compared to the 2.6 nm diameter Alexa Fluor 647 (Figure 4.1.11).  

3 6 9 12 15 18 21

0.01

0.1

1
 

 

D
/D

0

Probe Size /nm  
Figure 4.1.11: The reduced diffusion coefficient (D’) for two different probe sizes with a diameter of 

3 nm(Alexa Fluor or quantum dot?) and 20 nm (quantum dot). The hydrogel matrix was crosslinked for 

120 min at 365 nm and swollen in HEPES (pH = 7.4, c = 10 mM). 

 
This observation indicates a hydrogel structure with pores allowing quantum dots with a 

diameter of 20 nm to diffuse even in their fully crosslinked state. These results are con-

sistent with the high swelling degrees and and the expanded superstructure observed by 

cryo-SEM measurements.  

 

4.1.6 Conclusion and Outlook 

 

The film characteristics of a photo-crosslinkable and carboxymethylated dextrans were 

investigated. For the film stability the benzophenone versus carboxyl group ratio was 

found to be crucial resembling the interplay between electrostatic and mechanical force 

during the swelling process. For stable film formation the influence of the external pa-

rameters crosslinking time, pH, and ionic strength were determined using SPR/OWS 

spectroscopy and analyzing the data with the WKB approximation. Swelling degrees 

between 10 and almost 50 in z-direction were measured for a 400 nm thick film in the 

dry state. In agreement with the literature for a comparable system based on PNIPAAm 

the hydrogel refractive index-profile shows a gradient towards lower refractive index at 

the solution interface and a higher refractive index at the gold interface. The local sur-

face roughness over an area of µm2 was found to be very small as determined by AFM 
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and neutron scattering. These highly swelling hydrogel films are promising candidates 

for biosensing applications (compare Chapter 4.2) especially because they allow the 

diffusion of relatively big molecules as proofed by FCS measurements. For a long-term 

perspecitive it would be very interesting to study the swelling and film stability charac-

teristics theoretically by simulations as well as investigate the diffusion of big and 

non-fluorescing analytes in thick hydrogel films by SPR/OWS spectroscopy and WKB 

assisted data analysis. 

 

4.1.7 Experimental  

 
Film Preparation: Hydrogel films were prepared as described in Chapter 3.1. LaSFN9 
glass slides (LaSFN9 glass, Hellma Optik GmbH Jena, refractive index n=1,8449) were 
coated with a 2nm chromium and a 50 nm gold film, deposited by evaporation with a 
Edwards Auto 306 evaporator followed by chemisorption of 
S-3-(4-benzoylphenoxy)propyl ethanthiol from 5 mM ethanol solution for ~24 h at 
room temperature. Afterwards the slides were cleaned by extensively rinsing with etha-
nol and acetone and blown dry with air.  
Deposition of dextran films and photo-crosslinking. Dextran films were deposited onto 
the pre-treated substrates by spin-coating from polymer/water solution with a polymer 
weight content of 10 % with 4000 rpm for 60 s. The samples were dried in vacuum at 
45°C over night and crosslinking was performed for 7-90 minutes with a Stratagene UV 
Stratalinker 2400 operating at 75 W with an emission maximum at 254 nm.  
SPR/OWS Measurements: Surface plasmon resonance- and optical waveguide mode 
spectroscopy were performed in the Kretschmann configuration.[24] 
The sample glass slide (LaSFN9 glass, Hellma Optik GmbH Jena, refractive index 
n = 1.8449, corresponding to ε = 1.3583) was positioned onto a custom-made glass flow 
cell (V~40 µl) and was optically matched to the base of the glass prism (refractive index 
n = 1.8449, corresponding to ε = 1.3583) at the backside. Monochromatic and linear, 
transverse-magnetic polarized (Glan-Thompson polarizer, Owis) laser light (He/Ne la-
ser, Uniphase, λ = 632.8 nm) was directed through the prism onto the sample slide. By 
variation of the angle of incidence (θ) (two cycle goniometer, resolution 0,005°, Huber) 
and detecting the intensity of the reflected laser light I(θ) with a photodiode (BPW 34B 
silicon photodiode, Siemens) an angular dependent spectrum was recorded. The laser 
intensity was adjusted to 100 % reflectivity for all SPR/OWS experiments correspond-
ing to 145 µW.  
SPR/ OWS Data Treatment: To model the measured spectra Fresnel equations were 
solved by a transfer algorithm[49] for a planar multilayer system consisting of the 
LaSFN9 glass, chromium, gold, a self assembled monolayer as adhesion promoter, the 
hydrogel and the swelling solvent. For every layer a value for the thickness (d) and the 
dielectric constant (ε) consisting of a real part (ε’) and the imaginary part (ε’’) had to be 
defined. 
To determine the parameters for the sample without hydrogel first a slide only coated 
with chromium and gold was measured. To define the adhesion promoter values a slide 
with chromium, gold and S-3-(4-benzoylphenoxy)propyl ethanthiol as the adhesion 
promoter was measured and the recorded spectra were simulated with the above men-
tioned model assuming all other values as fixed. 
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If the hydrogel reaches a certain thickness (d~1.5 µm for ε~1.78) it acts as an optical 
waveguide and optical waveguide mode spectroscopy (OWS) can be performed without 
changing the setup. Because these waveguide modes directly depend on the thickness 
and the refractive index of the hydrogel film a further characterization of the hydrogel 
film refractive index profile, perpendicular to the surface of the slide, was possible. The 
more waveguide modes exist, the more detailed the characterization of refractive index 
profile. To simulate the SPR/OWS spectra in the above mentioned model an average 
refractive index for every layer was assumed (box model). As the hydrogel films were 
thicker and acted as waveguide the reversed Wentzel-Kramers-Brillouin (WKB) ap-
proximation was used to model the refractive index profile perpendicular to the sub-
strate surface of these films[28]. Thereby the hydrogel film was assumed to be laterally 
(parallel to the substrate surface) homogeneous.  
Refractive Index-Thickness Profiles: In the reversed WKB approximation it is as-
sumed that at the position of the electromagnetic field distribution, where the oscillating 
and evanescent solution of the wave equation are identical, the physical refractive index 
is equal to the measured effective refractive index for each waveguide mode. The re-
fractive index at the gold-hydrogel interface (x = 0 µm) was experimentally determined 
by the refractive index of the surface plasmon. This value can be extracted from the 
box-model simulation of the measured spectrum by simulating the refractive index of 
the surface plasmon after modeling the waveguide modes and keeping the thickness that 
was concluded from the simulation of the waveguide modes constant. 
The hydrogel samples were swollen in buffer, usually PBS 150mM, over night to reach 
an equilibrium state followed by the screening of the different buffers. 
pH-Buffers: To screen the pH-response of the hydrogel films a 10mM buffer with vary-
ing pH between 3 and 8 was prepared. Therefore 1.25mM citric acid, 1.25mM KH2PO4, 
1.25mM Na2HPO4, 1.25mM tris-(hydroxymethyl)-aminomethane and 1.25mM KCl 
were prepared in ultrapure water and the pH was controlled by adding HCl or NaOH. 
To investigate the ionic strength effect in a charged hydrogel at pH 7.4 the commer-
cially available PBS solution (150mM) was diluted with ultrapure water. The HEPES 
buffer was prepared from commercially available HEPES (Sigma Aldrich) by dissolv-
ing 2.4g in one liter of ultrapure water to get a 10mM HEPES solution. 
Profiler: The hydrogel film surface topography and the film thickness in the dry state 
were characterized with a profiler (KLA Tencor, P-15 Profiler) with a vertical measur-
ing range of up to 1 mm and a resolution of ~7.5 Å.  
Atomic Force Microscopy (AFM): The topography of the hydrogel films before and 
after swelling and drying cycles was investigated by atomic force microscopy (AFM) in 
air at room temperature with a commercial AFM (Dimension 3100 CL) in tapping 
mode. Micro cantilevers (Olympus) 160 µm long, 50 µm wide and 4,6µm thick with an 
integrated tip of a nominal spring constant of 42 N/m and a resonance frequency of 
300 kHz were used. The tip was scanned at rates about 0.7 Hz for scan sized ~1 µm. 
Neutron Reflectivity Measurements: The neutron reflectivity measurements were per-
formed on the reflectometer AndR at the Center for Neutron Research, National Insti-
tute for Standards and Technology (NIST) in Gaithersburg, MD/USA by Ann Falk. 
The samples were placed in a silicon wet cell, mounted on the instrument and aligned. 
Prior to the neutron reflectivity measurement an incident beam scan through the thick 
fronting wafer is performed in order to measure the direct beam intensity. The later-on 
measured specular reflectivity was normalised to the direct beam incident intensity. The 
specular reflectivity of the sample was first measured in the dry state and afterwards the 
cell was filled with a D2O-based PBS buffer (150 mM). The background intensity offset 
to both sides of the specular ridge was measured separately. The background neutron 
radiation mainly originates from incoherent scattering from the bulk solvent reservoir. 
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The neutron reflectivity was calculated from the measured specular raw data, the back-
ground data and the incident beam data. The reflectivity profile, hence the plotted inten-
sity of reflected radiation as a function of angle, provides information about the struc-
ture of the surface, including thickness, density, and roughness.  
Data Reduction with the NCNR 'Reflpak' Reflectometry Package: The NCNR 'reflpak' 
reflectometry package[50] is one of many different methods to fit neutron reflectivity 
data. It uses Parratt's recursion relation to calculate reflectivities from a model profile 
and parameters are varied in a systematic way. In order to calculate the neutron reflec-
tivity, the background intensity is first subtracted from the specular reflectivity and the 
difference is divided by the incident beam intensity, so called data reduction. The data is 
fitted by `Reflfit' to a model of neutron scattering length density (sld) profile along the 
axis perpendicular to the substrate surface. The fitted sld profile is structurally inter-
preted in terms of chemically distinct layers. In case of a solid supported hydrogel layer, 
the following order of layers was used: the silicon substrate, the silicon oxide layer, the 
chromium layer, the gold layer, the spacer region, the hydrogel layer, and the bulk sol-
vent phase. As `Reflfit' only simulates single data sets, it was only used for a rough cal-
culation of the parameters. These parameters were then fed into `Garefl'. This software 
is also part of the `refpak' package, and allows to simultaneously fit data sets with iso-
topically different bulk solvents. ``Ga\_refl'' is a C++-based system for modelling re-
flectivity data using Paratt-formalism and model refinement using a genetic algorithm. 
It has been designed to enable the simultaneous fitting of multiple data sets. The initial 
model, data sets, constraints and beam details are adjusted in setup c-file.  After compil-
ing the setup file, the fitting procedure is started, which involves solution of a coupled 
linear equation system by GNU octave. Sets of possible values of fitting parameters are 
created randomly, the reflectivity is calculated for each data set and then evaluated 
against a test function χ2.  
Fluoresecence Correlation Spectroscopy (FCS): Sample Preparation: The glass sub-
strate was coated with a self-assembled monolayer of 4-(3-
triethoxysilyl)propoxybenzophenone followed by spincoating of the aqueous PCMD 
solution (0.25 g/mL, V = 0.1 mL, 4000 rpm, 60 s). The films were dried in vacuum at 
45°C over night and subsequently crosslinked by irradiation of 365 nm (Stratagene UV 
Stratalinker 2400). The crosslinking is performed with an irradiation dose of 0.105 J cm-

2min-1 at 365 nm. 
FCS Experiments: The sample substrates were placed in an attofluor steel chamber 
(V = 1mL) and kept at a temperature of 16.3 °C with a Peltier element based heating 
stage. For removing unbound polymer the sample was gently rinsed with with MilliQ 
water for 5 times. The hydrogel is left for drying at room temperature and the dry thick-
ness is measured. Subsequently, the PCMD film is swollen in buffer and the FCS ex-
periment is performed (Zeiss, Axiovert 200M microscope, ConfoCor 2 FCS unit). For 
swelling either a pH = 5.0 10 mM acetate buffer (Biacore), a pH = 7.4 10 mM HEPES 
buffer (Sigma Aldrich) or a pH = 7.4 PBS buffer (Sigma Aldrich) were used. 
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4.2 Dextran-Based Hydrogel Films as Biosensor Matrices 

 

 

 

The photo-crosslinked, carboxymethylated dextran-based hydrogel (PCMD) matrices 

presented in Chapter 3.1 and 4.1 were characterized in terms of their applicability as 

biosensor matrices. Two different methods requiring thick sensor matrices from one to 

several micrometers were developed. The analyte detection with optical waveguide 

mode enhanced fluorescence spectroscopy (OWFS) using the PCMD hydrogel as 

waveguiding and analyte binding medium shows high potential for sensitive detection. 

Furthermore, the implementation of the PCMD matrix for analyte detection with long 

range surface plasmon (LRSP) spectroscopy and LRSP enhanced fluorescence spec-

troscopy (LR-SPFS) has been demonstrated for model probe solutions as well as with 

clinically relevant samples. 

 

4.2.1 Introduction 

 

Functionalized dextrans are a well known platform for label free and rapid determina-

tion of a wide range of biological compounds.
[1-4]

 As an example, ~100 nm thick car-

boxymethylated dextran (CMD)
[5-7]

 brushes which show a very low unspecific binding 

of biomolecules
[2, 8, 9]

 are used as biosensor matrices for analyte detection with surface 
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plasmon resonance (SPR) and surface plasmon resonance fluorescence spectroscopy 

(SPFS).
[10, 11]

 Comparable systems include functional self-assembled monolayers 

(SAM), for example carboxyl functionalized thiols and brushes based on aldehyde dex-

tran
[12-16]

 or aminodextran.
[17, 18]

 The chemical characteristics and the thickness of the 

analyte-capturing matrix are crucial for biosensing. Both determine biomolecule func-

tionality and analyte diffusion and binding. A three dimensional structure of the ana-

lyte-capturing matrix results in a high receptor density and thus a high binding capacity 

of the sensor. The sensitivity of sensor experiments can be increased by two orders of 

magnitude with three-dimensional receptor matrices compared to a two-dimensional 

receptor layer.
[19]

 The high binding capacity of a three-dimensional sensor matrix results 

in diffusion or mass-transport limited analyte binding. This leads to a constant binding 

rate and a linear concentration dependent signal provided that constant flow conditions 

are used.
[20]

 To enable a specific analyte detection, biorecognition elements such as an-

tibodies,
[21-26]

 enzymes,
[27, 28]

 peptides,
[29, 30]

 nucleic acids,
[30-32]

 receptors,
[33, 34]

 or 

cells
[35-37]

 have to be introduced to the biosensor matrix. Preferably, carboxyl groups are 

used for covalent coupling of analyte capturing units because of the manifold recogni-

tion chemistry they enable after active ester activation, which is commonly carried out 

with EDC/NHS.
[10, 38]

 This active ester activation with EDC/NHS can be achieved under 

mild conditions in water which is necessary to maintain the functionality of sensitive 

analyte-capturing biomolecules such as antibodies. This strategy facilitates the coupling 

of functionalized primary or secondary amines and allows the immobilization of anti-

bodies preserving a good accessability of the recognition site for analytes.
[13, 39]

 Besides 

these sensor matrices that allow the coupling of analytes, matrices that enable the tuning 

of analyte detection are fascinating. Sensor matrices can be tuned by utilizing a stimuli 

responsive behaviour
[40, 41]

 and thereby manipulate the analyte binding or analyte den-

sity. Another method is to influence the analyte binding by an extending PNIPAAm 

brush layer that prevents analyte coupling to an underlying layer in the swollen 

(T = 18 °C) but allows it in the collapsed state (T = 30 °C)
[42]

 SPR and optical 

waveguide mode spectroscopy (OWS) allow the real time in situ and label free detec-

tion of analyte binding events.
[43, 44]

 For medium size proteins with a molecular weigth 

around 55 kDA such as prostate specific antigen (PSA)
[45, 46]

, hormones like estrogen 

[47]
, neurotransmitter like dopamin

[48]
 as well as for drug discovery

[49]
 for example they 

were shown to allow the direct detection down to nM concentrations. Theoretically, the 

limit of detectable surface concentration was determined to be around 50 pg/mm².
[50]
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Not only purified model systems can be analyzed, the system is as well applied to prac-

tical samples such as milk, blood or serum.
[51-56]

 Because SPR/OWS is based on moni-

toring the change of the optical mass density,
[25, 49, 57]

 the limit is given by the detection 

of small molecules at low concentrations.
[58]

 To overcome this limit either the bind-

ing-induced refractive index changes have to be enhanced or another detection tech-

nique has to be used. Approaches to enhance the SPR sensitivity include assays with 

metallic nanoparticle and localized surface plasmons,
[59-68]

 enzyme
[69, 70]

 labels, or 

higher molecular weight analytes
[71]

 which were demonstrated to improve the limit of 

detection (LOD) by several orders of magnitude. Furthermore, signal enhancement by 

immunoreactions,
[28, 72]

 receptor conformational changes
[58]

 and recently by the applica-

tion of gold atoms
[73]

 was achieved. In addition, an approach for improving the sensitiv-

ity through the combining of SPR biosensors with fluorescence spectroscopy was de-

veloped.
[74-77]

 In this method, referred to as surface plasmon-enhanced fluorescence 

spectroscopy (SPFS), the capture of molecules labeled with fluorophores is observed 

through the detection of the intensity of the fluorescence light emitted from the sensor 

surface. In this technique the evanescent optical field of the surface plasmon (SP) is 

used to excite fluorescence in the analytes. A drawback of SPFS is quenching of the 

fluorescence mainly due to Förster transfer in case the chromophores are too close (30-

40nm)
[78]

 to the metal surface of the substrate. However, the interaction of fluorophores 

with surface plasmons allows to enhance the excitation rate
[79, 80]

 of molecules adhered 

to the metallic surface as well as the efficient collection of the fluorescence light 
[81, 82]

 

and thus increases the measured fluorescence signal. SPFS biosensors that rely on im-

munoassays were reported to enable the detection of protein molecules below fM con-

centrations.
[83, 84]

 A lot of sensor assays in the field of SPR sensors are reported
[85-87]

 and 

are already commercially available.
[1, 88, 89]

 

As a further development for improved sensor concepts hydrogel films of a certain 

thickness might be beneficial as they can not only be used as matrix for SPR and SPFS 

but also for OWS and optical waveguide mode excited fluorescence spectroscopy 

(OWFS). To achieve a waveguiding effect, the hydrogel layer has to be uniform, well 

adhesive and non-conductive to trap the acoustic energy near the surface.
[57, 90, 91]

 Leaky 

optical waveguide mode spectroscopy allows a preciser thickness and refractive index 

determination
[92]

 and the detection of thickness and refractive index changes due to the 

increased number of modes in the angular scan that can be simulated. The common ar-

chitecture for sensing with leaky optical waveguide modes consists of a uniform 
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waveguiding layer with good adhesion to the surface and an analyte capturing layer on 

top.
[17, 93-95]

 With this sensor concept the evanescent electromagnetic field of the optical 

waveguide mode is applied for analyte or molecular changes detection
[96]

 and sensitivi-

ties in the range of nanomolar
[97]

 to femtomolar
[98, 99]

 concentrations are reported.  

With a highly swelling hydrogel film, allowing analytes to diffuse inside, and a thick-

ness appropriate to generate optical waveguide modes, OWFS is expected to be an effi-

cient technique for in situ real time detection and affinity binding studies. This architec-

ture in particular permits the detection in the center of the electromagnetic field of the 

optical waveguide modes. The increased light intensity in the optical waveguide modes 

was measured by Dürr and co-workers
[100]

 and verified by Mathias et al. as well.
[101]

 

Particularly advantageous is the high optical field intensity and the high loading capac-

ity inside the thick hydrogel film.
[101]

 This should be valid especially for small analytes 

not inducing sufficient increase in the optical mass density to be detected in adequate 

low concentrations with SPR.  

Recently, long-range surface plasmons (LRSPs) were exploited for SPFS biosens-

ing.
[102-104]

 These optical waves originate from the coupling of surface plasmons on op-

posite surfaces of a thin metallic film that is embedded between dielectrics with similar 

refractive indices. LRSPs exhibit orders of magnitude lower damping compared to regu-

lar surface plasmons on an individual metallic surface.
[105]

 Therefore, their excitation 

provides a larger enhancement of the electromagnetic field intensity and thus allows for 

a stronger increase of the fluorescence signal in SPFS sensors. In addition, LRSPs probe 

the medium adjacent to the metallic surface with a more extended evanescent field than 

regular surface plasmons.
[103]

 Thus, three-dimensional binding matrices with up to mi-

crometer thicknesses have been proposed for the immobilization of biomolecular recog-

nition elements with large surface density that allows to exploit the whole evanescent 

field of LRSP.
[106]

 Currently, new hydrogel materials based on NIPAAm 

[N-(isopropylacrylamide)] and dextran polymers were developed in our laboratory and 

they were demonstrated to be suitable for the construction of such surface architec-

tures.
[25, 40, 107]

  

A plethora of possible analytes exist. Not only proteins, antibodies, or bacteria
[108]

 but 

also small molecules like pesticides
[97]

 or protein isomerization
[4]

 can be observed.  

A frequently used model system for biorecognition is the binding of streptavidin to bio-

tin.
[109]

 Streptavidin is a medium sized protein with a molecular weight of 60 kDa and a 

size of 4,4 x 4,5 x 5,8 nm.
[110]

 The high affinity binding constant of KA = 10
13

M
[111]

 to 
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the low molecular weight biotin
[39]

 is due to the hydrogen bond cooperativity and low 

desolvation energetics.
[112]

 

Another interesting and clinically relevant analyte is the tumor-suppressor-protein p53 

and its primary antibody p53Ab6. The p53 structure and its functional domains are well 

investigated.
[113]

 p53 functions as transcription factor and blocks the cell cycle in the G1 

phase to enable DNA repair or cell apoptosis and thus prevents the proliferation of 

damaged cells. Mutations of p53 often occur in the so called “core-region” that serves 

as DNA binding unit leading to a deformed tertiary structure interfering with the DNA 

binding.
[114-117]

 Subsequently, uncontrolled cell growth is induced resulting in tumor 

formation which is supported by the prolonged half-life of mutated p53 and its complex 

formation with wild type p53.
[118, 119]

 Almost 50% of all tumors, especially in bladder, 

breast, colon and testicular carcinomas and melanomas are reported to carry p53 muta-

tions.
[118, 120]

 The detection of p53 by immunohistochemistry is still under discus-

sion.
[118, 120]

 For bladder cancer a correlation of p53 mutations with tumor stage and 

grade was shown.
[121]

 Nevertheless, the reports are still contradictory.
[122, 123]

 The identi-

fication of protein interaction in a cell extract by screening assays could be helpful for 

studies of p53-DNA interaction or the search for drugs acting on p53.
[119]

 These kind of 

interactions are commonly detected by Enzyme-linked Immunosorbend Assay 

(ELISA)
[124-126]

 but as well by fluorescence assays in the range of ng/ml.
[119]

 Mutants of 

p53 were sensitively analyzed by mutant enriched PCR-SSCP.
[127]

 To evaluate the bind-

ing constant and thus characterize the molecular interactions quantitative information 

can be obtained by SPR based biomolecular interaction analysis.
[128-131]

 The DNA bind-

ing activity of p53 was studied by SPR, too.
[132]

 Recent developments deal with sensi-

tivity enhancement: TP53 mutations were detected
[133]

 with an increased sensitivity and 

the sensitivity of p53 c-DNA detection was improved to sub-attomolar concentrations 

by enhancement with gold nanoparticles.
[68, 133]

 Signal enhancement was equivalently 

achieved by PCR amplification of the practical samples before detection with SPR.[134]
  

Furthermore, a production of p53-antibodies in an autoimmune response has been re-

ported
[125, 135, 136]

 and circulating anti-p53 antibodies (p53Abs) were found in sera of 

patients with various human malignancies.
[137-142]

 For p53, antibody prevalence was 

associated with p53 overexpression or accumulation upon p53 mutation. 
[125, 135, 136]

 An-

tibodies were rarely found (0-3%) in healthy control patients
[136]

 but have been shown 

recently to function as tumor marker in colorectal cancer for example.
[143]

 The relation 

between serum p53Abs as a prognostic marker, the prognosis for cancer patients with 
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serum p53Abs and the functional relevance of p53Abs are discussed contradictory.
[125, 

144-148]
 
[142, 149-151]

 Nevertheless, the immune response might be used for early detection 

of cancer, prognosis and post-treatment. Especially for early detection a high sensitivity 

is necessary to improve the clinical specificity and to allow a diagnosis in an early 

stage.  

An ideal sensor should be sensitive, specific and fast. In the following chapter first de-

velopments for an OWFS-detection assay are presented. Therefore, the detection of 

streptavidin-Cy5 as a model analyte and p53Ab6 as a clinically relevant analyte are dis-

cussed. The matrix is characterized for both analytes in terms of covalent modification 

of analyte capturing units, unspecific binding, and fluorescence enhancement by OWFS 

compared to SPFS are discussed. Additionally, the application of the developed sensor 

matrix for the detection of PSA with LRSP is described. 

 

4.2.2 Matrix Modification – Covalent Attachment of Analyte Cap-

turing Units 

 

It is desirable to couple a broad variety of analyte capturing molecules into a sensor 

matrix to permit a specific detection of certain analytes with one type of sensor matrix. 

Basically, every molecule containing primary amino groups can be covalently coupled 

to active ester activated carboxyl groups. The general sensor concept is schematically 

depicted in Figure 4.2.1. The photo-crosslinked carboxymethylated dextran-based 

(PCMD) hydrogel matrix (Chapter 3.1, 4.1) was modified with analyte capturing units 

followed by the detection of (labelled) analytes. Especially, the analyte detection by 

leaky optical waveguide mode enhanced fluorescence spectroscopy (OWFS) (Fig-

ure 4.2.1) is a versatile approach as discussed in this chapter. The active ester activation 

permits the covalent coupling of proteins or antibodies as selective analyte capturing 

units by forming an amide bond between amino-functionalized amino acids such as 

lysine and active ester activated carboxyl group in the hydrogel matrix. The most com-

mon active ester activation is a combination of 1-(3-dimethylaminopropyl)-3-ethyl-

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) in water (Fig-

ure 4.2.1). 
[2, 10, 50]

 The advantage of EDC/NHS-coupling are the mild reaction condi-

tions in water which allows to maintain biomolecule functionality. Simultaneously, wa-

ter hydrolyses the active ester and limits its stability. Nevertheless, the activation rate 

was higher than the degradation and under direct coupling after EDC/NHS activation in 
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water a sufficient number of carboxyl groups was transformed. The coupling efficiency 

to the active ester-modified carboxyl groups is influenced by many parameters related 

to the matrix, the coupled molecule, and the coupling conditions. These parameters are 

not independent and open a broad variety of optimization possibilities and necessities. 

analyte

diffusion specific binding

specific analyte

capturing unit

fluorescence
marker

activation (COOH)

analyte

diffusion specific binding

specific analyte

capturing unit

fluorescence
marker

activation (COOH)

 

Figure 4.2.1: Schematic presentation of the sensor concept applied in this work. Every coupling step 

contains diffusion and rinsing procedure. Carboxyl group activation with active ester chemistry facilitates 

covalent coupling of a specific, amino-functionalized analyte-capturing unit via amide bond formation. 

Subsequently, analytes (red) are coupled to the capturing unit (orange) and detected directly by OWFS or 

indirectly with a secondary coupling of a labelled recognition unit (blue).  

 

Different types of active esters from hydrophilic to more hydrophobic and charged ac-

tive esters were prepared in our group by Robert Roskamp and tested with a 

poly(NIPAAm) based hydrogel.
[40]

 The individual active esters show varying coupling 

efficiency with different proteins and antibodies.
[25]

 For the dextran based hydrogel pre-

sented here, the anionic active ester sodium para-tetrafluorophenol sulfonate (TFPS) 

(Figure 4.2.2) was used in combination with EDC to couple bovine serum albumine 

(BSA).  
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Figure 4.2.2: Molecular structure of the active esters para-tetrafluorophenol sulfonate (TFPS) and 

N-hydroxysuccinimide (NHS).  

 

The refractive index change upon BSA binding with EDC/TFPS in aqueous solution 

was comparable to the active ester activation with EDC/NHS in the range of 

0.007-0.0141 depending on the pH of the swelling medium. The corresponding surface 

mass density (Г) can be calculated from the refractive index contrast 

(n(hydrogel) (nh) - n(buffer) (nb)) and the thickness (dh) of the binding matrix with the 

following relation: 

( )h b h

h

c
n n d

n

∂
Γ = −

∂
.     (4.2.1) 

The surface mass density of the pure dextran hydrogel for this film was ~90 ng/mm². 

The surface mass density of the coupled BSA is calculated from the difference in sur-

face mass density before and after coupling, and was determined to be in the range of 

20 ng/mm
2
 for a 4 µm thick swollen hydrogel film. The calculated surface mass density 

is about one order of magnitude higher than the reported surface mass densities for a 

dextran brush system with a thickness of 100-200 nm.
[7, 152]

 The carboxyl groups are 

partly deprotonated at this pH and the negatively charged carboxyl groups cause an 

ionic attraction between the positively charged BSA and the hydrogel film. The anionic 

active ester maintains this charge and the ionic attraction. Since no remarkable differ-

ence between the activation with EDC/NHS and EDC/TFPS was observed all biosensor 

experiments were therefore performed with the commercially available EDC/NHS. 

In this work biotinethylenediamine was coupled into the hydrogel matrix as a model 

system for the detection of fluorescence labeled streptavidin. As a clinically relevant 

analyte p53 as tumorsuppressor protein and its primary antibody p53Ab6 were used. 

 

Biotin 

 

In order to demonstrate the potential of the developed hydrogel film as a binding ma-

trix, the affinity binding of streptavidin-Cy5 to a biotin-modified PCMD hydrogel ma-

trix was observed by SPFS and OWFS. In further experiments, hydrogel films with a 
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degree of benzophenone substitution of 0.04 and a degree of carboxymethylation of 

0.16 were applied. These films were attached to a gold surface by irradiation at 254 nm 

for 30 minutes and swollen in PBS. They exhibited a swollen thickness of approxi-

mately 6 µm with a swelling degree of ~13 and an average refractive index of ~1.358, 

which corresponds to a surface coverage of ~295 ng/mm² in 150 mM PBS as deter-

mined from the angular position of four optical waveguide modes by WKB.
[40]

  

At first, a hydrogel film was functionalized with biotin moieties. In the biosensor ex-

periments 150 mM PBS as buffer was used mimicking physiological conditions.
[10]

 A 

reference hydrogel film was prepared in which the carboxyl groups were activated by 

EDC/NHS and subsequently reacted with ethanolamine to investigate a possible unspe-

cific binding of streptavidin (Chapter 4.2.3). Furthermore, the coupling reaction was 

performed on a self-assembled monolayer of 11-mercaptoundecanoic acid as a 2D sys-

tem for comparison.  

The matrix modification was followed in real time at a fixed angle in the linear part of 

the surface plasmon (Figure 4.2.3 A). Additionally, after rinsing and reaching the equi-

librium surface plasmon signal for every modification step an angular scan is recorded 

(Figure 4.2.3 B). If the injected molecule causes a signal change in the surface plasmon, 

this results from a change of the refractive index at the gold interface. The electromag-

netic field of the surface plasmon decays exponentially for ~200 nm
[57]

 perpendicular to 

the gold surface. Therefore, the surface plasmon indicates the diffusion through the en-

tire hydrogel film down to the gold hydrogel interface (Chapter 2.1).  

The refractive index-thickness film profiles are extracted from the angular scans using 

the WKB approximation as described in Chapter 2.3. The alteration in the hydrogel film 

profile upon matrix modification depicts the binding of molecules and changes of the 

hydrogel matrix itself. These two contributions are difficult to differentiate. Further-

more, the magnitude of the refractive index change depends on the initial refractive in-

dex value of the hydrogel film and is proportional to the amount of molecules coupled 

into the matrix. EDC/NHS activation and biotinethylenediamine binding lead to a des-

welling of the hydrogel film (Figure 4.2.3, 4.2.4) due to a reduced number of charges in 

the hydrogel network, making it difficult to extract the amount of immobilized biotin 

from the change in refractive index. With an overall refractive index of nh = 1,358 and a 

refractive index increase of delta n = 0,005 the biotin surface mass density was deter-

mined to be between 20 and 60 ng/mm². The deswelling effect upon biotinethyl-

eneamine binding is more pronounced in low ionic strength buffers and at pH values 
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above the isoelectric point of the carboxyl groups. The swelling of the pure hydrogel 

matrix is enhanced at low ion concentrations and at pH values above pH = 4 because of 

electrostatic repulsion between the negative charged carboxyl groups and increased sol-

vent quality (salting out effect). Coupling of uncharged molecules such as biotinethyl-

eneamine causes a charge reduction and thereby a shrinking (Figure 4.2.3). The same 

effect is observed for the active ester activation. The difference to the unmodified hy-

drogel matrix is increased in case the pure hydrogel is swollen by electrostatic repulsion 

of the later blocked charges (Figure 4.2.4). If the hydrogel matrix is rinsed for several 

hours after biotin coupling a partial re-swelling is detected (Figure 4.2.3 B). 
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Figure 4.2.3: Matrix modification with biotinethylenediamine. A) Real time observation at a fixed angle 

in the linear part of the surface plasmon (grey line in B). B) The angular scans in PBS 150 mM before 

(black, min 40) and after (red, min 150) biotinethyleneamine coupling. C) The corresponding WKB pro-

file of the PCMD binding matrix, extracted from the angular scans, before (black) and after (red) bioti-

nethyleneamine binding and after rinsing over night (red, dotted). The dry layer thickness is indicated by 

the black dashed line. The coupling was performed with 0.4 M EDC and 0.1 M NHS in 1mL followed by 

the incubation of 2 mg biotinethyleneamine in 1 mL acetate buffer (10 mM, pH = 5.5). 

 

The re-swelling can be attributed to the hydrolysis of unreacted active esters, an aging 

effect due to chain disentanglement as observed for pure gels, or the removal of un-

bound biotinethylenediamine molecules. Most likely, a hydrolysis of unreacted active 

esters is responsible for the re-swelling because the irreversible swelling usually is not 
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observed anymore after diffusing big molecules such as antibodies or after environ-

mental changes like in the coupling reaction of biotinethyleneamine. Furthermore, the 

hydrolysis and re-swelling after active ester activation was observed by kinetic meas-

urements (data not shown) to take place on a timescale of several hours. The measured 

refractive index changes are in the range of 0.001-0.003 in the center of the hydrogel 

matrix. This is related to a deswelling of the binding matrix. The coupling of bioti-

nethyleneamine results in a surface coverage
[25]

 of Г=20-60 ng×mm
-2

. For this calcula-

tion a refractive index change with the concentration of biotin and the dextran polymer 

is assumed to be ∂n/∂c = 0.2 µL×mg
-1[153]

 and a buffer refractive index of nb = 1.333. 

The measured surface mass density is one order of magnitude higher than reported for 

CM5 chips with a thinner binding matrix of ~100 nm
[154]

 but in agreement with PSA 

binding experiments performed with comparable dextran matrices in the range of 1µm 

in the swollen state (Chapter 4.2.7).
[155]
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Figure 4.2.4: WKB refractive index-thickness profiles of the PCMD binding matrix, extracted from the 

angular scans, before (black) and after (red) biotinethyleneamine binding. A) SPR/OWS measurement 

was performed in PBS buffer with a concentration of 150 mM and B) a concentration of 10 mM. The 

compaction effect is more pronounced for PBS 10 mM. The coupling was performed with the same hy-

drogel as compared to Figure 4.2.3 but different coupling conditions: The EDC concentration was ad-

justed to 0.8 M and the NHS concentration to 0.025 M with a total volume of 1 mL followed by the incu-

bation of 250 µg biotinethyleneamine in 500 µL PBS 10 mM. The surface mass density was determined to 

be ~40 ng/mm². The dry film thickness is indicated by the black dashed line. 

 

The reference hydrogel film in which the carboxyl groups were activated by EDC/NHS 

as described above and subsequently reacted with ethanolamine is shown in Fig-

ure 4.2.5 A. After ethanolamine coupling this reference film was used to investigate a 

possible unspecific binding of streptavidin-Cy5 (Chapter 4.2.3). In PBS 150 mM hardly 

any difference in the hydrogel film profile upon ethanolamine coupling can be ob-

served. This indicates most probably an almost complete counterion charge screening in 

PBS (Chapter 4.1). Nevertheless, the refractive index increase indicates ethanolamine 

coupling as well. 
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Figure 4.2.5: A) WKB profile of the PCMD binding matrix, extracted from the angular scans before 

(black) and after (red) ethanolamine binding for the later investigation of the unspecific binding of strep-

tavidin-Cy5. The dry film thickness is indicated by the black dashed line. B) The modification of a 

self-assembled monolayer of 11-mercaptoundecanoic acid, as a reference system for streptavidin-Cy5 

detection, with biotinethyleneamine. The concentrations for coupling were identical to the corresponding 

reaction in the PCMD matrix shown in Figure 4.2.3. 

 

As second reference experiment, the coupling of biotinethyleneamine on a 

self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid as a 2D system with 

SPR was performed (Figure 4.2.5 B). The reflectivity increases from 30 to 31.5 % in 

PBS 150 mM which is lower than the reflectivity change observed for biotinethyl-

eneamine coupling into the hydrogel matrix at identical reaction conditions. The reflec-

tivity increase for the hydrogel matrix was determined to be 5.6 % from 35.2 % in 

PBS 150 mM before biotinethyleneamine coupling to 40.8 % afterwards (Fig-

ure 4.2.3 A). 

 

p53/p53Ab6  

 

In order to detect a clinically relevant analyte an assay for the tumor suppressor protein 

p53 and its primary antibody p53ab6 were developed. The hydrogel can be modified 

with both, p53 and p53Ab6 after EDC/NHS activation. The following experiments were 

performed by covalent coupling of p53 as a specific analyte capturing unit and subse-

quent primary antibody detection. Since the production of antibodies to p53 is an auto-

immune response qualifies them as potential tumor markers and there is an expected 

signal increase of p53Ab6 due to its higher molecular weight compared to p53. Fur-

thermore, the antibodies usually possess a longer lifetime than p53.  

The covalent coupling of p53 is carried out after EDC/NHS activation as described for 

the biotinethyleneamine coupling. For the coupling a 10mM acetate buffer with a pH of 

5.5 is used which is below the isoelectric point of p53. The solution with a concentra-

tion of 24µg/100µL is injected for 85 minutes after EDC/NHS activation. The binding 

of p53 induces a deswelling of the hydrogel matrix comparable to the binding of bioti-
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nethyleneamine. This shrinking is more pronounced for pH 8 and pH 5.5 than for pH 3 

and PBS 150 mM because at pH 8 and 5.5 the swelling of the pure hydrogel matrix is 

enhanced by the deprotonated carboxyl functionalities (Figure 4.2.6). For the 

p53-modified hydrogel matrix two effects have to be taken into account: the increase in 

refractive index due to p53 as an additional component and the charge interaction. The 

isoelectric point of p53 is located between pH = 6-7, the one of the carboxyl group be-

tween pH = 4-5. Consequently, for a complete conversion of carboxyl groups the 

pH-sensitive swelling is determined by p53. 
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Figure 4.2.6: WKB profiles of the PCMD matrix at different pH values before (solid line) and after (dot-

ted line) p53 coupling. The dry film thickness is indicated by the black dotted line. 

 

This observed swelling behavior indicates a smaller number of charges present in the 

hydrogel after modification than expected.  

 

4.2.3 Diffusion of Analytes and Unspecific Binding 

 

Sensor applications based on the detection of a refractive index or fluorescence signal 

change are also sensitive to non-specific adsorption. The signal change due to 

non-specific absorption limits the sensitivity and the limit of detection. The problem 

increases if complex samples like serum or blood for example are measured instead of 

pure analyte solutions. Non-specific binding has been studied for many systems.
[9, 10, 156-

160]
 To determine the unspecific binding and the background signal of the 

photo-crosslinked carboxymethylated dextran (PCMD) matrix presented in this work 

the diffusion of analytes into a capture molecule-free PCMD matrix was investigated.  
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In aqueous solutions, the protein adsorption onto a surface is driven by the electrical 

double layer potential, the ionization tendencies and the hydrophilicity of the surface, 

interface entropic effects and the (hydro-)dynamics of the interface.
[161]

 Proteins have 

hydrophobic, ionic as well as polar domains. Therefore, protein adsorption is a very 

complex process and almost unavoidable in complex systems. Controlling and minimiz-

ing the amount of unspecific protein adsorption is a key step for sensor preparation. It 

has been shown that self-assembled monolayers like 16-mercaptohexadecanoic acid or 

11-mercaptoundecanoic acid show a higher resistance to non-specific adsorption than 

carboxymethylated dextran brushes.
[9]

  

 

Biotinethyleneamine 

 

As discussed in Chapter 4.2.1 biotin is coupled into the PCMD matrix as a capturing 

unit for streptavidin. Biotin/streptavidin is an extensively studied and well characterized 

model system for affinity binding due to its high affinity binding constant.
[39, 109-112]

 One 

streptavidin can bind four biotin units. To investigate the unspecific binding of biotin to 

the PCMD, the matrix was incubated with a biotinethyleneamine solution in 10 mM 

PBS buffer (pH = 7,4) of 2 mg/mL for 10 min followed by rinsing with the pure buffer. 

The incubation was observed in real time at a fixed angle in the linear regime of the 

surface plasmon (Figure 4.2.7 A) as well as by angular scans giving the refractive in-

dex-thickness profile changes (Figure 4.2.7 B). 
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Figure 4.2.7: Diffusion and unspecific binding of biotinethyleneamine into PCMD matrix. A) Real time 

SPR (black) and SPFS (blue) kinetic. B) Corresponding WKB profile in PBS 10 mM before and after 

incubationof biotinethyleneamine. The dry film thickness is indicated by the black dashed line in (B). 

 

The shift of the surface plasmon to higher angles (increasing reflectivity) indicates a 

diffusion of biotinethyleneamine through the whole PCMD film until the hy-

drogel-gold-interface. The hydrogel film profile shows a very slight decrease of the re-
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fractive index indicating a negligible irreversible change of the matrix. A non-specific 

adsorption of biotinethyleneamine could not be detected by SPR/OWS spectroscopy. 

 

Streptavidin-Cy5 

 

In order to demonstrate the potential of the developed hydrogel film as a binding ma-

trix, the diffusion and affinity binding (Chapter 4.2.4) of streptavidin-Cy5 in the PCMD 

hydrogel film was observed by SPFS and OWFS. In this Chapter the unspecific binding 

of streptavidin-Cy5 was investigated after ethanolamine coupling. Ethanolamine is used 

instead of biotin to simulate the real experimental environment. Identical conditions for 

the diffusion and the detection (Chapter 4.2.4) were used. Streptavidin-Cy5 was dis-

solved in PBS (150 mM) mimicking physiological conditions at a concentration of 

200 µg/mL. The injection time was increased with every incubation step. The real time 

surface plasmon signal change does not show an unspecific binding neither in the re-

fractive index change nor in the fluorescence (Figure 4.2.8 A). This is consistent with 

the PCMD matrix refractive index-thickness profile (Figure 4.2.8 B) that shows a negli-

gible swelling after the maximum injection time (blue triangles) compared to the status 

before streptavidin injection (black circles). The angular position of the surface plasmon 

and the optical waveguide modes do not change remarkably upon streptavidin incuba-

tion (Figure 4.2.8 C). 

The fluorescence excited by the surface plasmon as well as the angular shift of the sur-

face plasmon to higher angles during the incubation affirms a diffusion of the solution 

from the hydrogel solution interface through the entire PCMD matrix to the hy-

drogel-gold interface (Figure 4.2.8 A). The surface plasmon and the fluorescence ex-

cited by the electromagnetic field of the surface plasmon indicate a complete removal of 

streptavidin-Cy5 upon rinsing with PBS (Figure 4.2.8 A, D). The SPFS value remains 

constant at a value of 1.5 x10
3
 cps after every incubation step. Only the fluorescence 

excited by the optical waveguide modes indicates a low unspecific binding. The fluo-

rescence increases with increasing injection time especially for TM 2-4 from 1,9 x10
4
 to 

2.9 x10
4
 cps (Figure 4.2.8 C, D). The higher fluorescence for TM 2-4 compared to TM 1 

might be attributed to the higher coupling efficiency and thus a higher excitation en-

ergy. 
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Figure 4.2.8: Diffusion and unspecific binding of streptavidin-Cy5 in an ethanolamine modified PCMD 

matrix in the absence of biotin. The concentration of the streptavidin-Cy5 solution in PBS 150 mM is kept 

constant at 200 µg/mL and the incubation time is increased. A) Real time kinetic at a fixed angle in the 

surface plasmon (grey line in (C)), B) WKB refractive index-thickness profile before (black) and after 

(blue) the diffusion in PBS 150 mM. C) Corresponding SPFS/OWFS angular scans and D) the 

OWFS/SPFS signal for increasing incubation times are plotted excited by the  different leaky optical 

waveguide modes (TM1-TM4 and by the surface plasmon (SP). 

 

The fluorescence detected after diffusion of streptavidin-Cy5 is more than two orders of 

magnitude lower than detected for the specific binding (Chapter 4.2.4). In consistence 

with these observations the refractive index-thickness hydrogel film profile merely 

shows a negligible swelling. This can most likely be attributed to irreversible chain dis-

entanglement effects upon the diffusion of big molecules such as streptavidin. 

 

p53/p53ab6 

 

The diffusion of p53 and its primary antibody p53Ab6 was observed in real time with 

the kinetic mode at a fixed angle in the surface plasmon. Therefore, 1 µg p53 was dis-

solved in 500 µL acetate buffer (10 mM) with pH 4 or 5.5 or in 10 mM HEPES buffer 

(pH 7.4). The PCMD matrix was swollen with the corresponding pure buffer until equi-

librium signal was reached. The p53 solution was injected for 5 minutes followed by 

rinsing with the corresponding pure buffer (Figure 4.2.9 A). The diffusion of p53Ab6 
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was performed under similar conditions with 1µg p53Ab6 in 500µL HEPES (Fig-

ure 4.2.9 B).  
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Figure 4.2.9: A) Diffusion of p53 at different pH and a concentratin of 1µg/500µL. B) Diffusion of 

p53Ab6 at pH 7.4 with a concentration of 1µg/500µL. From the SPR/OWS response a diffusion but no 

unspecific binding can be stated. 

 

For both, p53 and p53Ab6, an increased signal corresponding to a surface plasmon shift 

to higher angels resulting from an increased refractive index was measured. Upon rins-

ing the signal decreased to the former level. Consequently, no unspecific binding, nei-

ther for p53 at different pH nor for p53Ab6 at neutral pH could be detected by refractive 

index changes.  

 

Alexa Fluor 647-Labeled Secondary Antibody 

 

The diffusion of the Alexa Fluor 647-labeled secondary antibody for p53Ab6 was 

measured in a p53 modified PCMD hydrogel and a PBS 150 mM environment. The 

reaction conditions were chosen to be identical to the detection experiment of Chap-

ter 4.2.5. The concentration of the secondary antibody in PBS (150 mM) was adjusted 

to 100 µg/500µL. The diffusion time was regulated to be at maximum (6 minutes). The 

SPFS real time measurement (Figure 4.2.10 A) indicates the diffusion of the secondary 

antibody through the hydrogel matrix until the PCMD gold interface due to the SPR and 

SPFS signal increase. Rinsing after the diffusion results in a signal-decay until the base 

level is reached again. The SPR and the SPFS signal do not show any unspecific bind-

ing in agreement with the diffusion of streptavidin-Cy5.  
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Figure 4.2.10: Diffusion and unspecific binding of the secondary antibody used as recognition unit for 

p53Ab6 in a p53-modified PCMD matrix with a thickness of ~6 µm in PBS 150 mM. The concentration 

was adjusted to 100 µg in 500µL PBS 150 mM. One incubation step with an incubation time of 5 minutes 

was recorded. The real time surface plasmon kinetic indicates a diffusion of the secondary antibody 

through the entire matrix (A) and a complete removal upon rinsing with buffer. The angular scan re-

corded in (B) show a slight unspecific binding in the OWFS signal (blue) and a continued removal upon 

rinsing over night (light blue). 

 

The angular scans (Figure 4.2.10 B) at equilibrium surface plasmon signal in 

PBS 150 mM before and after diffusion of the secondary antibody do not show any shift 

of the optical waveguide modes but a slight increase in the OWFS signal. The fluores-

cence upon unspecific binding is more than two orders of magnitude lower than the 

detected fluorescence upon specific binding (Chapter 4.2.6). 

4.2.4 Streptavidin-Cy5 Detection by Surface Plasmon Resonance and 

Optical Waveguide Mode Enhanced Fluorescence Spectroscopy  

 

Affinity Binding Study 
 

After the functionalization with biotinethyleneamine (Chapter 4.2.1), the hydrogel film 

was swollen in 150 mM PBS and the diffusion and affinity binding of streptavidin-Cy5 

was observed in situ by SPFS and OWFS. In these experiments, the changes in the fluo-

rescence signal, induced by a series of incubations in a solution of streptavidin-Cy5, 

were measured. Each incubation cycle comprised a specific incubation time range with 

a Cy5-labeled streptavidin, dissolved at a concentration of 200 µg/mL in PBS 150 mM. 

Subsequently, unbound streptavidin molecules were removed for 20 minutes rinsing 

with PBS buffer. The fluorescence signal stabilized after approximately 5 min as can be 

seen in the real time kinetic which monitores the surface plasmon changes at a fixed 

angle (Figure 4.2.11 A). After reaching equilibrium surface plasmon signal a SPR/OWS 

angular scan was measured for 15 minutes, during continuous washing with PBS (Fig-

ure 4.2.11 B). The binding of streptavidin to biotin moieties in the gel is manifested as 
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stable fluorescence peaks after rinsing associated to the enhanced excitation of the Cy-5 

labels (Fig.4.2.8 A). The magnitude of the peaks increases with the total incubation time 

until the saturation is reached after 6 minutes. This means that the diffusion of analytes 

inside the hydrogel matrix reaches equilibrium distribution. (Figure 4.2.11 C).   
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Figure 4.2.11: Detection of streptavidin-Cy5 by OWFS in a dextran hydrogel film of ~6 µm. A) Real time 

surface plasmon signal change, B) angular scans recorded after removing the non-bound streptavidin, C) 

equilibrium fluorescence vs. injection time. The injection time of streptavidin-Cy5 (c = 200 µg/mL) was 

varied: a = 10s; b = 20s; c = 40s; d = 60s; e = 90s; f = 150s; g = 21.5min and the laser intensity was 

adjusted to 100% reflectivity corresponding to 145 µW and c(strept-Cy5) = 200 µg/mL. 

 

The saturation fluorescence intensity measured for the excitation by optical waveguide 

modes is significantly higher than for the excitation by surface plasmon modes. An en-

hancement of the fluorescence signal by the factor between 130 (coupling efficiency of 

the TM ~2% reflectivity) and 2000 fold (coupling efficiency ~15% reflectivity and dou-

ble concentration of streptavidin-Cy5) was observed. Besides the overall fluorescence 

enhancement, the signal to noise ratio is improved with OWFS as compared to SPFS in 

this experimental conformation, too. The background fluorescence for OWFS is one 

order of magnitude higher than the SPFS background fluorescence but this is overcom-

pensated by the specific fluorescence enhancement of 2-3 orders of magnitude. 
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In general, the magnitude of the fluorescence signal depends on the concentration of the 

fluorophore in the hydrogel film, the intensity of the excitation beam, the coupling effi-

ciency,
[96]

 and the field distribution
[57]

 of the exciting guided wave. The enhancement 

observed here is mainly due to the more intense field of the optical waveguide modes 

compared to an evanescent field and the location of the fluorophores in the center of the 

electromagnetic field being the main difference to reported systems.
[10, 50, 84, 98, 162]

 The 

maximum fluorescence intensity signal of F = 9×10
6
 cps was observed for the fluores-

cence excitation through TM3 mode in case of four optical waveguide modes in total. 

The enhancement of the fluorescence signal results in a fluorescence intensity in the 

detection limit of the detector whereas the fluorescence excited by the evanescent elec-

tromagnetic field of the surface plasmon is in the range of the detector. To circumvent 

the saturation of the detector the laser intensity was reduced to 10% corresponding to 

14.5 µW in a subsequent experiment (Chapter 4.2.5). 

The SPFS signal still increases significantly for the longest incubation time of 

21.5 minutes, while the OWFS signal of the TM2,3,4 only show a slight increase. The 

limiting factor for the detection of analytes seems to be the diffusion through the matrix. 

It takes approximately 4-5 minutes until an equilibrium fluorescence signal is reached 

with a streptavidin-Cy5 solution of 200 µg/mL. The relatively slow diffusion suggests a 

binding that starts at the hydrogel solution interface and continues towards the hydrogel 

gold interface. 

The specificity of the response was verified with an experiment in which the changes in 

fluorescence signal were measured for the hydrogel without biotin moieties (Fig-

ure 4.2.8). By using this reference hydrogel film with identical thickness and swelling 

ratio, a fluorescence signal with three orders of magnitude lower intensity was meas-

ured compared to the hydrogel with biotin moieties as streptavidinCy5 capturing unit. 

For comparison, we detected the streptavidin biotin binding by conventional SPFS. In 

this experiment, a self-assembled monolayer (SAM) of 11-Mercaptoundecanoic acid 

was used to couple biotinethylenediamine following the same protocol as described for 

the hydrogel matrices (Figure 4.2.5 B). After functionalizing the SAM with biotin the 

evanescent field of the surface plasmon was used to detect the affinity binding of strep-

tavidin-Cy5 (Figure 4.2.12)  
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Figure 4.2.12: A) Real time detection of streptavidin-Cy5 by SPFS on a self-assembled monolayer (SAM) 

of biotinethyleneamine-modified 11-mercaptoundecanoic acid. B) Corresponding equilibrium SPFS sig-

nal. The angular scans were recorded after removing the non-bound streptavidin. The injection time of 

streptavidin-Cy5 (c = 200 µg/mL) was varied: a = 2s; b = 5s; c = 10s; d = 20s; e = 40s; f = 60s; 

g = 90s; h = 150s; I = 8min; j = 14.5min. The excitation intensity of the laser was adjusted to 100 % 

reflectivity corresponding to 145 µW and c(strept-Cy5) = 200 µg/mL.  

 

The detected fluorescence with SPFS on the SAM is in the same order of magnitude or 

up to one order of magnitude lower (data not shown) than the SPFS signal for the hy-

drogel matrix. In contrast to the hydrogel matrix (Figure 4.2.11) the affinity binding of 

streptavidin is not only visible in the increasing fluorescence but as well in the increas-

ing reflectivity in the kinetic scan, due to an increasing refractive index caused by the 

adsorption of an additional streptavidin-Cy5 layer.  

Because of the higher thickness and the resulting higher functional density of the hy-

drogel film one would expect a higher fluorescence signal for the surface plasmon fluo-

rescence in the hydrogel matrix than for the self-assembled monolayer. Possible reasons 

might be an incomplete conversion of biotin to biotin-streptavidin in the hydrogel ma-

trix or an inhomogeneous biotin distribution in z-direction. As the fluorescence, meas-

ured in the surface plasmon of the hydrogel film, still increases after 15 min of incuba-

tion indicates an incomplete affinity binding as well. This could be attributed to a diffu-

sion limited reaction. Thus, a preferential binding at the hydrogel solution interface with 

a gradually increasing coupling towards the hydrogel gold interface can be assumed. In 

contrast the self-assembled monolayer shows a surface saturation already after ap-

proximately one minute of incubation with a streptavidin-Cy5 solution of 200 µg/mL 

and a flow of 0.1 mL/min (Figure 4.2.9 B).  

In summary the coupling and detection of analytes inside a waveguiding hydrogel film 

shows high potential for a sensitive detection. The enhanced field intensity results in a 

significantly increased fluorescence signal. This technique should be a remarkable ino-

vation compared to reported sensor models with fluorescence excitation by the evanes-
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cent field of the surface plasmon
[10, 50, 84, 162]

 or by the evanescent field of an optical 

waveguide mode.
[98]

 

 

4.2.5 Detection of p53Ab6 with a Labeled Secondary Antibody as a 

Clinically Relevant Analyte in a Sandwich Assay 

 

In order to demonstrate the capability of detecting clinically relevant analytes p53Ab6, 

which is a primary antibody to the tumor suppressor protein p53, was detected by 

screening with a fluorescence labeled secondary antibody in a sandwich assay. In prin-

ciple the assay can be performed in a reversed order for the detection of p53 as well. 

The short half-life of p53 and the permanently present ground level of p53 in healthy 

humans is a disadvantage for the analysis of p53. The detection of mutated p53 would 

be more reasonable.
[118]

 The detection of p53-antibodies, produced in an autoimmune 

response associated with a p53 overexpression or accumulation upon p53 mutation,
[125, 

135, 136]
 is a more useful sensor approach. Especially because p53-antibodies were rarely 

found (0-3%) in healthy control patients
[136]

 but were shown to function as tumor 

marker for example recently in colorectal cancer.
[143]

 

Analog to the covalent immobilization of biotinethylenediamine and as depicted in the 

sensor concept (Figure 4.2.1) p53 was covalently bound to the dextran hydrogel net-

work incubating the hydrogel matrix with a 24 µg/100µL solution of p53 in 10mM ace-

tate buffer at pH 5.5 after activation of the carboxyl groups with EDC/NHS. Alterna-

tively, the primary antibody p53Ab6 can be bound to the hydrogel network with the 

same strategy followed by p53 coupling to the antibody in the second step (data not 

shown). The p53 functionalization of the hydrogel matrix is followed by coupling at 

increasing concentrations of the primary antibody p53Ab6 (0,1-50 µg/mL PBS 

150 mM) which is subsequently screened by an Alexa Fluor647-labeled secondary anti-

body solution (200 µg/mL in 150mM PBS) (Figure 4.2.13). To proof the specificity of 

the p53Ab6 detection a blind experiment without p53Ab6 but with p53 present in the 

hydrogel network was performed. Similar to the case of biotin/streptavidin-Cy5 almost 

no unspecific binding could be observed and the fluorescence signal for the highest ana-

lyte concentration was in the range of 1-2,5x10
4
, which is more than two orders of 

magnitude lower than the one for the specific detection of p53Ab6 (Figure 4.2.10). To 

proof the specific binding of p53Ab6 and of the secondary antibody a western blot 

(Figure 4.2.14) was performed by Sandra Ritz at the Max Planck Institute for Polymer 
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Research. Thereby, the proteins are separated by gel electrophoresis according to their 

size. The protein size can be deduced by comparison with a standard mixture containing 

various size markers. The specific antibody-protein interaction was proofed. The differ-

ence in sensitivity between the fluorescence detected with the optical waveguide modes 

and the surface plasmon for the highest concentration is a factor of ~2000 which is in 

agreement to the biotin experiment of comparable experimental parameters (Chap-

ter 4.2.4). Comparing the fluorescence intensity the order of fluorescence signal (Fig-

ure 4.2.13) is in agreement with the coupling efficiencies of the different optical 

waveguide modes although the difference in the measured fluorescence does not exactly 

match the one for the coupling efficiency. The aberration increases from TM4 to TM1. 

Basically, this follows the same trend than for the streptavidin-Cy5 detection indicating 

a non-homogeneous analyte distribution in z-direction as discussed for streptavidin in 

Chapter 4.2.5. Because of the lower amounts of p53 used for covalent matrix modifica-

tion an even more pronounced inhomogeneity is expected. The molecules are expected 

to start the binding at the hydrogel solution interface where they enter the sensor matrix. 
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Figure 4.2.13: Fluorescence detection of p53Ab6 as a clinically relevant analyte
[125]

 with a labeled sec-

ondary antibody in a sandwich assay. The angular scans are shown in (A) and the fluorescence as a 

function of the p53Ab6 concentration in (B). The laser intensity was adjusted to 100% corresponding to 

145 µW and the concentration of the secondary antibody solution to 200µg/mL.  

 

The lowest concentration of p53Ab6 used was 100 ng/mL. An injection volume of 

1 mL and an injection time of 10 min were used. Under these conditions an increase in 

the fluorescence signal after rinsing of 1,6x10
4
 to 9,4x10

5
 for TM4, with a TM-coupling 

efficiency of 15% reflectivity was achieved. This is an increase in the fluorescence sig-

nal of almost two orders of magnitude for a ng/mL concentration showing the potential 

of this technique. This holds true, if the non-optimal parameters like analyte distribution 

inside the matrix, the number of optical waveguide modes with the corresponding film 

thickness and the coupling efficiency as well as the amount of analyte capturing units 

will be optimized. For evanescent OWFS, limits of detection in the range of 100 fM 
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with a coupling efficiency of 50% are reported for DNA hybridization. The correspond-

ing SPFS detection revealed a limit of detection (LOD) of 2 pM.
[98]

 Tumor marker are 

usually analyzed by ELISA or Western Blot in the range of ng/mL.
[125, 136, 142]

 For SPFS 

sensitivities down to attomolar concentrations are reported
[84]

 

 

Western Blot  

 

The performance of the p53-p53Ab6 (monoclonal antibody, Dianova) was tested in a 

Western Blot by Sandra Ritz at the Max Planck Institute for Polymer Research. The 

results indicate an effective coupling of the antibody to the protein (Figure 4.2.14). This 

supplementary information for the biosensor detection of p53-p53Ab6 proofs the spe-

cific interaction between p53Ab6 and the protein p53 and thus supports the results of 

the SPFS/OWFS experiments. 

p53 (53kDa) detected by primary antibodyp53 (53kDa) detected by primary antibody

 

Figure 4.2.14:Western Blot analysis of the p53-p53Ab6 antibody binding specify to recombinant human 

p53 (53 kDa). Serial dilutions of the monoclonal p53 antibody from 1:100 – 1:1000 indicated the high 

antibody reactivity even at lower antibody concentrations.  

 

4.2.6 Streptavidin-Cy5 Analyte Distribution in a Hydrogel Matrix  

 

To evaluate the potential of analyte detection using the OWFS signal, information about 

the analyte distribution and the dependence of the OWFS signal on parameters like 

coupling efficiency and field distribution are necessary. The sensing layer is probed 

with a varying local sensitivity depending on the waveguide mode-number (TM). Con-

sequently, knowing the field distribution of the different leaky optical waveguide modes 

(TM), the analyte distribution inside the film can be estimated. On the other hand, the 

obtained information can be applied to tune the waveguiding matrix towards optimal 

waveguiding conditions concerning the coupling efficiency and the number of optical 

waveguide modes. The aim is to characterize critical parameters and to identify optimal 

conditions for analyte detection with OWFS. The gained knowledge should result in an 
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improved sensitivity by using the maximum of the electromagnetic field instead of us-

ing for example the evanescent tail on top of a waveguiding layer for fluorescence exci-

tation.[95, 98] 

 

Fluorescence and Leaky Optical Waveguide Modes  

 

In order to develop a more differentiated picture of the fluorophore distribution and the 

fluorescence detection with the optical waveguide modes, a hydrogel film of approxi-

mately 1µm thickness in the dry state was prepared. The binding hydrogel matrix was 

swollen to 12 µm in PBS 150 mM with an average refractive index of 1.355 resulting in 

a surface coverage of 570 ng/mm² (Figure 4.2.15 A) guiding 10 optical waveguide 

modes.  

A high number of optical waveguide modes allows for a more precise film characteriza-

tion using the reversed Wentzel-Kramer-Brillouin approximation
[92]

 and the theory of 

the relative photon density.
[96]

 The excitation laser beam intensity was decreased to 10% 

reflectivity, corresponding to 14.5 µW, reducing the fluorescence intensity by a factor 

of 10. Besides, the streptavidin-Cy5 concentration was reduced to 100 µg/mL. The real 

time kinetic SPR/SPFS signal is shown in Figure 4.2.15 A. The inset shows the injec-

tion time dependent fluorescence signal excited by the evanescent field of the surface 

plasmon after removing the non-bound analyte. Obviously, short injection times of 1 or 

3 seconds don’t allow the labeled streptavidin to diffuse completely through the 12µm 

thick hydrogel matrix as almost no fluorescence increase is detected with the evanescent 

field of the surface plasmon located at the gold-hydrogel interface (Figure. 4.2.15 A). 

Equilibrium SPFS signal and consequently equilibrium diffusion was reached within 

approximately 5 minutes in agreement with the measurements shown in Chapter 4.2.4. 

The fluorescence excited by the surface plasmon after matrix saturation is about a factor 

of 130 lower than the one excited by the electromagnetic field of the optical waveguide 

modes (Figure. 4.2.15) with a coupling efficiency of the optical waveguide modes being 

a factor of 7 lower compared to the data shown in Figure 4.2.7 (Chapter 4.2.4). The de-

creased coupling efficiency can most likely be attributed to an increased film inho-

mogeneity especially at the gold-hydrogel interface, which was usually observed for 

very thick hydrogel films. Film inhomogenety results into “loss of light” which be-

comes noticeable in an increased imaginary part of the refractive index and thus a lower 

coupling efficiency. 
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Figure 4.2.15: Comparison of the fluorophore detection in a thick hydrogel film guiding 10 leaky 

waveguide modes at a thickness of ~11 µm. A) SPR and SPFS signal for the detection of streptavidin-Cy5 

(100 µg/mL) monitored in real time at a fixed angle in the surface plasmon absorption. The reflectivity is 

shown in black, the simultaneously measured surface plasmon excited fluorescence in blue. B) Fluores-

cence excited by the electromagnetic field of the optical waveguide modes (OWFS) (laser inten-

sity = 10% reflectivity = 14.5 µW). The injection time of the streptavidin-Cy5 solution was a = 1s; 

b = 3s; c = 6s; d = 11s; e = 21s; f = 41s; g = 71s; h = 1.8min; I = 2.8min; j = 4.8min; k = 9.8min; 

l = 15.3min. 

 

Taking into account the reduced coupling efficiency, the reduced streptavidin-Cy5 con-

centration (factor 2) and the reduced laser intensity (10% reflectivity) the results are in 

agreement to the ones discussed in Chapter 4.2.4. 

 

Theory of the Relative Photon Density 

 

The different optical waveguide modes show a significantly different sensitivity and 

saturation fluorescence intensity (Figure 4.2.15 B). To simulate the theoretically ex-

pected relative fluorescence intensity for every optical waveguide mode after analyte 

saturation the theory of the relative photon density (Chapter 2.3) was applied. This the-

ory was introduced by Zong et. al.
[96]

 and assumes a homogeneous dye-distribution in-

side the matrix. In case the simulated data reflects the measured fluorescence well, one 

can state that the fluorophores are homogeneously distributed through the film. The 

theoretically expected saturation fluorescence (Γ) depends on the electromagnetic field 

of the optical waveguide mode guided inside the hydrogel film, the coupling efficiency 

(η), and the effective refractive index (Neff).  

a
N

N

imeff

realeff
⋅⋅≡Γ η

,

,
     (4.2.1) 

The lower the number of the optical waveguide mode, the higher the percentage of the 

electromagnetic field guided inside the matrix (α). The refractive index values intro-

duced into the theory of the relative photon density are calculated on the basis of this 

WKB profile (Chapter 2.3). The hydrogel film refractive index-thickness profile repre-
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sents a two-layer model indicated by the two hatched areas in Figure 4.2.16 A. The rela-

tive coupling efficiency is extracted from the SPR/OWS angular scans and is depicted 

in Figure 4.2.16 B. The measured fluorescence in dependence of the injection time for 

every TM-mode is shown in Figure 4.2.15 Β. Normalizing the measured fluorescence 

on the coupling efficiency, results in a fluorescence intensity sequence from TM1 with 

the lowest OWFS signal to TM9/10 with the maximum fluorescence signal (Figure 

4.2.16 D). Knowing the electromagnetic field distribution of the TM-mode (Figure 

4.2.16 C) the reversed order would be expected due to the increasing electromagnetic 

field-intensity at the hydrogel-solution interface with increasing TM-number. This is a 

first indication for a non-homogeneous analyte distribution in z-direction through the 

hydrogel film. 
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Figure 4.2.16: A) Refractive index profile of the fully crosslinked hydrogel matrix calculated with the 

reversed Wentzel-Kramer-Brillouin approximation after the detection of streptavidin-Cy5. A two box-

model, indicated by the hatched boxes in (A) was used for the simulation of the angular scan. B) Relative 

coupling efficiency extracted from the angular reflectivity scan. C) Calculated electromagnetic field dis-

tribution of the optical waveguide modes based on the 2 layer-model indicated in (A). D) The measured 

fluorescence excited by the evanescent field of the optical waveguide modes normalized to the coupling 

efficiency (B) of every optical waveguide mode (laser Intensity = 10% reflectivity = 14.5 µW, 

c(streptavidin-Cy5) = 100 µg/mL).  

 

The measured fluorescence in dependence of the optical waveguide mode number is 

reviewed in Figure 4.2.17 A. The higher the waveguide mode-number the lower is the 



4.2 Results and Discussion   

 

 150 

injection time necessary to detect fluorescence. This could be explained by the increase-

ing part of the electromagnetic field that is located on the hydrogel-solution-interface 

where the analytes enter the sensor matrix. The calculated theoretical saturation fluores-

cence is compared with the measured fluorescence after maximum injection time in 

Figure 4.2.17 B. The simulated data do not exactly represent the relative values for the 

measured fluorescence but depicts the overall tendency with the maximum fluorescence 

detected for the TM7. Comparing the relative values for the different optical waveguide 

modes, the simulated data show higher fluorescence to be expected than measured for 

the lower numbered optical waveguide modes. Furthermore, the coupling efficiency 

seems to play a decisive role as can be seen by comparing the TM-number dependent 

coupling efficiency to the measured and calculated TM-number dependent fluorescence.  

The comparison of the measured OWFS signal for the experiment discussed here with 

the results discussed in Chapter 4.2.4 show the direct influence of the coupling effi-

ciency on the magnitude of the OWFS signal. The results in Chapter 4.2.4 are recorded 

with a higher coupling efficiency, with a higher laser intensity, and a higher analyte 

concentration. 
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Figure 4.2.17: A) Fluorophore detection in dependence of the number of the optical waveguide mode and 

the injection time. B) The fluorescence after maximum injection time is compared to the expected fluores-

cence calculated with the relative photon density theory showing the same tendency but no exact repro-

duction of the measured data.  

 

Knowing that the portion of the electromagnetic field detecting outside of the matrix 

increases with increasing number of the optical waveguide mode
[100]

, it can be con-

cluded that a higher amount of fluorophore is bound at the matrix-medium interface 

than close to the metal-matrix interface. This is consistent with the surface plasmon 

fluorescence that is on the same order of magnitude for a hydrogel matrix and for a self-

assembled monolayer, although the functional density in the surface plasmon detection 

range is higher for the hydrogel film than for a self-assembled monolayer.  
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4.2.7 Sensor Concept for the Detection of Prostate Specific Antigen 

with Long Range Surface Plasmon Enhanced Fluorescence 

Spectroscopy 

 

An alternative method for the development of sensors that require a thicker binding ma-

trix is the detection by long range surface plasmon enhanced fluorescence spectroscopy 

(LR-SPFS). A biosensor for the detection of prostate specific antigen (PSA) in human 

serum was developed in collaboration with Yi Wang and Jakub Dostálek. The concept 

is based on a photo-crosslinked carboxymethylated dextran (PCMD) (Chapter3.1) as 

binding matrix and long range surface plasmon-enhanced fluorescence spectroscopy 

(LR-SPFS).  

Recently, long-range surface plasmons (LRSPs) were exploited for SPFS biosens-

ing.
[163-165]

 These optical waves originate from the coupling of surface plasmons on op-

posite surfaces of a thin metallic film embedded between dielectrics with similar refrac-

tive indices. LRSPs probe the medium adjacent to the metallic surface with a more ex-

tended evanescent field than regular surface plasmons.
[164]

 Therefore, three-dimensional 

binding matrices with up to micrometer thickness have been proposed for the immobili-

zation of biomolecular recognition elements with large surface density that allows to 

exploit the whole evanescent field of LRSP.
[166]

 Currently, new hydrogel-materials 

based on NIPAAm [N-(isopropylacrylamide)] and dextran polymers were demonstrated 

to be suitable for the construction of such surface architectures.
[167-169]

 Additionally, 

LRSPs exhibit orders of magnitude lower damping compared to regular surface plas-

mons on an individual metallic surface.
[170]

 Therefore, their excitation provides larger 

enhancement of the electromagnetic field intensity and thus allows for stronger increas-

ing the fluorescence signal in SPFS sensors. The experimental setup is identical to the 

one used for SPFS and OWFS measurements, only the sample preparation is different 

as described in Chapter 2.1. 

PSA is a 33-34kDa single-chain glycoprotein which has been used for the diagnosis of 

prostate cancer.
[171]

 In blood serum it is present in its free form (f-PSA) and as a PSA 

bound to antichymotrypsin (PSA-ACT). Currently, clinically relevant levels of this ana-

lyte in blood serum are below 0.3 nM (corresponding to 10 ng mL
-1

) and they are rou-

tinely analyzed in specialized laboratories by e.g. enzyme-linked immunosorbent assays 

(ELISA).
[172]

 Biosensors for rapid detection of PSA at orders of magnitude lower con-

centrations are expected to provide a valuable tool for diagnosis of female breast can-

cer,
[173]

 early identification of prostate cancer relapse
[174]

 and in forensic applica-
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tions.
[175]

 Research for ultra-sensitive and simplified analysis of PSA was carried out 

including immuno-PCR (LOD of 6 fM and analysis time >150 min),
[176]

 bio barcode-

based detection (LOD of 30 aM and analysis time of 80 min),
[177]

 gold nanoparticle 

sandwich immunoassay combined with surface-enhanced Raman scattering (SERS) 

(LOD of 30 fM and analysis time of ~ 550 min)
[178]

 and SPR (LOD of 30 pM)
[46]

 and 

SPFS with sandwich immunoassay (LOD of 80 fM and analysis time of 40 min).
[179]

 

 

Matrix Properties 

 

The matrix used for the PSA detection was first characterized according to its swelling 

properties. Figure 4.2.18 shows the reflectivity spectra measured for the bare gold sur-

face, for the swollen hydrogel film attached to the gold surface and for the swollen hy-

drogel modified by the capture antibody c-Ab. These data reveal that after the attach-

ment of the hydrogel film and its swelling in HBS-EP buffer, the resonance dip associ-

ated with the excitation of LRSP shifts to higher angles with respect to that on bare gold 

surface. In addition, the reflectivity curve is changed in the vicinity of the critical angle 

θ = 47.5° due to the appearance of an optical waveguide mode TM2 supported by the 

thin hydrogel layer. In Figure 4.2.18 A, reflectivity curves measured for the hydrogel 

film with the ratio of benzophenone to C-H group of 1:34 and thickness of dh = 210 nm 

(in contact with air) are shown. By fitting the spectrum measured after the swelling of 

the gel in HBS-EP buffer, its thickness and refractive index was determined as dh = 0.98 

µm and nh = 1.346. Based on the effective medium theory,
[180]

 we determined the poly-

mer volume fraction as f = 7% by using the equation:  

( )
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,    (4.2.2) 

where nh-dry = 1.51
[181]

 is the refractive index of dry dextran polymer. Figure 4.2.18B 

shows the reflectivity curves for the hydrogel with the higher ratio of benzophenone to 

C-H groups of 1:23 that was deposited with a higher thickness dh = 280 nm (in contact 

with air). The fitting of the respective angular reflectivity spectra measured after the 

swelling in HBS-EP revealed that it exhibited larger thickness of dh = 1.3 µm and a 

higher refractive index nh = 1.352 corresponding to higher polymer volume fraction 

around 10 %. 
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Figure 4.2.18: Angular reflectivity spectra for a hydrogel film (A) with the ratio of benzophenone to C-H 

groups of 1:34 and the thickness of 210 nm (measured in the contact with air) and (B) with the ratio of 

benzophenone to C-H groups of 1:23 and the thickness of 280 nm (measured in the contact with air). The 

squares show the spectra for bare gold surface, triangles show the spectra measured after the attaching 

and swelling of the gel and circles show the spectra measured after the immobilization of c-Ab (HBS-EP 

buffer was flowed along the sensor surface). The dotted lines show the corresponding fits of measured 

reflectivity curves.  

 

Let us note that the optical thickness of this gel was high enough to support a TM2 

mode as can be seen from the additional resonance dip located at the angle of incidence 

θ = 47.6. Surface mass densities of Γ = 59 and 117 ng mm
-2

 were determined for two 

hydrogel films with a thickness in the swollen state of dh = 0.98 and 1.3 µm, respec-

tively (measured in HBS-EP buffer). These data indicate a higher gel density in the 

swollen state for hydrogels with a higher concentration of crosslinking benzophenone 

groups.  

 

Antibody Immobilization 

 

The immobilization of a capture antibody c-Ab into the hydrogel layer caused an in-

crease in the refractive index of the gel as seen from the shifts of the resonant dips due 

to the excitation of LRSPs and TM2 hydrogel waveguide modes. The simulation of the 

corresponding reflectivity spectra indicate that the refractive index increased to 

nh = 1.355 and 1.372 for the hydrogels with a thickness of dh = 0.98 and 1.3 µm, respec-

tively, and that the thickness of the hydrogel films swollen in HBS-EP buffer did not 

change significantly. The surface mass density of the thicker hydrogel film 

(dh = 1.3 µm) and of the thinner film (dh = 0.98 µm) increased to Γ = 247 ng mm
-2

 and 

Γ = 103 ng mm
-2

, respectively. The amount of anchored c-Ab molecules was estimated 

as the difference between the surface mass density before and after the c-Ab coupling as 

Γ = 130 and 44 ng mm
-2

 for the thicker and thinner film, respectively, that is up to one 

order of magnitude higher than that reported for regularly used dextran brushes, which 

feature a thickness of about 100 nm (CM5 chip from Biacore, Sweden).
[182]

 The pre-
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pared dextran hydrogel surfaces allowed for the immobilization of a large amount of c-

Ab of which the surface mass density was close to that of the PCMD gel itself. In fur-

ther experiments, the hydrogel with lower volume fraction around 7% was used. 

 

Kinetic Analysis of the Affinity Binding of f-PSA in Buffer 

 

The affinity binding of f-PSA to the c-Ab receptors immobilized in a PCMD hydrogel 

was observed by LRSP spectroscopy and by LRSP-enhanced fluorescence spectros-

copy. In the following experiment, we used a hydrogel with the thickness and surface 

mass density of dh = 0.95 and Γ = 66.5 ng mm
-2

, respectively, measured prior to the 

modification by c-Ab. The gel was modified by c-Ab with the surface mass density of 

Γ = 48 ng mm
-2

. The HBS-EP buffer was flowed over the sensor surface in order to es-

tablish a baseline of the reflectivity signal ∆R. Afterwards, a solution with f-PSA dis-

solved at a concentration of 300 nM was injected for 30 minutes and a gradual increase 

in the reflectivity was observed due to the refractive index changes induced by f-PSA 

binding, see Figure 4.2.19 A. After this association phase, HBS-EP buffer was flowed 

through the sensor cell and an exponential decrease in the reflectivity R was observed 

due to the dissociation of the f-PSA from c-Ab.  
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Figure 4.2.19 (A) Time evolution of the reflectivity changes ∆R upon the dissociation and association of 

f-PSA to c-Ab. The concentration of f-PSA in HBS-EP was 300 nM and the c-Ab was immobilized with 

surface mass density of Γ = 48 ng mm
-2

 in the gel with the thickness of dh = 950 nm (measured in HBS-

EP). (B) Fluorescence signal measured upon the successive flow of a solution with f-PSA (concentration 

of 10 pM in HBS-EP) and Alexa Fluor 647 chromophore-labeled d-Ab (dissolved in a concentration of 

1 nM in HBS-EP). 

 

By fitting the measured kinetics with a Langmuir adsorption model,
[183]

 the association 

and dissociation constants were determined as ka = 4.8×10
3
 M

-1
 s

-1
 and kd = 2.4×10

-4
 s

-1
, 

respectively. These values are comparable to those reported by Yu et al. 

(ka = 2.2×10
4
 M

-1
 s

-1
 and kd = 3.2×10

-4
 s

-1
)
[179]

 who analyzed the identical antigen-
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antibody pair by a SPR biosensor with c-Ab immobilized with a surface mass density of 

Γ = 1.8 ng mm
-2 

on the CM5 chip coated by a dextran brush (from Biacore, Sweden). 

The approximately 4-fold lower association constant ka indicates that the diffusion of f-

PSA through the PCMD hydrogel highly loaded with c-Ab did not hinder the binding 

kinetics dramatically. Moreover, we observed the affinity binding of the detection anti-

body d-Ab labeled with Alexa-Fluor 647 chromophore to the captured f-PSA molecules 

by LRSP-enhanced fluorescence spectroscopy. Figure 4.2.19 B shows the time kinetics 

of the fluorescence signal upon a 15-minute flow of a solution with f-PSA dissolved at a 

concentration of 10 pM followed by a 2 minute rinsing by HBS-EP buffer, 10-minute 

flow of d-Ab at a concentration of 1 nM and final rinsing by the HBS-EP buffer for 

30 minutes. After the time t = 0 when the d-Ab solution was injected, an increase in the 

fluorescence signal is observed due to the diffusion of d-Ab molecules into the gel and 

the affinity binding to the captured f-PSA molecules. During the flow of the HBS-EP 

buffer for time t > 10 min, a fast drop of the fluorescence signal F is observed owing to 

the removal of unbound d-Ab molecules. Afterwards, the fluorescence signal exponen-

tially decreased due to the dissociation of the complex c-Ab/f-PSA/d-Ab. By fitting the 

exponential decay of the signal with the Langmuir model, we determined the dissocia-

tion constant as kd = 5.5×10
-4

 s
-1

. This value is comparable to that measured for the dis-

sociation of the f-PSA bound to c-Ab which indicates good stability of c-Ab, fPSA and 

the d-Ab complex. 

 

Direct Detection of f-PSA  

 

By using LRSP-spectroscopy and a hydrogel matrix modified with PSA capturing anti-

bodies with thickness dh = 950 nm and surface mass density of Γ = 66.5 ng mm
-2

, direct 

detection of f-PSA in HBS-EP buffer was performed. As shown in Figure 4.2.20 A, the 

sequential injection of samples with f-PSA at concentrations between 3 nM and 300 nM 

induced a gradual increase in the reflectivity ∆R. After the injection of the sample with 

the maximum f-PSA concentration of 300 nM, the increase in the reflectivity shift ∆R 

started to saturate and reached approximately the value ∆R = 0.16. The specificity of the 

f-PSA binding was verified in an experiment in which 30 nM f-PSA was flowed over 

the PCMD without c-Ab which showed no significant change in the reflectivity (Figure 

4.2.20 A, green curve). In addition to the specific binding of f-PSA, we investigated the 

interaction of PCMD hydrogel with human serum that was not spiked with f-PSA. As 

seen in Figure 4.2.20 B, upon injection of a serum sample a large increase in the reflec-
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tivity change ∆R occurs which indicates that the blood serum efficiently diffuses inside 

the gel.  
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Figure 4.2.20: (A) Changes in the reflectivity ∆R measured upon the specific (black and red) and non-

specific (green) binding of f-PSA dissolved at concentrations between 3 and 300 nM in PCMD binding 

matrix. (B) Time evolution of reflectivity changes ∆R for two detection cycles with the 15 minute incuba-

tion in human serum with and without spiking with PCMD at the concentration of 0.5 mg mL
-1

 followed 

by the regeneration (R) and rinsing with HBS-EP buffer. 

 

After the rinsing with HBS-EP for 5 min, the reflectivity stabilized at ∆R = 0.07 above 

the original value prior the incubation with serum. This change is due to non-

specifically bound serum components adhering within the hydrogel matrix possibly due 

to electrostatic and physical adsorption. The non-specifically bound serum can be fully 

washed out by applying the regeneration. In addition, the spiking of serum with free 

PCMD at a concentration of 0.5 mg mL
-1

 responded in an approximately 2.7 fold de-

crease of sensor response due to the adhered serum components. This behavior is simi-

lar to that in the dextran brush (CM5 chip from Biacore Inc., Sweden) reported by Yu et 

al.
[179]

 and can be explained by the competitive binding of the substances contained in 

serum to free PCMD molecules which reduces their adsorption within the gel. The cali-

bration curve for the direct detection of f-PSA in HBS-EP buffer is presented in Fig-

ure 4.2.21.  
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Figure 4.2.21: Calibration curves for the direct detection of f-PSA (refractometric - black) compared to 

the sandwich immunoassay-based detection with fluorescence readout for f-PSA dissolved in HBS-EP 

(red) and in human serum (blue). Lines show the linear fit and the error bars show the standard devia-

tion.  

 

From these data, we determined a LOD of 0.68 nM as the concentration for which lin-

ear fit of the calibration curve reaches three times the standard deviation of the baseline 

3σ(∆R) = 8×10
-4

.  

 

Detection of f-PSA with LR-SPFS 

 

For the SPFS detection of f-PSA in HBS-EP buffer and human serum, a hydrogel with a 

thickness of dh = 1.32 µm and a surface mass density of Γ = 56 ng mm
-2

 was used. The 

antibody c-Ab was immobilized with a surface mass density of Γ = 41 ng mm
-2 

in the 

gel. In these experiments, buffer and human serum samples spiked with f-PSA were 

analyzed. As described before, the analysis was performed in cycles comprising the 

flow of the analyzed sample for 15 min followed by the 10 min incubation of the d-Ab, 

5 min rinsing with HBS-EP buffer and regeneration. Figure 4.2.22 shows the time evo-

lution of the fluorescence signal F measured during the five detection cycles for the 

HBS-EP samples spiked with f-PSA at concentrations of 0 - 10 pM. These data reveal 

that fluorescence sensor response ∆F increases with the concentration of f-PSA. For the 

concentration of f-PSA equal to zero, a rapid step-like increase and decrease in the fluo-

rescence signal F was observed at time t = 0 and 10 min, respectively, due to the diffu-

sion of d-Ab in and out of the gel. No measureable change in the fluorescence signal ∆F 

was observed for the blank HBS-EP buffer sample, and the sample with the f-PSA at a 

concentration of 10 pM induced a sensor response of ∆F = 2.3×10
4
 cps.After the flow 

of the detection antibody d-Ab, the angular fluorescence intensity spectra were meas-

ured for the concentrations of f-PSA 0, 0.4 and 10 pM, see Figure 4.2.22B. Strong fluo-



4.2 Results and Discussion   

 

 158 

rescence peaks were observed at the angle of incidence for which LRSPs were reso-

nantly excited and their maximum intensity increases with the concentration of f-PSA. 

Moreover, an enhanced fluorescence signal was measured at angles close to the critical 

angle θ = 47.4°. This increase is due to the coupling of the incident light to the hydrogel 

waveguide mode TM2 that provides an additional enhancement of the electromagnetic 

field intensity similar to LRSPs. Similarly, the sensor response ∆F for a series of human 

serum samples spiked with f-PSA was measured. For the analysis of blank human se-

rum sample not spiked with f-PSA, a significant increase in the senor response of ∆F(0) 

~ 625 cps was observed which was probably due to the non-specific adsorption of d-Ab 

to the blood plasma components adhering to the sensor surface. 
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Figure 4.2.22 (A) Time evolution of the fluorescence signal F upon the analysis of HBS-EP samples 

spiked with f-PSA at concentrations 0 - 10 pM. (B) Angular fluorescence spectra measured after the flow 

of HBS-EP samples spiked with f-PSA at concentrations of 0, 0.4 and 10 pM. 

 

The comparison of the calibration curve for the direct detection f-PSA in HBS-EP 

buffer (SPR) and for the fluorescence readout of sandwich immunoassay detection of f-

PSA in HBS-EP and human serum (SPFS) is presented in Figure 4.6.21. The LOD for 

the SPFS readout was defined as the concentration for which the linear fit of the calibra-

tion curve reaches that for a blank sample ∆F(0) plus three times the standard deviation 

of the fluorescence signal 3σ(F) = ~230 cps. For the detection in HBS-EP buffer and 

human serum, the LOD of 34 and 330 fM was determined, respectively. The LOD of f-

PSA in human serum is about one order of magnitude higher than that of PSA in buffer 

probably due to slower diffusion of f-PSA into the gel in the serum which exhibit higher 

viscosity and owing to the blocking the c-Ab antibody immobilized in the hydrogel ma-

trix by means of non-specific adsorption. The sensor surface showed good reproducibil-

ity with the relative standard deviation of the sensor response ∆F of 4% after 30 detec-

tion cycles and four days of operation. SPFS-based analysis of an individual sample was 

performed in 30 min including the 15 min incubation of the sensor surface with a sam-
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ple, 10 min flow of the d-Ab and 5 min washout of the sensor surface. In comparison to 

the regular SPFS and dextran brush surface architecture reported by Yu et al.
[179]

, a 

moderate improvement of LOD (approximately two-fold) and sample incubation time 

(two-fold) was achieved. In human serum, the LOD was significantly deteriorated. This 

effect was probably due to the non-specific interaction of the serum with the PCMD 

hydrogel matrix that was not observed for the dextran brush on the top of the CM5 chip 

(from Biacore, Sweden). 

We expect that the LOD can be further improved by the optimization of the hydrogel 

density and thickness in order to provide faster diffusion of target analyte and its bind-

ing closer to the surface where the LRSP field enhancement is stronger. In addition, 

compacting the captured analyte on the sensor surface by externally triggered collapse 

observed for “smart” gels can be used for more sensitive detection of molecular bind-

ing.
[184]

 For the thickness of the hydrogel matrix dh larger than 1 µm, the excitation of 

an additional hydrogel waveguide mode was observed to provide enhancement of the 

fluorescence signal which may provide new, potentially more sensitive, means for the 

detection of biomolecular binding events.  

In summary the PCMD matrix exhibits a highly open structure in which protein catcher 

molecules can be immobilized with orders of magnitude larger surface mass density 

compared to e.g. the monolayer surface architectures relying on thiol-SAM. The meas-

urement of the kinetics of the binding of f-PSA to the immobilized catcher antibody 

showed that the target analyte can diffuse fast through the gel and the determined affin-

ity binding constants were comparable to those obtained for other surface architectures. 

The direct detection of f-PSA by using the spectroscopy of LRSPs and sandwich immu-

noassay-based detection combined with SPFS were carried out. The LOD for the fluo-

rescence-based detection of 34 fM was achieved in buffer, which was more than 4 or-

ders of magnitude lower than that for the direct detection. In addition, the fluorescence 

readout combined with the sandwich immunoassay was less affected by the non-

specific interaction of human serum with the PCMD hydrogel matrix and allowed for 

the analysis of f-PSA at concentrations down to 330 fM.  

 

4.2.8 Conclusion and Outlook 

 

Two new biosensor platforms exploiting the excitation of optical waveguide modes and 

long range surface plasmons in a thick PCMD hydrogel matrix were developed, charac-



4.2 Results and Discussion   

 

 160 

terized and applied to clinically relevant analytes. The analyte detection by OWFS in-

side a several µm thick hydrogel layer showed a fluorescence enhancement of 2-3 or-

ders of magnitude compared to the corresponding SPFS signal and an iimproved signal 

to noise ratio. Although, many factors such as the analyte distribution inside the matrix, 

the coupling efficiency of the optical waveguide modes or the thickness of the PCMD 

matrix can still be optimized, the fluorescence enhancement with OWFS compared to 

SPFS is very promising. The results for the detection of the clinically relevant 

p53-antibodies are in agreement with the detection of streptavidin as a model system 

which proofs the applicability of the concept. Furthermore, the sensor concept can be 

simplified if no surface plasmon is needed. The gold layer can be reduced resulting in 

highly enhanced coupling efficiencies of the leaky optical waveguide modes. Increased 

coupling efficiencies are expected to result in an increased fluorescence signal and thus 

in an increased sensitivity. Further optimization of the hydrogel matrix could aim for 

the optimization of the carboxyl group content and thickness for example. 

The application of the PCMD binding matrix to clinically relevant samples was per-

formed by exploiting the excitation of long range surface plasmons for the detection of 

f-PSA in human serum. The LOD for the fluorescence-based detection of 34 fM was 

achieved in buffer, which is more than 4 orders of magnitude lower than the one for the 

direct detection. In addition, the fluorescence readout combined with the sandwich im-

munoassay was less affected by the non-specific interaction of human serum with the 

PCMD hydrogel matrix and allowed for the analysis of f-PSA at concentrations down to 

330 fM.  

Further optimization of the hydrogel matrix and modifying the optical sensor concept 

for the readout of arrays of sensing spots is expected to provide a generic biosensor 

platform for rapid and ultra-sensitive analysis with potential applications in a range of 

important areas including medical diagnostics. 

 

4.2.9 Experimental 

 

Hydrogel Matrix: The synthesis of the PCMD hydrogel matrix and its film formation 

and surface attachment is described in Chapter 3.1. The hydrogel matrix used for these 

experiments was type (3). A schematic synthesis overview is shown in Figure 3.1.1. 

The hydrogel samples were swollen in buffer, usually PBS 150mM, over night to reach 

an equilibrium state followed by the screening of the different buffers and the biosensor 

experiment. 

SPR/OWS Measurements: Surface plasmon resonance-, optical waveguide mode and 

fluorescence spectroscopy were performed in the Kretschmann configuration
[57]

. The 



  4.2 Results and Discussion 

 

 161 

experimental setup and the simulation of the experimental data on the basis of the Fres-

nel equation for a so called box-model system is described in Chapter 4.1.7 and Chapter 

2.1. The simulation of the OWS/SPR spectra applying the reversed 

Wentzel-Kramers-Brillouin approximation to extract the refractive index-thickness film 

profiles is described and applied in Chapter 4.1.6 and Chapter 2.3. 

The incident laser intensity (HeNe laser, 633 nm) was adjusted to an identical value of 

100 % reflectivity for all experiments. Thereby, 100 % reflectivity corresponds to 

145 µW. For this purpose the detector was placed at an angular position of 90º. In this 

position the laser beam directly reflected into the detector. The detected intensity is than 

adjusted to 100 %.  

SPFS/OWFS Measurements: A photomultiplier which is located at the backside of the 

flow cell at the opposite site of the incoming laser beam detects the fluorescence inten-

sity. To filter the laser light a 633 nm Notch Filter (Semrock, NF01-633U-25) and to 

select the fluorescence light a 670 nm BrightLine (Semrock) were used. Hence a simul-

taneous recording of the SPR/OWS- and the fluorescence spectrum is possible. The 

laser intensity was adjusted to 100 % or 10 % reflectivity corresponding to 145 µW or 

14.5 µW respectively. The energy used for fluorescence excitation is further reduced to 

the light intensity dissipated into the hydrogel matrix. 

The exponentially decaying electromagnetic field of the surface plasmon has a detection 

range of approximately 150-200 nm.
[57]

 Consequently a shift of the surface plasmon 

indicates a change of the refractive index within the 200 nm from the hydrogel-gold 

interface whereas the optical waveguide modes are screening refractive index variations 

of the entire hydrogel matrix. After reaching equilibrium surface plasmon signal an an-

gular scan was measured and the refractive index-thickness PCMD profile was ex-

tracted (Chapter 2.3) and compared to the one before incubation  

The WKB Profiles were calculated as described in Chapter 2.3 and 4.1.7. The angular 

position of the optical waveguide modes are used for the calculation of a refractive in-

dex-thickness profile on the basis of Fresnel’s equations (program: Bernhard Menges, 

Max Planck Institute for Polymer Research, Mainz, Germany). The value calculated for 

x = 0 nm is set to x = 150 nm and the refractive index derived from the surface plasmon 

in the angular spectra is set to x = 0 nm. 

The electromagnetic field distribution of the optical waveguide modes and the optical 

waveguide mode dependent refractive index were calculated by Markus Plum. There-

fore, the commercially available program ATSOS (A. Unger, U. Trutschel, and 

U. Langbein, “Design software for stratified optical systems with planar and  

cylindrical symmetry,” in DGaO-Proceedings 2007, http://www.dgao-

proceedings.de/download/108/108_p12.pdf.) was applied. The parameters of the 

“box-model” simulating the reflectivity-angular scans of the corresponding matrix are 

used to calculate the electromagnetic field distribution of the optical waveguide modes. 

The values for the 2 boxmodel system are summarized in table 4.2.1. 

 

Table 4.2.1 Parameters used for the simulation with “ATSOS”. 

Layer Thickness /nm ε’ (real) ε’’ (imaginary) 

LaSFN9 0 3,407 0 

Chromium 1.9 -4 16,8 

Gold 46 -12,4 1,6 

SAM 3 2,06 0 

Hydrogel-I 150 1,879 0 

Hydrogel-II 11500 1,8567 0,0013 

PBS 0 1,778 0 
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Coupling with Para-Tetrafluorophenol Sulfonate (TFPS): For the coupling of bovine 

serum albumin (BSA) to the carboxyl groups of the dextran-based hydrogel matrix a 

BSA concentration of 5 mg in 500µL 10 mM acetate buffer at pH 4 which is below its 

isoelectric point was injected for 5 minutes. The hydrogel matrix used for this experi-

ment had a degree of benzophenone substitution of ~0.018 and a degree of carboxy-

methylation of ~0.27. 

Biosensor Experiments: The sample cell used for all biosensor experiments consists of 

a custom-made glass flow cell with an inlet and an outlet needle at a distance of 0.7 cm 

and a PDMS spacer enclosing the in- and outlet. The volume was ~ 40 µL. This cell is 

placed onto the hydrogel covered substrate and placed into the SPR/OWS setup.  

For the covalent immobilization of biotinethylenediamine hydrobromide and p53 the 

swollen PCMD-hydrogel matrix was activated with a fresh mixture of usually 500 µL 

of 0,4 M 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC) and 

500 µL of 0,1 M N-hydroxysuccinimide (NHS) in distilled water for 10 min followed 

by rinsing with buffer for 3 minutes and the injection of 1 mL of biotinethylenediamine 

hydrobromide (Sigma Aldrich) in 10 mM sodium acetate buffer (pH 5,5) at a concentra-

tion of 2 mg/mL for 10 min. For the p53 immobilization the sensor matrix was typically 

incubated with 100 µL p53 (Wild-type, Dianova) (20 µg) solution prepared in sodium 

acetate buffer (10mM, pH 5,5) for 50 min.  

For the detection of streptaviding-Cy5 in a biotinethyleneamine modified 

PCMD-hydrogel matrix streptavidin-cy5 (BioLegend) dissolved in PBS 150 mM was 

injected with increasing injection times at a fixed concentration of 200 or 100 µg/mL. 

The binding was followed by the SPR kinetic mode at a fixed angle in the linear part of 

the surface plasmon and by recording a SPR/OWS/SPFS/OWFS scan before and after 

every incubation step after reaching equilibrium of the fluorescence and SPR signal. 

The p53-modified hydrogel served as matrix for the detection of p53Ab6. Therefore, 

increasing concentrations of p53Ab6 (monoclonal, Dianova) (0,1-50 µg/mL) in PBS 

were injected at a flow rate of 0,1 mL/min and the unbound antibody was subsequently 

removed by rinsing with PBS for 5 minutes until equilibrium signal was reached. Sub-

sequent injection of 100 µg of the secondary antibody Alexa Fluor 647 goat anti-mouse 

IgG (H+L) (MoBiTec) in 500µL PBS for 5 minutes resulted in screening of the 

p53Ab6. The unbound antibody was again washed out until the equilibrium fluores-

cence signal was reached. Every detection step was documented by an 

SPR/OWS/SPFS/OWFS spectrum.  

In case different coupling conditions were used for any of the biosensing steps these are 

indicated in the corresponding Figure captions. 

Western Blot Analysis: The Western Blot was performed by Sandra Ritz at the Max 

Planck Institute for Polymer Research.. In order to analyse the binding specify and the 

appropriate working dilution for the p53-antibody, 0.2 µg of p53 (Dianova) were mixed 

with reducing SDS loading buffer and denaturised at 70°C for 10 min. The protein was 

separated by electrophoresis on a NuPAGE 10% Bis-Tris gel (Invitrogen) and trans-

ferred to a 0.45 µm nitrocellulose membrane by semi-dry blotting. The immunodetec-

tion performed with a chemiluminescent detection system for mouse primary antibodies 

(Western Breeze, Invitrogen) according the standard protocol with indicated dilutions of 

the p53-p53Ab6 monoclonal antibody (Dianova). The protein size was determined with 

the Magic Mark XP protein ladder (Invitrogen).  

Long Range Surface Plasmon Enhanced Fluorescence Detection: 

Chemicals and Biochemicals: All reagents were used as received without further puri-

fication. f-PSA (>95% pure from human seminal fluid, A32874H), a monoclonal mouse 

IgG1 antibody recognizing the PSA epitope 4 used as a capture antibody (c-Ab, 
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M86599M) and a monoclonal mouse IgG2a antibody specific for the PSA epitope 6 used 

as a detection antibody (d-Ab, M86506M) were obtained from Biodesign (Biosite, 

Sweden). HBS-EP buffer (degassed 10 mM HEPES buffer saline, pH 7.4, 150 mM 

NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P-20), acetate buffer (10 mM, pH 5.0), 

glycine buffer (10 mM, pH 1.7) were obtained from Biacore (Sweden). The d-Ab was 

labeled using Alexa Fluor 647 labeling kit from Molecular Probes Inc. (USA). The dye-

to-protein molar ratio was determined by an UV-visible spectrometer as 5. Single donor 

female serum was obtained from Innovative Research (USA). The novel photo-

crosslinkable carboxymethyl dextran (PCMD) was synthesized as described in Chap-

ter 3.1. The PCMD carried carboxyl groups for the anchoring of protein molecules via 

their amino groups and benzophenone groups for the crosslinking and attaching of the 

gel to a metallic surface that was modified with benzophenone moieties by UV light. In 

the following experiments, we used two PCMDs with the ratio of benzophenone and 

carboxyl groups to C-H groups of 1 : 6.5 : 34 and 1 : 4.4 : 23, respectively. The benzo-

phenone-terminated thiol was synthesized as described in the literature.
[168]

  

Sensor Instrument As described in Chapter 2.1, an attenuated total reflection (ATR) 

method was used for the excitation of LRSPs on the sensor surface. A transverse mag-

netically (TM) polarized beam from a HeNe laser (λ = 632.8 nm) was coupled to a 

LASFN9 glass prism. Onto the prism base, a sensor chip with a layer structure support-

ing LRSPs was optically matched. This layer structure consisted of a low refractive in-

dex film (Cytop CTL-809M obtained from ASAHI, Japan) and a gold film with the 

thicknesses of ~770 nm and ~ 20 nm, respectively, prepared as described previously.
[164]

 

A flow-cell with a volume of approximately 12 µL was mounted against the sensor sur-

face. Aqueous samples (with a refractive index close to nb = 1.333) were pumped at the 

flow rate of 0.5 mL min
-1 

through the flow-cell using a peristaltic pump. The analyzed 

samples circulated in the fluidic system with a total volume of 800 µL. The fluorescence 

light emitted from the sensor surface was collected through the flow-cell by a lens (nu-

merical aperture NA = 0.3), passed through a band-pass filter (transmission wavelength 

of λ = 670 nm) and its intensity was detected by a photomultiplier tube (PMT) from 

Hamamatsu (H6240-01, Japan). The LASFN9 glass prism was mounted on a motorized 

rotation stage and angular reflectivity spectra R(θ) were measured by using a photodi-

ode detector and lock-in amplifier. The monitoring of reflectivity changes ∆R at an an-

gle of incidence θ set to the maximum slope of the dip associated with the resonant ex-

citation of LRSPs allowed the measurement of refractive index changes with the resolu-

tion around 10
-6

 refractive index units (RIU). The electronics supporting the sensor sys-

tem was controlled by using the software Wasplas developed at the Max Planck Insti-

tute for Polymer Research in Mainz (Germany). The measured reflectivity curves were 

fitted by the transfer matrix-based model implemented in the software Winspall devel-

oped at the Max Planck Institute for Polymer Research in Mainz (Germany). By using 

this model, the thickness dh and the refractive index nh of the hydrogel binding matrix 

was determined by fitting the resonant angles for the excitation of LRSP and hydrogel 

waveguide modes similar as described before.
[167]

 In the further analysis, we assumed 

that the refractive index of the hydrogel nh changes with the concentration of proteins 

and the hydrogel polymer as ∂n/∂c ≈ 0.2 µL mg
-1

. From the refractive index contrast nh - 

nb and the thickness dh the surface mass density Г of the hydrogel film was calculated 

as: 

( )h b h

h

c
n n d

n

∂
Γ = −

∂
.     (4.2.1) 

Functionalization of the Sensor Surface: The gold-coated substrates were immersed in 

ethanol containing 5 mM benzophenone-terminated thiol to allow the formation of a 
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self-assembled monolayer (SAM). After the overnight incubation, the gold surface was 

rinsed with ethanol and dried with a nitrogen stream. On the surface modified by the 

thiol-SAM, a PCMD layer was deposited by spin-coating with the thickness in the range 

of 210 - 280 nm (measured in contact with air) from an aqueous solution with the con-

centration of PCMD between 60 and 80 mg mL
-1

. Afterwards, the PCMD film was 

dried at a temperature of T = 45 °C for 4 hours and exposed to UV-light (wavelength of 

λ = 254 nm, irradiation energy dose of 2 J cm
-2

) for 90 min in order to establish its 

photo-chemical attachment to the surface and cross-linking. Then, the substrates were 

mounted to the sensor, the PCMD hydrogel was swollen in ACT buffer at pH = 5 and in 

situ c-Ab were immobilized according to the following recipe. Firstly, a mixture of 1-

(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 37.5 mg mL
-1

) and 

N-hydroxysuccinimide (NHS, 10.5 mg mL
-1

) was flowed for 8 min in order to form 

terminal NHS ester moieties. Afterwards, the c-Ab dissolved in sodium acetate buffer 

(10 mM, pH 5.0) at a concentration of 50 µg mL
-1

 was injected for 30 min followed by 

rinsing with ACT buffer for 10 min. The unreacted NHS ester moieties were deacti-

vated by the incubation in a 1 M ethanolamine hydrochloride solution for 7 min. 

Detection Assay: Series of samples were prepared by spiking HBS-EP buffer and hu-

man serum (volume of 800 µL) with f-PSA. Samples with f-PSA dissolved in HBS-EP 

at concentrations between 3 and 300 nM were used for the evaluation of the direct de-

tection of f-PSA. For the SPFS-based detection, f-PSA was dissolved in human serum 

(with free PCMD at a concentration of 0.5 mg mL
-1

) and HBS-EP buffer at concentra-

tions ranging from 100 fM to 10 pM. In the direct detection experiment, HBS-EP buffer 

was flowed for 10 min in order to establish a baseline followed by an the incubation of 

the sensor surface with of a sample for 30 min and rinsing by HBS-EP buffer for 

10 min. Upon the binding of f-PSA to the PCMD hydrogel with c-Ab, the changes in 

reflectivity R were measured in time at a fixed angle θ set to the value providing the 

highest slope of the reflectivity LRSP dip. The direct sensor response was determined as 

the difference of the reflectivity signal ∆R before and after the f-PSA binding. In the 

SPFS-based detection, a sandwich immunoassay was employed. Firstly, a sample 

spiked with f-PSA was flowed through the sensor cell for 15 min. Afterwards, the hy-

drogel matrix was rinsed for one minute with HBS-EP buffer and d-Ab dissolved at a 

concentration of 1 nM was flushed through the sensor cell for 10 min followed by rins-

ing with HBS-EP buffer for 5 min. The fluorescence signal F was measured as a func-

tion of time at the resonant angle of incidence θ providing strong enhancement of the 

electromagnetic field due to the coupling to LRSPs. The fluorescence sensor response 

∆F was evaluated as the difference between the fluorescence signal F before the injec-

tion of d-Ab and after the 4.5 min rinsing with HBS-EP (data points measured during 1 

minute were averaged). The detection was performed in cycles. After each detection 

cycle, the sensor surface was regenerated by a 5-10 min pulse of glycine (pH = 1.5) and 

a 5-15 min pulse of 10 mM NaOH in order to release the captured f-PSA leaving free c-

Ab binding sites.  
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4.3 Electroresponsivity of a Ferrocene-Modified Hydrogel Matrix 

 

 

 

Efficient external charge manipulation of a hydrogel matrix would open fascinating 

possibilities for example in the field of sensors or separation. Hydrogels containing re-

dox centers might be candidates for this kind of application. For this purpose, a dex-

tran-based hydrogel modified with redox centers was synthesized and the response upon 

oxidation and reduction of the ferrocene redox moieties is presented. In order to charac-

terize the electrochemical properties and the film morphological changes simultaneous 

SPR/OWS spectroscopy and cyclic voltammetry as well as the application of permanent 

potentials were carried out.  

 

4.3.1 Introduction 

 

Redox stimuli responsive, electroactive polymers have been developed for the last dec-

ades due to their potential use in electrocatalysis
[1-3]

, biofuel cells,
[4, 5]

 photoelectro-

chemistry
[6]

, biosensing,
[7-10]

 drug delivery
[11-14]

 and actuators.
[15-17]

 Besides hydrogel 

based systems
[18-21]

 mainly discussed here donor-acceptor systems,
[22]

 responsive 

monolayers,
[23]

 polymer brushes
[24, 25]

 and dendrimers
[26]

 are currently under investiga-

tion. For a monolayer of poly(ferrocenyldimethylsilanes) investigated with surface 

plasmon resonance spectroscopy, atomic force microscopy and ellipsometry a reversible 

thicknes increase over 10% was found upon oxidation assuming a constant refractive 



4.3 Results and Discussion   

 

170 

index.
[23]

 Hydrogels are potential systems because of their biocompatiblility and their 

three-dimensional polymeric network which can carry large amounts of fluid and re-

semble biological tissue. Electrical stimuli allow a precise control of charge and respon-

sive behavior with respect to the magnitude of current, duration of electric pulses and 

intervals between the pulses for example. Upon applying an electrical field , electrore-

sponsive hydrogels generally change their swelling state
[27-29]

 or bend,
[30, 31]

 depending 

on their composition, shape and relative position to the electrodes. Bending occurs for 

polyelectrolyte hydrogels with the main axis located parallel to the electrode without 

touching it. Hydrogels with their main axis perpendicular to the electrode usually des-

well upon electrical stimuli.
[13, 32]

  

The influence of various parameters like pH and charge density on the mechanoelastic 

behavior of electric sensitive hydrogels was simulated by several groups and found to 

be in agreement with experimental data.
[33-35]

 Applying an electric field above a certain 

threshold value, polyelectrolyte hydrogels without any redox functionalization can des-

well, swell or erode depending on the gel itself and the experimental set-up.
[18]

 Gener-

ally they shrink because water is syneresed from the hydrogel. This contraction occurs 

relatively slowly and anisotropic due to the diffusion control and cationic gels shrink at 

the cathode, anionic hydrogels at the anode.
[36-38]

 Contraction increases with increasing 

magnitude of the electrical field applied and saturates at a certain value depending on 

the amount of charges transported through the hydrogel.
[18, 39-41]

 It doesn’t have to occur 

along the whole hydrogel but can be partially close to the electrode as well.
[17, 36, 42]

 

Usually, the contraction can be reversed by switching off the electrical field. The mag-

nitude of the response as well as the reversibility often decreases with increasing num-

ber of electrical cycles. The response of the hydrogel depends on a plethora of factors 

such as the experimental set-up, the gel’s structural parameters like hydrophilicity, 

charge density, swelling degree, and crosslinks. Three main mechanisms of electrically 

induced polyelectrolyte hydrogel deswelling have been described:  

- the establishment of a stress gradient along the gel axis due to an induced force 

upon the charges of the hydrogel and the mobile counterions
[36]

 

- local pH-changes close to the electrode due to electrolysis of water
[43]

  

- electroosmosis of water combined with electrophoresis due to migration of the 

hydrated counterions to the oppositely charged electrode.
[43, 44]

 

In redox functionalized polymers the electric field induced response is based on electron 

transport by self exchange or electron hopping.
[45-47]

 Electron hopping requires a dense 
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distribution of redox functions like in a conjugated electrically conducting backbone. 

For redox functionalized hydrogels self exchange resulting from Marcus-type colli-

sional electron transfer
[48]

 prevails and electron conduction is therefore diffusion con-

trolled. If the hopping mechanism dominates, a distance increase between redox centers 

upon swelling would decrease the conductivity. In the literature the opposite effect is 

reported for functionalized polymers because of increasing segmential mobility favour-

ing the self-exchange of electrons that cannot traverse by tunneling in the rigid state due 

to the large distances.
[18]

 Electron conduction in redox hydrogels takes place between 

the redox functions tethered to backbones of crosslinked polymer networks. Electron 

diffusion reaches the maximum value for equal distribution of oxidized and reduced 

centers and saturates for high potentials in case the majority of redox centers is reduced 

or oxidized respectively.
[49]

 The induced response of a functionalized redox active hy-

drogel film fixed at an electrode is determined by its segmential mobility or polymer 

flexibility, its degree of functional density and its ability of hydration. Although a cer-

tain flexibility of the redox centers is required the rate of self-exchange of electrons de-

cays exponentially with the distance. An optimal response is reported for redox func-

tions that are tethered to the polymer backbone with spacers of 8-15 atoms (1-3 nm) and 

a redox center concentration of 0.1-1M in the swollen gel.
[18, 50]

 Nevertheless, the elec-

tron diffusion coefficients are reported to be usually less than 10
-12

 cm
2
s

-1
 in contrast to 

hydrogels containing electron conducting backbones.
[18, 51]

 The segmential mobility 

determining the electron diffusion generally increases with increasing hydration and 

decreases with increasing crosslinking.
[45]

 Furthermore, the reversibility of the swelling 

and deswelling processes upon oxidation or reduction are of critical importance for any 

application. Possible altering effects can be the susceptibility of Fe
+
 towards nucleo-

philic attack
[52, 53]

 which can be prevented by using non-nucleophilic electrolytes like 

ClO4
-
.
[52, 54] 

Another altering effect is the irreversible swelling due to disentanglement of 

polymer chains in a crosslinked film or loss of material upon swelling. This effect 

should be preliminary until an equilibrium state is achieved as long as no irreversible 

effects interfere. For thick hydrogel layers of several micrometers the oxidation occurs 

under diffusional control. The cyclic voltammograms show diffusional shape with a 

peak current proportional to ν1/2
.
[19]

 The oxidation of ferrocene for example producing 

ferrocenium ions results in water and counterion uptake and thus in film swelling. The 

electrolyte inside is diluted and the viscosity reduced.
[19, 55, 56]

 This swelling was ob-

served for layer-by-layer deposited films with osmium as redox center, too. The 
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changes in thickness and refractive index are reported to be proportional to the fraction 

of oxidized redox centers.
[55]

 The swelling takes place until the osmotic and the elastic 

forces are in equilibrium. Thereby, the redox switching strongly depends on the nature 

of the anions under anion Donnan permselectivity conditions. For thin films a Nernstian 

behavior for different electrolytes is reported whereas for thicker films diffusion be-

comes more important. A thermodynamic explanation to this phenomenon has been 

proposed based on the different contributions to the osmotic pressure and the slow sol-

vent flux compared to electrical charge induction.
[56]

 

Different systems investigating these effects are reported in the literature. A ferrocene 

modified poly(ethyleneimine) with current densities between 240 and 480 µA/cm² is 

reported by Merchant et al..
[54]

 The effect of nucleophilic and non-nucleophilic electro-

lytes, of phosphate containing electrolytes as well as the effect of crosslinking is inves-

tigated and the function as molecular wires for enzyme detection with glucose oxidase 

is proofed.
[54]

 Polyelectrolyte poly(methacryloyloxy)ethyl-trimethyl-ammonium chlo-

ride brushes with the redox active counterion ([Fe(CN)6]
3-

 as redox probes was investi-

gated by Choi et al.. The responsive behavior of these polyelectrolyte brushes is deter-

mined by electrostatic interactions and osmotic pressure and thus depends on the poly-

mer length and grafting density and with the osmotic pressure on
[54]

 the charge density 

of the polymer.
[24, 57]

 The dependence of the electroactivity on the layer thickness was 

interpreted as a loss of “direct communication” of the redox probes with the electrode 

with a certain distance from the electrode or an ion movement towards the solution.
[57]

 

A further redox functionalized hydrogel based on poly(4-vinylpyridine) as polymer 

backbone and an osmium complex as redox center was introduced by Heller and 

co-workers.
[18, 50]

 The redox centers are coupled to the backbone via 8-15 atom long 

spacers to facilitate electron conduction as discussed above and the system was tested 

towards applications in sensors and fuel cells.
[4]

 Besides covalent coupling of redox 

centers ferrocene has been coupled by host-guest interaction with cyclodextrin.
[58]

 

Regarding its high swelling degrees (Chapter 4.1) and thus the high segmential mobility 

a ferrocene modified dextran based hydrogel should be a promising candidate for elec-

trically induced switching of swelling. 
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4.3.2 Electrochemical Characterization of a Ferrocene-Modified 

Dextran-Based Hydrogel Film 

 

If the ferrocene moieties are introduced by reacting a crosslinked hydrogel film on a 

substrate or by pre-synthesizing a ferrocene modified dextran based hydrogel the syn-

thetically introduced film functional groups are identical. The hydrogel film consists of 

a hydrophilic dextran based backbone, benzophenone moieties as photo-crosslinking 

units, free carboxyl functionalities neutralized by counterions and ferrocene moieties 

(Figure. 4.3.1).  

 

Figure 4.3.1: Schematic representation of the dextran based redox hydrogel as a photo-crosslinked film. 

 

While increasing the potential, ferrocenes are oxidized as soon as their oxidation poten-

tial is applied. Furthermore, charge neutrality is maintained in any volume element a 

counterion diffuses upon electron transfer to neutralize the induced charge.
[69]

 Besides, 

upon oxidation positively charged ferrocene redox centers, pH sensitive negatively 

charged carboxyl functionalities are present in the hydrogel. In order to investigate the 

hydrogel film’s electroresponsive behavior, cyclic voltammograms and SPR/OWS 

measurements (Chapter 2.1) were carried out simultaneously. Thereby, kinetic meas-

urements are recorded at a fixed angle in the linear part of the surface plasmon reso-

nance. Due to the penetration depth of the surface plasmon of approximately 200 nm
[70]

 

the refractive index variations close to the gold interface are displayed by following the 

surface plasmon. A decrease of the reflectivity resembles a shift of the surface plasmon 

resonance to lower angles and thus indicates a decrease of the refractive index. An in-

crease of the refractive index resembles increased water content in the hydrogel film 

and thus a swelling of the redox hydrogel film. In order to obtain information about the 

entire hydrogel film angular scans are carried out (Chapter 2.1, 2.3) Typical cyclic volt-

ammograms with increasing scan rate between 0.01 and 0.7 V/s and the corresponding 

SPR kinetic measurement are shown in Figure 4.3.2. 
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Figure 4.3.2: A) Representative cyclic voltammograms with increasing scan rates of a ~18 µm thick 

ferrocene modified photo-crosslinked PCMD hydrogel (swelling degree in 10mM PBS =16 without exter-

nal stimuli) film (ds(benzophenone) = 0.04, ds(carboxymethylation) = 0.16) in 10 mM PBS. B) The corre-

sponding SPR response recorded at a fixed angle in the surface plasmon. 

 

The cyclic voltammograms show a broad oxidation potential that increases with increas-

ing scan rate while the peak potential separation between the oxidation and the reduc-

tion peak increases. Thereby, the oxidation peak shifts to higher potentials and the re-

duction peak shows a small shift to lower potentials. This effect is displayed in simulta-

neously recorded kinetic measurement of the surface plasmon resonance signal, too. 

The surface plasmon response upon screening the potentials with a certain scan rate 

indicates three main effects. First, the signal variation upon potential screening (Fig-

ure 4.3.2 B inset) indicates a swelling upon oxidation followed by a deswelling upon 

reduction. This potential response might be attributed to an excess of positive charges 

upon oxidation or increased hydrophilicity leading to water rearrangement and counte-

rion attraction. Second, the amplitude of the change decreases with increasing scan rate 

indicating a lower number of ferrocene molecules being oxidized. The third effect is a 

total refractive index decrease while screening potentials resembling a water uptake 

possibly due to counterion uptake upon charge generation by oxidation.  

 

Pre-Synthesized Redox-Hydrogels versus Ferrocene Binding after Crosslinking   

 

Generally, modification of a hydrogel film with ferrocene moieties after film formation 

on the substrate (Chapter 3.2) results in comparable structural modification than ob-

tained by pre-synthesizing a ferrocene modified polymer. The challenge for the reaction 

on the substrate lies in the cleaning without destroying the highly swelling fragile hy-

drogel film and to ensure the entire removal of non-bound ferrocene. Cyclic voltammo-

grams, SPR kinetic response, and peak current dependence on the scan rate for a typical 

pre-synthesized and a substrate modified film in PBS 150 mM are compared in Fig-

ure 4.3.3. 
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Figure 4.3.3: Exemplary cyclic voltammograms and SPR response upon screening potentials with vary-

ing scan rates for A) a pre-synthesized redox hydrogel film (d = 18µm, ds(benzophenone) = 0.04, 

ds(carboxymethyl) = 0.16, ds(ferrocene) ~ 0.03, crosslinking 254 nm, 30 min, swelling me-

dium = PBS 150mM) and B) a redox hydrogel film modified on the substrate (4µm, 

ds(benzophenone) = 0.03, ds(carboxymethyl) = 0.28, PBS 150mM). The last plot shows the corresponding 

relation of the peak potential and the scan rate. 

  

The cyclic voltammograms show a comparable behavior for both types of redox hy-

drogel films with respect to peak separation and scan rate. The lower peak current for 

the pre-synthesized film might be attributed to a lower amount of oxidized ferrocene. 

The shifted peak position can depend on several factors like film morphology along the 

z-axis, swelling degree, or ferrocene distribution and could not be clearly related to one 

factor. The oxidation peak potentials vary between 0.18 V and 0.30 V for a scan rate of 

10 mV/s. In all cases the peak separation increases with increasing scan rate from ap-

proximately 0.1 V for a scan rate of 0.01 V/s to approximately 0.2 V for a scan rate of 

0.7 V/s. The peak separation indicates the hindrance of the electron transfer inside the 

hydrogel film because the scan rate is comparable, or even higher, than the rate of elec-

tron transfer corresponding to the redox sites. The electron transfer inside the hydrogel 

is determined by the segmential mobility and thus by the swelling degree and spacer 

length as well as by the redox center density or concentration.
[24]

 Therefore, the lower 

peak separation for the redox hydrogel film in Figure 4.3.3 B (inset) compared to the 

redox hydrogel film of Figure 4.3.3 A for low scan rates might be due to the higher 

ferrocene amount that is detected with cyclic voltammetry. The thinner film thickness 

might have an influence, too. 

The SPR response shows comparable characteristics regarding the swelling upon oxida-

tion, the smaller amplitude for higher scan rates and the overall swelling. The magni-
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tude of the overall signal decrease is about much higher for the redox hydrogel film 

depicted in Figure 4.3.3. B, which correlates to the higher amount of ferrocene as indi-

cated by the cyclic voltammograms. The detected amount of ferrocene (peak current) as 

well as the swelling effect dramatically decreases with subsequent screening cycles 

(data not shown). The peak current and the scan rate do not show a linear relation. A 

linear relation is expected if electron hopping is the dominating mechanism for electron 

conduction
[47]

 and if no free unbound redox centers are present. This is the case for very 

thin electrode attached redox centers or redox centers that are very close to eachother. 

For highly swollen redox center containing hydrogel films diffusion-controlled electron 

conduction is expected, as discussed below.
[18, 71-74]

 

To make sure the observed effects are due to the ferrocene redox centers the corre-

sponding hydrogel films without redox centers were measured under identical condi-

tions. No oxidation peak between 0.2 V/s and 0.3 V/s was detected. The maximum in 

the cyclic voltammogramm was extracted and plotted against the scan rate. The peak 

currents are much lower than measured for redox center containing films and they are 

comparable for different films. The results are discussed below (Figure 4.3.5 B). The 

SPR response shows a swelling effect visible in a signal decrease of about 1% in the 

reflectivity which is much lower than the signal decrease for redox modified films as 

well. 

 

Redox Hydrogel Morphology Changes upon Potential Screening 

 

If the overall refractive index-decrease upon potential screening is related to counterion 

and water uptake this should affect the entire hydrogel film. Information about the en-

tire hydrogel film profile were obtained by performing angular scans before and after 

potential screening and subsequent data analysis by applying the WKB-approximation 

(Chapter 2.3). The redox hydrogel profile changes upon potential scanning correspond-

ing to the cyclic voltammograms and the kinetic measurement of Figure 4.3.2 are pre-

sented in Figure 4.3.4. The refractive index decrease for the entire film is clearly visible. 

The corresponding thickness increase is not visible for the thick pre-synthesized film 

(Figure 4.3.4 A, B) due to the low refractive index of the hydrogel at the hydrogel solu-

tion interface and the resulting low contrast. 
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Figure 4.3.4: Redox hydrogel film refractive index-thickness profiles and the influence of potential 

screening for two different films discussed above. The pre-synthesized redox hydrogel film is shown in (A) 

and (B) and the one reacted with ferrocene on the substrate in (C) and (D). The swelling upon perform-

ing cyclic voltammetry is shown in A and C and the change upon applying the oxidation (+0.35 V) and 

reduction (-0.05 V) potential for a longer time is shown in B and D respectively. The swelling upon poten-

tial screening is clearly visisble for both films. Whereas the response of the thicker pre-synthesized film to 

a permanent potential is neglectable the thinner film modified with ferrocene on the substrate continu-

ously swells upon oxidation and subsequent cyclic voltammetry. 

 

The huge water uptake is indicated as well by the decreasing coupling efficiency of the 

optical waveguide modes in the angular scan (data not shown). Due to the decreasing 

contrast especially at the hydrogel gold interface the coupling of optical waveguide 

modes is lower and the loss of coupled light due to scattering effects for example in-

creases. These effects consequently result in a “vanishing” waveguide structure. The 

decrease in the refractive index was determined to be 0.0034 at the hydrogel gold inter-

face and 0.0025 in the center of the hydrogel film (Figure 4.3.4 A). The higher refrac-

tive index change at the surface might result from the initially denser hydrogel network 

at the substrate surface. The results for the redox film reacted at the substrate (Fig-

ure 4.3.4 C, D) are comparable with the only difference in the response to the perma-

nent oxidation potential, which is much higher. The film is swelling upon oxidation in 

agreement with the response in the cyclic voltammetry. These data suggest a swelling 

mechanism upon oxidation divided into a reversible response on a short timescale and 
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an irreversible change on a longer timescale. The immediate response is related to the 

charge generation and removal upon oxidation and reduction and the irreversible on a 

long timescale is due to counterion and osmotic water uptake upon oxidation. This wa-

ter uptake results in an increased swelling and is not reversible, maybe because of the 

hydrophilic dextran backbone and disentanglement effects. Redox hydrogels with re-

ported viscoelastic changes upon applying a potential are for example 

N-isopropyacrylamide-vinylferrocene,
[75]

 poly(pyrrole)-tetrafluoroborate
[76]

 and a ferro-

cene derivatized poly(allylamine).
[65]

  

After recording the cyclic voltammograms for all scan rates a permanent potential was 

applied for several minutes and the surface plasmon signal records the refractive index 

changes close to the electrode interface in real time. Two different types of response 

were observed in several experiments (Figure 4.3.5). One, showing a swelling upon 

oxidation (+0.35 V) and a de-swelling upon subsequent reduction (-0.05 V) reaching an 

equilibrium state relatively fast (Figure 4.3.5.A). The second differs in the behavior 

upon oxidation showing a swelling that converts into a deswelling after a certain period 

(Figure 4.3.5.B). The origin of the two different kinetic responses could not clearly be 

identified but the oxidation potential seems to be the most important influence. In case 

the applied potential is close to the oxidation potential response comparable to Fig-

ure 4.3.5 B is observed. Both types of real time responses are observed for a stepwise 

increase of the applied potential (Figure 4.3.9 A). The swelling degree as well as the 

PBS concentration (10 mM, 150 mM) and the amount of coupled ferrocene could not 

exclusively be identified as trigger.  
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Figure 4.3.5: The two types (A, B) of surface plasmon resonance kinetic signal upon applying an oxida-

tion potential of +0.35 V and followed by a reduction potential of -0.05V for ferrocene modified car-

boxymethyl dextran hydrogel films in PBS 150 mM. 

 

In common for all hydrogel films is the change of the swelling state on the entire length 

of the film in z-direction upon applying a potential. The constant potential is applied 
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after potential screening at different scan rates. The change of the swelling state ex-

tracted from the WKB thickness-refractive index profiles is neglectable (Figure 4.3.4B). 

This indicates on one hand that the direct influence of the potential is located close to 

the electrode surface and on the other hand that the swelling upon potential screening 

can be mainly assigned to a swelling upon water uptake and disentanglement effects.  

From the potential screening with varying scan rates information about the electron 

conduction can be obtained. In case of surface-confined redox couple, a linear relation 

between the scan rate (υ) and the peak current (ip) is expected (equation 4.3.1). 

0

22

4
Γ= ν

RT

Fn
i p      (4.3.1) 

Conversely, in case of a diffusion dominated electron conduction a υ 1/2 dependence is 

expected. The measured relation is depicted in Figure 4.3.6 A for a 18 µm thick redox 

hydrogel. The corresponding relation for two different “pure” hydrogels without ferro-

cene redox centers is shown in Figure 4.3.6 B. It is remarkable that two different hy-

drogel films with different composition and different thickness show approximately the 

same response to potential screening. A υ 1/2 dependence of the peak potential (ip) is 

observed indicating a diffusion limited electron conduction inside the redox hydrogel 

film. This diffusion is mainly determined by the segmential mobility
[18]

 and is based on 

the Randles-Sevcˇik equation.
[71, 77]

  

The swelling degrees without applying any potential are summarized in Chapter 3.2. 

After potential screening with cyclic voltammetry a 16.5 nm thick hydrogel with a re-

fractive index of 1.3568 at the gold hydrogel interface and 1.3475 in the center of the 

gel increase its swelling state to 17 nm and a refractive index of 1.3572 at the gold inter-

face and 1.345 in the center.  

The change of the swelling state can be expressed as a change of the surface mass den-

sity (Γ) using the following equation (4.3.2) 

( )h b h

h

c
n n d

n

∂
Γ = −

∂
     (4.3.2) 

nh resembling the refractive index of the hydrogel and nb the refractive index of the bulk 

solution. The hydrogel film thickness is represented by dh and ∂n/∂c ≈ 0.2 µL×mg
-1[78]

. 

The results are summarized in Table 4.3.1. The highest change is observed with the first 

cycle of potential screening by cyclic voltammetry. The surface mass density is thereby 

reduced about 10% at the gold-hydrogel interface and in the center of the hydrogel film. 
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Tab. 4.3.1: Exemplified surface mass density in ng/cm
2
, calculated for the gold-hydrogel interface de-

duced from the surface plasmon and in the center of the hydrogel film(3-10 µm) using the WKB approxi-

mation. 

PBS 10mM Swollen 

hydrogel 

After cyclic  

voltammograms 

Oxidation 

+0.35V 

Reduction 

-0.05V 

Surface (SP) PBS 10 mM 101 89 89 91  

Center (3-10µµµµm) PBS 10 mM 52 47 46 45 

 

The change of surface mass density upon applying a potential is negligible compared to 

the change upon screening cyclic voltamograms with increasing scan rate between 

0.01 V/s and 0.7 V/s. The loss of surface mass density as well as the overall swelling 

observed upon performing cyclic voltammograms seems to be related to irreversible 

ferrocene related effects inside the hydrogel matrix. A pure hydrogel without ferrocene 

units does not show this overall swelling upon potential screening.  

This altering effect possibly results from a water and counterion uptake upon oxidation 

leading to a swelling of the hydrogel. Additionally, disentanglement and structure rear-

rangement effects and the hydrophilicity of the dextran backbone may support the irre-

versible swelling and loss of material.  

 

Altering Effects on a Longer Timescale 

 

Investigating the redox hydrogel behavior on a larger timescale the refractive index de-

crease during potential screening was already discussed above. This refractive index 

decrease indicates a swelling of the hydrogel film resulting in a higher water-content 

and thus a larger distance of the redox centers with every screening cycle. Only the 

ferrocene molecules within a certain distance from the gold interface seem to be wired 

to the electrode. Therefore, an increasing swelling leads to a reduced number of ferro-

cene redox centers oxidized while applying a potential. In agreement with this observa-

tion the cyclic voltammograms show a decrease of the peak potential until an equilib-

rium state which is usually reached after two or three cycles (Figure 4.3.6 A, 4.3.7 A). 

This equilibrium state seems to represent the fully extended state of the hydrogel film. 

Exemplarily, the CV’s are shown at different times of the experiment at a scan rate of 

20 mV/s are shown in Figure 4.3.7 A. The decrease of the peak potential in dependence 

of υ1/2
 is depicted in Figure 4.3.6 A. The corresponding blind experiment performed 

with an identical hydrogel layer in the absence of ferrocene is depicted in Fig-

ure 4.3.6 B. The effect without ferrocene moieties present is significantly lower and a 

comparable response for a different film (Figure 4.3.6 B (red symbols) was observed. 
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The effect observed without the presence of redox centers might be attributed to double 

layer charging or to impurities in the electrode. 
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Figure 4.3.6: A) υ1/2  dependence of the oxidation and reduction peak current for three subsequent poten-

tial screening cycles of 18 nm thick (PBS 10mM) redox hydrogel film and the change for increasing num-

ber of screening cycles. B) Corresponding blind experiment with two different redox center free hydrogel 

films (~1 µm nm, (black), PBS 150 mM; ~8 µm red, PBS 10 mm ds(benzophenone = 0.04, ds(carboxy-

methyl) = 0.16)). The redox center free hydrogels show an identical behavior and a linear 

υ1/2 
dependence showing the solvent ion diffusion effect. 

 

A second effect that might influence the potential response of the redox hydrogel matrix 

is the reported instability of the ferrocinium-ion towards nucleophiles like chloride, 

which is present in PBS as well.
[54]

 The corresponding cyclic voltammograms for a scan 

rate of 0.02 V/s at different moments of the experiment are plotted in Figure 4.3.7 A.  

The decrease of the peak current is clearly visible. The charge density, derived from the 

integration of the oxidation peak, shows a fast decrease with increasing scan rate until a 

constant value is reached. 
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Figure 4.3.7: Time dependent change of the cyclic voltammograms for a scan rate of 0.02 V/s (A) corre-

sponding to the Figure 4.3.5 A. The development of the charge density with increasing scan rate is shown 

in (B). The charge density is derived by integration of the oxidation peak in the cyclic voltammograms. 
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Chemical Switching of the Redox State 

 

In order to achieve a full oxidation and reduction along the entire film length the redox 

centers were oxidized and reduced chemically. Before doing so the hydrogel film be-

havior upon applying a potential was characterized by cyclic voltammetry and stepwise 

increasing potentials. The corresponding cyclic voltammograms for increasing scan 

rates are shown in Figure 4.3.8 and the related kinetic response of the surface plasmon 

in Figure 4.3.8 B. The response of the redox hydrogel towards cyclic voltammetric po-

tential screening is comparable to the results discussed above. The coupling of ferro-

cenethyleneamine was performed on the substrate as described in Chapter 3.2. 
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Figure 4.3.8: Redox hydrogel characteristics upon electrochemical potential screening. The cyclic volt-

ammograms for increasing scan rates are plotted (A). The corresponding dependence of the peak current 

on the scan rate is shown in the inset showing ferrocene diffusion. B) Refractive index decrease at the 

hydrogel-gold interface is depicted from the decreasing reflectivity of surface plasmon signal correspond-

ing to an angular shift to lower angles. 

 

After recording the cyclic voltammograms stepwise increasing oxidation potentials 

were applied to investigate the oxidation behavior. The redox hydrogel response is fol-

lowed at the hydrogel –gold interface by following the surface plasmon angular shift. A 

shift to smaller angles is reflected by a decrease in reflectivity corresponding to a de-

crease in the refractive index. A slight refractive index decrease at the hydrogel-gold 

interface is observed upon applying 0.3 V. The biggest effect is achieved upon applying 

0.35 V (Figure 4.3.9) corresponding to a full oxidation of ferrocene as can be deduced 

from the cyclic voltammograms (Figure 4.3.8 A). A further increase of the potential 

does not induce a remarkable change because no further oxidation occurs. By simulat-

ing the simultaneously recorded angular SPR/OWS spectra with a one box model the 

thickness of the hydrogel matrix is obtained. Due to the relatively low film thickness of 

2.3 µm only two optical waveguide modes were guided inside the film, not allowing for 

a precise WKB analysis.  
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Figure 4.3.9: A) Time resolved surface plasmon response upon stepwise increase of the oxidation poten-

tial. The refractive index decrease of the redox hydrogel matrix upon passing the oxidation potential 

(0.35 V) is clearly visible by the decreasing reflectivity.B) Thickness increase reflecting the correspond-

ing swelling of the matrix upon oxidation. 

 

The observed swelling is relatively small compared to swelling effects known from pH 

changes through the entire hydrogel film for example. For an oxidation of the redox 

centers along the entire thickness of the hydrogel film a bigger effect is expected. 

In order to oxidize all redox centers chemically a water soluble oxidation reagent and 

reduction reagent are required. The hydrogel matrix was incubated with a solution of 

0.1 M FeCl3 in 0.1 M KCl solution for 20 minutes for oxidation, followed by rinsing 

with the swelling medium (PBS). The subsequent reduction was performed by incuba-

tion with a 0.1 M hydroquinone solution of 0.1 M KCl for 15 minutes as well followed 

by rinsing with PBS. As a comparison the experiment was carried out with a redox cen-

ter free hydrogel film.  

The chemical oxidation of the redox hydrogel induces a shrinking from 2350 nm to 

1900 nm and the subsequent reduction a re-swelling to 2150 nm. The magnitude of 

deswelling and swelling mainly depends on the crosslinking density and the number of 

charges (Chapter 4.1). To be able to discuss the magnitude of the deswelling and swell-

ing in detail it has to be investigated in dependence of these factors. At first, a shrinking 

of the hydrogel film upon oxidation of ferrocene is observed, in contrast to the observa-

tion upon electrochemical oxidation. Second the re-swelling is incomplete and the for-

mer swelling level is not reached again. The shrinking upon chemical oxidation of the 

ferrocene redox centers might be due to an attractive charge interaction between the 

negatively charged carboxyl groups and the oxidized ferrocene moieties. Thus, the 

shrinking should be tuneable by the ratio of carboxyl groups to redox centers and, more 

easily, by varying the pH. Consequently, the concept of combining pH-sensitive car-

boxyl groups and redox active groups allows to swell or to deswell the hydrogel matrix 

upon oxidation depending on the charge of the carboxyl groups and with this on the pH. 
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Obviously two different effects are present for the electrochemical and the chemical 

oxidation mainly due to the localized oxidation close to the gold electrode in case of 

electrochemical charge switching as indicated in Figure 4.3.10. 

e
le

c
tr

o
c
h

e
m

ic
a
l

c
h

e
m

ic
a
l

e
le

c
tr

o
c
h

e
m

ic
a
l

c
h

e
m

ic
a
l

 

Figure 4.3.10: Schematic description of the effect of the electrochemical versus the chemical redox 

switching in a hydrogel film with a thickness of several micrometers. 

 

4.3.3 Conclusion and Outlook  

 

The characterization of redox center containing dextran-based hydrogel films were pre-

sented and the conformational changes of the hydrogel matrix detected by SPR/OWS 

spectroscopy were discussed. The electrochemical redox switching revealed a direct 

response of the hydrogel matrix to potential screening close to the electrode interface. 

An overall swelling along the entire thickness of the hydrogel matrix can most likely be 

ascribed to an osmotic effect. The data suggest a redox switching upon electrochemical 

stimulus only occurring close to the hydrogel-electrode interface. In contrast to the elec-

trochemical switching the SPR/OWS scans upon chemical switching with FeCl3 and 

hydroquinone indicate a shrinking upon oxidation and an incomplete re-swelling upon 

reduction. Furthermore, the effect is more pronounced than for the electrochemical oxi-

dation. The shrinking might be assigned to an attractive charge interaction of the depro-

tonated carboxyl groups and the oxidized ferrocene moieties. The swelling upon elec-

trochemical oxidation is most likely due to an osmotic effect. To validate the origin of 

the different responses further experiments investigating the oxidation and reduction 

behavior at different pH values with protonated and deprotonated carboxyl groups 

might be useful. The variation of the degree of crosslinking to fix a higher number of 

ferrocene centers close to the electrode interface would be versatile as well. To improve 

the effective range of the electrochemical redox switching, longer spacers allowing 

Marcus collision transfer in such a swollen matrix might be promising, as well as the 

synthetic introduction of charge conducting molecular units. Increasing spacer length 
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should result in a continuous shift of the oxidation potential of the ferrocene units. This 

might be attractive for further charge switching, opening the possibility of electro-

chemical titration of positive charges inside the hydrogel matrix.  

 

4.3.4 Experimental 

 

SPR-CV Measurements: Surface plasmon resonance-, optical waveguide mode and 

fluorescence spectroscopy were performed in the Kretschmann configuration
[79]

 as al-

ready described in Chapter 4.1.7. 

The sample glass slide (LaSFN9 glass, Hellma Optik GmbH Jena, refractive index 

n = 1.8449) is put onto a custom made teflon flow cell (area = 0.385 cm
2
) and at the 

backside is optically matched to the base of the glass prism (refractive index n = 1.8449, 

corresponding to ε = 1.3583). Monochromatic and linear, transverse-magnetic polarized 

(Glan-Thompson polarizer, Owis) laser light (He/Ne laser, Uniphase, λ = 632.8 nm) is 

directed through the prism onto the sample slide. By variation of the angle of incidence 

(θ) (two cycle goniometer, resolution 0.005°, Huber) and detecting the intensity of the 

reflected laser light I(θ) with a photodiode (BPW 34B silicon photodiode, Siemens) an 

angular dependent spectrum is recorded. The laser intensity was adjusted to 100 % re-

flectivity for all SPR/OWS experiments. This corresponds to 145 µW. 

SPR/ OWS Data Treatment: To model the measured spectra the Fresnel equations are 

solved by a transfer algorithm
[58]

 for a planar multilayer system consisting of the 

LaSFN9 glass, chromium, gold, a self assembled monolayer as adhesion promoter, the 

hydrogel and the swelling solvent. For every layer a value for the thickness (d) and the 

dielectric constant (ε) consisting of a real part (ε’) and the imaginary part (ε’’) have to 

be defined.  

To determine the parameters for the sample without hydrogel first a slide only coated 

with chromium and gold was measured. To define the adhesion promoter values a slide 

with chromium, gold and S-3-(4-benzoylphenoxy)propyl ethanthiol as the adhesion 

promoter was measured and the recorded spectra were simulated with the above men-

tioned model assuming all other values as fixed. 

To simulate the SPR/OWS spectra in the above mentioned model an average refractive 

index for every layer is assumed (box model). As the hydrogel films are thicker and 

acting as waveguide the reversed Wentzel-Kramers-Brillouin (WKB) approximation 

can be used to model the refractive index profile perpendicular to the substrate surface 

of these films
[59]

. Thereby, the hydrogel film is assumed to be laterally homogeneous 

(parallel to the substrate surface).  

Refractive Index-Thickness Profiles: The reversed Wentzel-Kramers-Brillouin ap-

proximation was used to extract the refractive index-thickness profiles from the angular 

SPR/OWS spectra. Details are described in Chapter 2.3 and Chapter 4.1.7. 

This refractive index value for the gold hydrogel interface (z = 0) was extracted from 

the box-model simulation of the measured spectrum by simulating the refractive index 

of the surface plasmon after modeling the waveguide modes and keeping the thickness 

constant. The accuracy of the refractive index versus thickness profile increases with 

increasing number of optical waveguide modes. The thickness of the hydrogel film, 

extracted from the WKB-profile, was determined from the calculated value at maximum 

thickness. 

The Cyclic Voltammetric Measurements and the applying of potentials were performed 

simultaneously with the SPR/OWS measurements. The gold layer of the sample was 
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used as working electrode. An Ag/AgCl electrode was connected as reference electrode 

and a platinium wire was introduced into the flow cell as counter electrode. A potentio-

state (Metrohm, Autolab) was used for potential control.  

Chemical Redox Reaction: The chemical oxidation was performed by incubation with a 

0.1 M FeCl3 (Sigma Aldrich)/ 0.1 M KCl solution in destilled water. For the chemical 

reduction a 0.1 M hydroquinone (Sigma Aldrich)/ 0.1 M KCl solution in bi-destilled 

water (milli Q, 18 MΩ) was applied. 
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4.4 Composit Dextran-Hydrogels with Embedded Magnetic Nanopar-

ticles 

 

 

 

Composite magnetic nanoparticle materials are potential candidates for various applica-

tions from medicine to mechanics. Their characteristics are extensively investigated, 

especially their behaviour in a magnetic field. In this Chapter, the photo-crosslinkable 

carboxymethylated dextran-based iron oxide nanoparticle composites, which were in-

troduced in Chapter 3.3, are characterized towards their swelling and magnetic charac-

teristics and anticipated applications in this Chapter. 

 

4.4.1 Introduction 

 

The combination of magnetic and elastic properties like in dextran-nanoparticle com-

posite materials opens a broad variety of possible applications due to their responsive-

ness to magnetic fields. Magnetic resonance imaging[1, 2], inductive heating[3-5], mag-
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netic swelling, hyperthermia,[6, 7] catalysis,[8] magnetically guided drug delivery,[9-12] 

and magnetic separation,[4, 13-18] and sensing[18, 19] are the most important ones. Most 

common systems are iron oxide nanoparticles, which show a very low cytotoxicity, in-

tegrated into crosslinked poly(vinyl alcohol) (PVA) hydrogels[20, 21], 

poly(dimethylsiloxane) (PDMS)[22, 23], silicone matrices,[24] polystyrene[21], poly-(2-

hydroxyethyl methacrylate)[25] or poly(NIPAAm) [3, 26]. Interpenetrating networks (IPN) 

of PNIPAAm and PVA for example have also been useful for this because of their en-

hanced tensile strength compared to pure PNIPAAm.[27]  

In the production of magnetic composite hydrogels, the stability of the magnetic 

nanoparticles inside the hydrogel structure is a very important characteristic. Different 

strategies of particle immobilization like electrostatic binding, mechanical entrapment 

or covalent binding using a functionalized core are used (Chapter 3.3). If the coupling 

forces are too weak, loss of material becomes a critical parameter as reported by Fuhrer 

et al. for non-covalently fixed magnetic nanoparticles into poly-(2-hydroxyethyl 

methacrylate) and by Luechinger and co-workers while using composite materials as 

actuators.[28] This loss of material can be prevented by using covalently coupled 

core-shell particles.[25] 

Chemically stable composites have to be characterized towards their magnetic proper-

ties. In the absence of a magnetic field the magnetic moments are randomly distributed 

and no magnetization is experienced. In a magnetic field the interplay of two types of 

interactions, the field-particle and the particle-particle interaction, is important.[29-31] 

In a uniform magnetic field, i.e. without a field gradient, no attractive or repulsive 

field-particle interactions are present and the particle-particle interactions are dominant. 

The external magnetic field induces a magnetic dipole in each particle. Mutual particle 

interaction occurs if the particles are close enough resulting in attractive forces if the 

particles are aligned end to end and repelling forces if they are located side-by-side. The 

alignment of magnetic nanoparticles in a uniform magnetic field is used to generate 

structured, mechanically and magnetically anisotropic composite materials, called mag-

netostrictive, magnetorheological or magneto-active materials. Patterns like chains, 

sheets, honeycombs, or networks can be achieved.[23, 26, 32-39] Theoretically, the deforma-

tion of spheroidal ferrogel bodies in a uniform magnetic field was investigated by 

Morozow and co-workers. They show two competitive mechanisms, magnetistatic and 

magnetistrictive, being responsible for the deformation of ferrogel bodies.[40] 
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A non-uniform magnetic field, i.e possessing a magnetic field gradient, is needed to 

induce movement of magnetic nanoparticles and composite hydrogels. In a magnetic 

field gradient the field-particle interactions are dominating compared to the parti-

cle-particle interactions. The particles experience a magnetophoretic force and are at-

tracted to stronger field intensities. During this process changes in the molecular con-

formation induce macroscopic shape distortion in case the composite hydrogel is fixed 

to a surface. If the magnetic material can move freely, the whole composite material 

accelerates towards the magnet, due to a collective movement of the dispersing liquid, 

the particles and the crosslinked polymer network until an equilibrium state in which 

magnetic and elastic forces are balanced.[41] 

The magnetization of a ferrogel (M) in an external field is proportional to the concentra-

tion of the magnetic nanoparticles and the saturation magnetization (Ms), described by 

the Langevin function (equation 4.4.1) assuming the magnetization of individual parti-

cle to be equal to the saturation magnetization: 
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where M represents the bulk magnetic moment, Φm the volume fraction of the magnetic 

particles in the gel, ξ the Langevin function and ξ is defined as: 

Tk

mH

B

0µ
ξ =      ( 4.4.2) 

where H stands for the strength of the applied external magnetic field, µ0 for the mag-

netic permeability of the vacuum, m for the magnetic moment of the sub-domain ferro-

magnetic particle, kB for the Boltzmann constant and T denotes the temperature. This 

relation is valid for diluted superparamagnetic systems, where the particle-particle inter-

actions are negligible and where the particles are rigidly fixed inside the gel with energy 

barriers between easy axes for spin alignment being smaller than the thermal energy or 

with the direction of magnetization within the particles being fixed but rotation of parti-

cles in the gel being allowed.[36, 42] Metallic cobalt[43, 44] and metallic iron[45] would 

combine high saturation magnetization and high density but their instability towards 

oxidation has promoted the predominant use of the iron oxides magnetite (Fe3O4) and 

maghemite (γ-Fe2O3).
[11] Aging phenomena in ferrofluids and magnetic beads used for 

biosensor applications was described by Strömberg and co-workers and mainly related 

to aggregation effects.[46] 
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The force-density response for the movement of a magnetic composite gel is mainly 

determined by the magnetization (M) and the magnetic field gradient ( ∇ H). Consider-

ing a homogeneous movement and a linear relationship between magnetization (M) and 

the magnetic field strength, the force density can be described as follows equation 4.4.3. 

It is assumed, that the Gaussian theory of rubber elasticity can be used as an approxima-

tion, indicating that nonlinear effects resulting from a finite chain extensibility and re-

stricted chain mobility (fluctuation of junction points) due to entanglement are negligi-

ble.  

( )HMfm ∇= 0µ      (4.4.3) 

with µ0 resembling the magnetic permeability in vacuum, M the magnetization, and 

H∇ the magnetic field gradient. In case of non-Gaussian behaviour other theories like 

the Van der Waals approach have to be used[47]. The orientation of the force density is 

parallel to the direction of the magnetic field.The force density either leads to an accel-

eration of the gel towards the magnet surface is reached or to a shape distortion until the 

network elasticity balances the magnetic stress. According to equation 4.4.3 a magnetic 

gel moves towards a stronger magnetic field.[20, 21]. 

In summary, the attraction towards a magnet in a non-uniform magnetic field depends 

on the magnetic particle content (mass per volume fraction) and the saturation magneti-

zation (force per mass particles).[25, 41, 42] The response is shown to take place instanta-

neously in hundreds of seconds.[41, 42] 

 

4.4.2 Characteristics and Applications of a Bulk Composite Gel  

 

The magnetic iron oxide nanoparticle photo-crosslinkable carboxymethylated dextran 

based composite materials presented in this work (Chapter 3.3) can be crosslinked by 

irradiation of UV-light, resulting in a stable magnetic composite hydrogel network. The 

magnetic properties of the bulk composite material can be shown by placing the swollen 

hydrogel close to a magnet. Due to the magnetic field gradient the magnetic hydrogel 

accelerates towards the stronger field. The movement starts instantaneously and a dis-

tance of several centimeters is covered in a few seconds depending on the magnetic 

field strength and the composite hydrogel properties like weight or nanoparticle content. 

In the example shown in Figure 4.4.1 it takes eight seconds to move the composite hy-

drogel over a distance of 4 cm towards the magnet. At the beginning of the movement 
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towards the magnet the gel is stretched because a part of the gel is already attracted, 

while the rest is still sticking to the bottom of the vial (0-5 seconds). 

 
Figure 4.4.1: Snapshots at 0, 2, 4, 5, 6, 7, and 8 seconds after placing the magnetic composite hydrogel 

into the magnetic field (0,7 Tesla at the surface of the magnet). The composite hydrogel contains benzo-

phenone groups as photo-crosslinking unit (ds(benzophenone) = 0.04) and carboxymethyl functionalities 

(ds(carboxymethyl) = 0.16) as potential analyte binding points and for the electrostatical coupling of the 

iron oxide nanoparticles. The nanoparticle content (FexOy-I) was adjusted to 20 % by mixing. The glass 

vial has a length of 4 cm. 

 
The nanoparticles are stable inside the gel for repeated cycles of magnet attraction. No 

phase separation could be observed. Even at pH 3 the particles are stable inside the gel 

as already shown by UV-VIS (Chapter 3.3), too. The bulk hydrogel presented in Fig-

ure 4.4.1 was swollen in water for 8 month also showing the stability of these materials. 

The most straight forward application for this magnetic hydrogel can be envisaged in 

magnetic separation. The ability of biomolecule-binding is proved in Chapter 4.2 and 

different strategies are known from the literature, too.[48-50] Adopting amino functional-

ities for example would allow the separation of the iron oxide nanoparticle coupling 

points from the analyte binding preferably leading to enhanced analyte coupling. 

Dextran can be degraded by hydrolysis and cleaved enzymatically by using dextra-

nase.[51-55] 

 

4.4.3 Characteristics and Applications of Composite Hydrogel Films  

 

To investigate the swelling properties and the magnetic response of the magnetic com-

posite hydrogel films, the polymer blend is spincoated onto a gold surface. A 

self-assembled monolayer of S-3-(4-benzoylphenoxy)propyl ethanthiol is serving as 

adhesion promoter. As described in Chapter 3.1, the polymer composite material is 

crosslinked and fixed to the surface in one step by UV-light irradiation. The swelling 

0 2 4

6 7 8
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state was monitored by SPR/OWS spectroscopy. From the SPR/OWS spectra the thick-

ness and refractive index profile can be extracted (Chapter 2.3) and the swelling degree 

(swollen thickness divided by dry thickness after swelling experiment) can be calcu-

lated, if the dry thickness after the swelling experiment is known. The swelling degree 

plotted against the sodium chloride concentration in ultrapure water is displayed in Fig-

ure 4.4.2 for a dextran based hydrogel with a benzophenone content of ds = 0.04 and a 

degree of carboxymethylation of ds~0.17 related to the amount of repeating units. 

The dependence of the swelling degree on the salt concentration shows a comparable 

tendency for all magnetic composite material types. For sodium chloride concentrations 

higher than 0.2 M, no significant thickness change is observed, whereas the swelling 

degree increases for concentrations lower than 0.1 M due to electrostatical repulsion of 

the free carboxyl groups that are not blocked by sodium ions in accordance with the 

behaviour of the pristine hydrogel. In contrast to the pristine dextran-based hydrogel, 

the change in swelling degree upon reducing the sodium chloride concentration is less 

pronounced for the composite materials, clearly indicating a blocking of carboxyl func-

tionalities. This reflects their coupling to the iron oxide nanoparticles. Furthermore, the 

swelling degree decreases with increasing particle content as seen in Figure 4.4.2 A. 

This observation can be attributed to two effects: crosslinking effect and the charge 

blocking of the magnetic iron oxide nanoparticles due to their ability of attracting more 

than one carboxyl group. For the composite materials with 12.5-15 % nanoparticle con-

tents almost no change in swelling can be detected between 0.1 M and 0.2 M sodium 

chloride: in contrast to the pure hydrogel, the material is only swelling in sodium chlo-

ride concentrations below 0.1 M. These observations indicate that the screening of car-

boxyl groups takes place for sodium chloride concentrations up to 0.1 or 0.2 M, show-

ing the free carboxyl groups to be still present in the composite material. The reduced 

swelling indicates a reduced amount of free carboxyl groups as expected after iron ox-

ide nanoparticle introduction.  

Besides the nanoparticle content the nanoparticle size seems to influence the swelling of 

the magnetic composite dextran hydrogels. Theoretically, based on the assumption of an 

increased number of carboxyl functionalities per nanoparticle with increasing volume, 

increasing surface respectively, a reduced swelling upon increasing nanoparticle volume 

is expected. The difference in swelling degree for varying types of iron oxide nanoparti-

cles is more pronounced for a 12.5-15 % than for a 5 % nanoparticle content as seen in 
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Figure 4.4.2 B, C and as anticipated the swelling degree decreases with increasing size 

of the iron oxide nanoparticles.  
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Figure 4.4.2: Investigating the swelling degree of composite iron oxide dextran-based hydrogel materials 

with varying type (B, C) and load (A) of magnetic nanoparticles in 10 -20 µm thick swollen composite 

films. The swelling degree clearly depends on the amount of particles inside the composite gel and on the 

size of the magnetic nanoparticles. The crosslinking conditions were kept constant with an irradiation 

wavelength of 254 nm and an irradiation time of 20 minutes, corresponding to an irradiation energy of 

4 Jcm
-2

.  

 

Another remarkable change occurs for very low salt concentrations, predominantly for 

concentrations around or below 10 mM. For these low concentrations at pH values 

above the ionization point of the carboxyl functionalities the swelling degree increases 

that much that the optical waveguide modes disappear and the hydrogel matrix partly 

detaches from the surface. This phenomenon is seen as well for the composite hydrogel 

matrices of course depending on the thickness and the degree of crosslinking as dis-

cussed in Chapter 4.1 for pristine hydrogels. 

Repeating the ion-concentration dependent swelling experiments while applying a mag-

netic field gradient (permanent magnet, cylindrical shape, 0.7 T at surface) no swelling 

effect clearly related to the magnetic field could be observed. The magnetic field gradi-

ent for a 1 cm distance from the cylindrical magnet is determined to be 0.2 mT for a 

10 µm composite film thickness. The calculation was performed by Núria Queraltó with 
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the software FEMLAB.[56] This gradient is probably too small to induce remarkable 

swelling. Nevertheless, the swelling degrees are relatively high, providing large pores 

affording the diffusion of biomolecules opening a broad variety of possible applications 

to these magnetic composite hydrogels. 

 

4.4.4 Conclusion and Outlook 

 

By mixing a dextran-based photo-crosslinkable polymer with magnetic iron oxide 

nanoparticles and subsequently crosslinking by UV-light, a magnetic hydrogel with a 

biocompatible backbone was prepared and the magnetic characteristics were presented 

in this Chapter. The bulk magnetic dextran-based hydrogel was proofed to accelerate 

towards a magnet in a non-uniform magnetic field. This attribute combined with the 

capability of coupling biomolecules, as shown in Chapter 4.2, enables the use of this 

hydrogel material for magnetic separation applications. Therefore, a tuning of the car-

boxyl group and magnetic nanoparticle content is necessary to offer a sufficient amount 

of magnetic nanoparticles but preserve as many carboxyl functionalities for analyte 

binding as possible. Another strategy could be the decoupling of nanoparticle binding 

from the analyte binding points by either coupling the particles via a functionalized 

shell with different functionalities to the hydroxyl groups of the dextran backbone or to 

modify the strategy of analyte coupling.  

Furthermore, the swelling behavior of composite dextran-based hydrogel films was in-

vestigated and related to the pristine hydrogel films. A reduced swelling was observed 

showing a crosslinking effect of the magnetic iron oxide nanoparticles due to multiple 

carboxyl group binding to one particle. This effect depends on the amount and size of 

the iron oxide nanoparticles. Nevertheless, the swelling degree is still high allowing 

biomolecule diffusion. 

 

4.4.5 Experimental 

 
Profiler: The hydrogel film surface topography and the film thickness in the dry state 
were characterized with a profiler (KLA Tencor, P-15 Profiler) with a vertical measur-
ing range of up to 1 mm and a resolution of ~7,5 Å.  
Magnet: To create a magnetic field gradient a cylindrical permanent magnet with a 
magnetic field of 0.7T at the surface was used. 
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SPR/ OWS Measurements: Surface plasmon resonance/ optical waveguide mode spec-
troscopy was performed in the Kretschmann configuration[57] as described in chap-
ter 4.1.7. 
The sample glass slide (LaSFN9 glass, Hellma Optik GmbH Jena, refractive index 
n = 1.8449, corresponding to ε = 1.3583) is put onto a homemade glass flow cell and at 
the backside is optically matched to the base of the glass prism (refractive index n = 
1.8449, corresponding to ε = 1.3583). Monochromatic and linear, transverse-magnetic 
polarized (Glan-Thompson polarizer, Owis) laser light (He/Ne laser, Uniphase, 
λ = 632.8 nm) is directed through the prism onto the sample slide. The laser intensity 
was adjusted to 100 % reflectivity for all SPR/OWS experiments. This corresponds to 
145 µW. By variation of the angle of incidence (θ) (two cycle goniometer, resolution 
0,005°, Huber) and detecting the intensity of the reflected laser light I(θ) with a photo-
diode (BPW 34B silicon photodiode, Siemens) an angular spectrum is recorded.  
SPR/ OWS Data Treatment: To model the measured spectra the Fresnel equations are 
solved by a transfer algorithm[58] for a planar multilayer system consisting of the 
LaSFN9 glass, chromium, gold, a self assembled monolayer as adhesion promoter, the 
hydrogel and the swelling solvent. For every layer a value for the thickness (d) and the 
dielectric constant (ε) consisting of a real part (ε’) and the imaginary part (ε’’) have to 
be defined.  
To determine the parameters for the sample without hydrogel first a slide only coated 
with chromium and gold was measured. To define the adhesion promoter values a slide 
with chromium, gold and S-3-(4-benzoylphenoxy)propyl ethanthiol as the adhesion 
promoter was measured and the recorded spectra were simulated with the above men-
tioned model assuming all other values as fixed. 
To simulate the SPR/OWS spectra in the above mentioned model an average refractive 
index for every layer is assumed (box model). As the hydrogel films are thicker and 
acting as waveguide the reversed Wentzel-Kramers-Brillouin (WKB) approximation 
can be used to model the refractive index profile perpendicular to the substrate surface 
of these films[59]. Thereby, the hydrogel film is assumed to be laterally homogeneous 
(parallel to the substrate surface).  
Refractive Index-Thickness Profiles: The reversed Wentzel-Kramers-Brillouin ap-
proximation was used to extract the refractive index-thickness profiles from the angular 
SPR/OWS spectra. Details are described in Chapter 2.3 and Chapter 4.1.7. 
This refractive index value for the gold hydrogel interface (z = 0) was extracted from 
the box-model simulation of the measured spectrum by simulating the refractive index 
of the surface plasmon after modeling the waveguide modes and keeping the thickness 
constant. The accuracy of the refractive index versus thickness profile increases with 
increasing number of optical waveguide modes. The thickness of the hydrogel film, 
extracted from the WKB-profile, was determined from the calculated value at maximum 
thickness. 
Sodium Chloride Solutions: The screening of sodium chloride concentrations was car-
ried out with custom made sodium chloride (Sigma Aldrich) solutions in destilled water. 
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4.5 Swelling and Cell Growth in a Dextran-Based Composite Hy-

drogel 

 

 

 

Hydrogels are suitable scaffolds for cell adhesion and cell growth. They enable cell at-

tachment, can be structured to direct cell growth, and exist in a broad variety of chemi-

cal compositions. Simultaneously, they allow the proliferation of small molecules like 

nutrients or gasses which are obligatory for cell growth and can even induce specific 

cell growth. In this Chapter, the cell response of osteoblasts and endothelial cells to the 

photo-crosslinkable, carboxymethylated dextran based hydrogel scaffold is described. 

The influence of a higher degree of crosslinking and the introduction of gelatin as 

spacer material is discussed as well as the mechanical structuring on a scale of mi-

crometers and millimeters. 

 

4.5.1 Introduction 

 

Cell adhesion and cell growth on and in hydrogel matrices is a promising tool for medi-

cal applications such as bone regeneration, wound healing, and tissue engineering.
[1-6]
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As already briefly mentioned in Chapter 3.4 the interaction of cells with polymers is 

determined by a variety of factors, including biophysical (degree of hydrophilicity and 

hydration), chemical (functional groups), topographical, and mechanical properties in-

cluding the surface to volume ratio.
[2, 7-9]

 Consequently, the system properties can be 

tuned by optimizing these parameters.  

Tissue engineering requires a 3D matrix that ideally guides cell formation and simulta-

neously provides adequate transport of nutrients and growth factors. Hydrogels permit 

this exchange of oxygen and nutrients obligatory for cell growth.
[10]

 Different ap-

proaches have been followed to create pores for cell growth and to pattern materials to 

direct cell growth.
[1, 11, 12]

 A versatile approach is the crosslinking and patterning by 

photopolymerization. Photopolymerized hydrogels have been used to successfully en-

capsulate various types of cells including pancreatic islets,
[13]

 smooth muscle cells,
[14]

 

osteoblasts for bone regeneration,
[15]

 or labeled HepG2 cells into PEG hydrogels for 

example.
[16]

 

To induce cell growth inside a 3D hydrogel matrix the most common procedure is the 

mixing of cells with the polymer prior to hydrogel formation. In this method the cells 

themselves create their space by their presence during the crosslinking process.
[17]

  

Examples for hydrogels used for cell attachment and cell growth are 2-hydroxyethyl 

methacrylate (HEMA),
[18]

 poly(ethyleneglycol) (PEG),
[19]

 polyacrylamides, or 

poly(N-isopropyl acrylamide) (PNIPAAm).
[1]

 An overview of the materials used, their 

potential for cell growth, and their advantages and limitations can be found in a review 

by Hynd et al.
[3]

 For example Arcaute et al. have demonstrated the use of stereolitho-

graphy to fabricate complex, bioactive, 3D PEG-based hydrogel structures with internal 

channels of various orientation as templates for cell encapsulation.
[20]

 Another example 

is the encapsulation of cells in photo-crosslinked polydimethylsiloxane micro-molded 

hydrogel constructs. By controlling the feature sizes on the elastomeric stamp, the size 

as well as the shape of the molded hydrogels could be controlled.
[21]

 Furthermore, 

highly interconnected macroporous PEG hydrogels, suitable for applications as tis-

sue-engineering scaffolds, have been designed by combining the photo-crosslinking 

reaction with a foaming process. Thereby, pore dimensions, as well as the swelling rate, 

were modulated by polymer concentrations and foaming agent composition in the pre-

cursor solution.
[22]

 An advanced idea is the development of a 3D scaffold that contains 

multiple cell types in which the spatial arrangement of the cells is controlled by a 

pre-designed pattern.
[23]
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Functionalized dextran-based hydrogels are known to enable derivation of vascular cells 

in particular of endothelial cells which makes them good candidates for application in 

tissue engineering and regenerative medicine.
[24]

 Thereby, a correlation between the 

degree of carboxymethyl-, benzylamide, and sulfation substitution for dextran-based 

systems was reported.
[25]

  

In this Chapter the potential of a modified dextran-based hydrogel for application as 

scaffold for cell growth is discussed. For this purpose dextran-based hydrogel matrices 

were prepared and optimized in terms of swelling, chemical composition and patterning 

(Chapter 3.4). The swelling properties of the hydrogel matrix were investigated by sur-

face plasmon resonance (SPR) and optical waveguide mode spectroscopy (OWS). Cell 

adhesion and cell growth experiments of endothelial cells and osteoblasts were per-

formed in cooperation with Dr. U. Ritz and Dr. A. Hofmann at the University Medical 

Center in Mainz. 

 

4.5.2 Swelling Characteristics of Composite Hydrogels 

 

Because the swelling of a hydrogel matrix determines the mechanical properties and the 

pore size it is important to optimize the swelling characteristics for cell growth experi-

ments. To increase the mechanical strength super-crosslinking benzophe-

none-functionnalized SiO2-nanoparticels were introduced into the photo-crosslinkable, 

carboxymethylated dextran (PCMD) (Chapter 3.4, Figure 4.5.1). The swelling of this 

composite PCMD hydrogel material (Chapter 3.4) depends on the pH and the ion con-

centration due to the free carboxyl groups (Figure 4.5.1) and on the crosslinking den-

sity. To investigate the charge dependent electrostatical responsiveness in dependence 

of the super-crosslinker content swelling experiments with varying sodium chloride 

concentrations were performed. Films were produced by spin-coating the PCMD-based 

polymer composite on a chromium/gold-covered glass slide. As adhesion promoter, a 

self-assembled monolayer of S-3-(4-benzoylphenoxy)propyl ethanethiol was chemisor-

ped onto the gold before spincoating. The subsequent irradiation at 254 nm resulted in a 

photo-crosslinked and surface-bound hydrogel film in one step as described in Chapter 

3.1.3. The swelling properties of these films were subsequently characterized by 

SPR/OWS spectroscopy applying the WKB approximation (Chapter 2.1, 2.3) and com-

pared to the swelling behavior of pure PCMD films. The composite matrices were swol-

len in a 0.05 M sodium chloride solution over night followed by a screening of sodium 
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chloride concentrations between 10 mM and 1 M at a neutral pH. A schematic view of 

the polymer-nanoparticle material is shown in Figure 4.5.1. 

 

Figure 4.5.1: Scheme of the composite hydrogel containing benzophenone functionalized silica nanopar-

ticles as crosslinking centers and the chemical structure of the PCMD backbone. 

 

To investigate the variation of the swelling in the entire hydrogel film the WKB profile 

derived from the angular position of the optical waveguide modes and the surface plas-

mon (Chapter 2.3) were derived (Figure 4.5.2 A, B). The response up to a concentration 

of 0.1 M is comparable for a SiO2-nanoparticle content of 5 and 20 wt%. For higher ion 

concentrations the hydrogel matrix with a nanoparticle content of 20 wt% shows a more 

pronounced shrinking. 
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Figure 4.5.2: Swelling behavior of the hydrogel film containing benzophenone functionalized SiO2-

nanoparticles as multiple crosslinking units with a content of 5 and 20 %. The WKB refractive in-

dex-thickness profiles extracted from the angular scans are presented: A) 5 wt% super-crosslinking 

nanoparticles, B) 20 wt% supercrosslinking nanoparticles. The different responses to high ion concentra-

tions are remarkable. 

 

In Figure 4.5.3 the swelling degrees depending on the sodium chloride concentration are 

compared for samples with increasing amounts of benzophenone-functionalized silica 

nanoparticles. Thereby, the swelling degrees were calculated by dividing the film thick-

ness in the swollen state extracted from the WKB profile by the film thickness in the 

dry state after swelling and drying.  

As expected the hydrogel matrices modified with nanoparticle super-crosslinkers show 

a reduced swelling compared to the pure hydrogel. The number of free carboxyl groups 

and with this the swelling due to the carboxyl group deprotonation is preserved. Conse-

quently, the benzophenone-carrying silica nanoparticles, serving as multi-

ple-crosslinking centers, affect the crosslinking density and thus lead to a reduction of 

the swelling degree.  

The benzophenone-functionalized nanoparticles increase the degree of crosslinking and 

thus the stability of the hydrogel due to structural reinforcement upon multiple 

crosslinking units per particle. A gradual swelling at concentrations below 0.2 M is re-

lated to the protonation-deprotonation equilibrium of the carboxyl functionalities and 

exists in all carboxymethylated dextran hydrogel matrices (compare Chapter 4.1). If the 

number of carboxyl groups is reduced the magnitude of swelling and the magnitude of 

the change in swelling decreases for identical crosslinked films. The overall swelling 

and the response of the hydrogel to decreasing ion concentration is reduced in case of 

enhanced crosslinking and rigidity of the matrix as well as for reduced amount of 

charges. A reduced swelling due to the reduction of free carboxyl groups was already 

observed in sensing applications (Chapter 4.2) and for the coupling of iron oxide 

nanoparticles to the carboxyl groups (Chapter 4.4). The concentration of the maximum 
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hydrogel matrix response to varying ion concentrations depends on the amount of free 

carboxyl groups present in the hydrogel film. The hydrogels presented here 

(ds(carboxymethyl) = 0.3) show a maximum in the swelling response at concentrations 

below 0.2 mM (Figure 4.5.3).  
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Figure 4.5.3: The swelling degree in dependence of the NaCl concentration for different contents of ben-

zophenone-functionalized SiO2-nanoparticles as multiple crosslinking units. The swelling degree was 

calculated from the WKB profile thickness in the swollen state related to the thickness in the dry state 

after swelling and drying.  

 

Surprisingly, not only the shrinking due to charge screening of the deprotonated car-

boxyl groups is detected. For a silica particle content of 20 % a second additional swell-

ing response at higher ion concentrations appears. This additional swelling response 

seems to be related to the presence of the silica nanoparticles because it does not appear 

for pure hydrogels and at low SiO2 nanoparticle concentrations. This second transition 

is observed for different samples but the magnitude of the change varies and the con-

centrations for which the swelling step occurs shift between 0.25 M and 0.4 M. Even at 

different positions on one substrate the response varies. In Figure 4.5.3 the response for 

a 20 % content is relatively high compared to the average responses whereas the re-

sponse for a SiO2-nanoparticle content of 10 % is relatively low. A possible reason for 

this inconsistency might be a locally changing concentration of silica particles which 

can be induced by the presence of nanoparticle aggregates or nanoparticle accumulation 

in the sample preparation process. Increasing nanoparticle aggregation with increasing 

nanoparticle content was observed in TEM studies of the composite material (Chap-

ter 3.4). Furthermore, the SiO2 nanoparticles are not only functionalized with benzo-

phenone terminated silanes but as well with N-(trimethoxysilylpropyl)-N,N,N-

trimethylammonium chloride (NR4
+
) to keep them dispersed in water. The local screen-

ing of these positive charges might be a reason for the second transition as well. Further 
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detailed investigation of the nanoparticle influence on the swelling behavior of the 

PCMD hydrogel is needed but outside the scope of this work. The super-crosslinker 

containing hydrogel matrices were used for cell growth experiments. 

 

4.5.3 Cell Growth and Dextran-Based Hydrogels 

 

In a cooperation project with Dr. A Hofmann and Dr. U. Ritz in the Center for muscu-

losceletal Trauma Surgery of Prof. P. M. Rommens at the University Hospital in Mainz 

the hydrogel matrices were investigated as scaffolds for cell growth. Endothelial cells 

and osteoblasts transduced with red fluorescent protein and green fluorescent protein 

respectively were adhered to the modified PCMD hydrogel. The pure unmodified 

PCMD hydrogels, the composite SiO2-nanoparticle PCMD hydrogels and the composite 

hydrogels with added gelatin were investigated with respect to their applicability for 

cell growth. Furthermore, the effect of patterning the matrix was investigated. A scheme 

of the matrix for cell growth experiments is depicted in Figure 4.5.4. 

 

Figure 4.5.4: Scheme of the hydrogel matrix for cell growth experiments. 

 

Pure hydrogels 

First, the pure PCMD hydrogel matrices were tested for cell adhesion. The correspond-

ing polymer solution was dropcast into a petri dish, dried over night and crosslinked at 

254 nm for 90 minutes. With these highly swelling hydrogel matrices no reproducible 

cell adhesion and cell growth could be achieved. The unmodified hydrogel matrices 

seemed to swell too much to present a suitable scaffold for cells to attach and to grow. 

Consequently, the mechanical strength has to be improved which is usually achieved by 
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increased crosslinking. Simultaneously, the pore size has to be maximized to present 

space for cells to penetrate into the hydrogel matrix. 

Composite hydrogels 

The crosslinking density of a hydrogel scaffold is known to have a great influence on 

the ability to serve as matrix for cell growth.
[3]

 Cell metabolism, gene expression and 

cell morphology are reported to be influenced by the crosslinking density.
[26-28]

 Typi-

cally, increasing crosslinking density leads to an inhibition of cell proliferation due to a 

reduced pore size. For the pure PCMD-hydrogel matrix, the crosslinking density seems 

to be too low and thus the water uptake too high to be suitable for cell adhesion. The 

mechanical strength has to be increased. Increased crosslinking thereby results in a re-

duced pore size which is disadvantageous for cells to penetrate into the hydrogel matrix. 

These adverse effects have to be balanced to achieve successful cell growth.  

In order to increase the mechanical strength of the hydrogel and supposedly facilitate 

cell adhesion and cell growth, super-crosslinking units were introduced as described in 

Chapter 3.4. The aim was to achieve an enhancement of the mechanical strength but 

simultaneously preserve a pore size as big as possible. Using super-crosslinkers, such as 

benzophenone-functionalized nanoparticles, seems to be the most promising approach 

to balance mechanical stability and pore size of the hydrogel matrix. With this strategy 

structural reinforcement and an increased mechanical stability were achieved. The com-

posite PCMD hydrogel matrices were divided into a non-structured and two differently 

structured parts as described in Chapter 3.4. The structuring was performed through a 

µm-grating mask while crosslinking and after crosslinking with a sterile needle. Subse-

quent cell adhesion and cell growth experiments were carried out successfully. Selected 

graphs of endothelial cells and osteoblasts growing on such a hydrogel matrix with a 

super-crosslinker content of 10 wt% are depicted in Figure 4.5.5. The cells clearly ad-

here to the hydrogel matrix. Monocultures of endothelial cells usually survive for only a 

few days. Co-cultures of osteoblasts and endothelial cells were growing on composite 

PCMD matrices with 10 wt% as well as on matrices with 20 wt% SiO2-nanoparticle 

content. A clear influence of the matrix structuring could not be observed. The cells 

were growing on and inside the hydrogel matrices in the structured and in the 

non-structured parts. The fact that the cells penetrate inside the hydrogel scaffold is de-

duced from difficulties of focusing the microscope pictures. This indicates that the cells 

are not growing in one plane but on different height levels inside the hydrogel matrix. 
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Figure 4.5.5: Representative microscope graphs for a composite PCMD hydrogel matrix with a su-

per-crosslinker content of 10 wt%: A, B) pure matrix without cells (d0). In (A) the structure induced by a 

sterile needle is visible (white arrow). d3, d8, d11 show endothelial cells (red) and osteoblasts (green) 

seeded on the composite PCMD scaffold and the cell growth after 3 (d3), 8 (d8), and 11 (d11) days. After 

8 days the development of 3D structures and after 11 days the spheroid formation and outgrowth of ne-

ovessel-like structures (white arrow) is visible. The scalebar indicates a length of 100 µm. 

The cell growth was followed for up to 14 days. After approximately one week the cells 

started to build spheroidal 3Dimensional structures containing both cell types (Fig-

ure 4.5.5, d8).  

Influence of Gelatin 

With the aim to facilitate cell growth inside the hydrogel scaffolds gelatin as a third 

component was added. Gelatin was selected because of two reasons: first, it attracts 

cells because it can be digested and second, gelatin particles can serve as spacer mate-

rial inside the dextran matrix. The gelatin was added to the polymer solution as pestled 

powder with a particle size of up to 100 µm or as polydisperse nanoparticle suspension 

as described in Chapter 3.4. With this strategy, cell adhesion and cell growth on top and 

inside the hydrogel matrix was improved. Typical microscope images showing the cell 

growth of a co-culture of endothelial cells and osteoblasts are depicted in Figure 4.5.7. 

A remarkable observation was the increased lifetime of endothelial cells in a 

mono-culture on a composite PCMD matrix with 10 wt% of super-crosslinking 

SiO2-nanoparticles and 10 or 20 wt% gelatin. The endothelial cells were growing on the 

matrix containing the gelatin as nanoparticles and on the one with pestled gelatin. They 

stayed in a round shape and no differentiation was observed for a period of 7 days. In 

Figure 4.5.6 the microscope images of the pure hydrogel matrix and the microscope 
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images after 3 days for a hydrogel matrix with gelatin nanoparticles as well as with pes-

tled gelatin are shown. After a period of 7 days the cells show a comparable structure. 

 
Figure 4.5.6: Cell growth of a monoculture of endothelial cells on a gelatin containing 

(10 wt%)composite PCMD hydrogel (10 wt% SiO2-crosslinking nanoparticles). The pure hydrogel ma-

trix (d0) before cell growth is shown for comparison. No difference between the cell growth with the gela-

tin introduced as nanoparticles or as pestled powder was observed. The scalebar represents 100 µm. 

The observations of cell growth of co-cultures of endothelial cells and osteoblasts grow-

ing on gelatin containing super-crosslinker containing PCMD hydrogels were compara-

ble to the above described composite hydrogels. The best results were observed for the 

matrices containing 10 wt% of super-crosslinking SiO2-nanoparticles and 10 wt% of 

gelatin (Figure 4.5.7).  

 
Figure 4.5.7: Cell growth of co-cultured endothelial cells (red) and osteoblasts (green) on a gelatin con-

taining (10 wt%, gelatin nanoparticles)) composite (10 wt% super-crosslinking SiO2-nanoparticles) 

PCMD hydrogel. The pure hydrogel (d0) is shown for comparison. Again the structures introduced by a 

sterile needle are visible. Cell growth is depicted after 3 (d3), 8 (d8), 11 (d11), and 14 (d14) days. The 

image after14 days was recorded without fluorescence. The scalebar represents 100 µm. 
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Thereby, the gelatin conformation, nanoparticles or pestled gelatin, didn’t seem to have 

a remarkable influence. In addition the matrices with 10 wt% super-crosslinker and 

20 wt% gelatin (pestled) showed comparable results. After approximately one week, the 

cells started to form spheroids (Figure 4.5.7, d8) followed by the formation of 

neo-vessel like structures (Figure 4.5.7, d11). These cell structures are developing and 

after two weeks cell structures are covering the hydrogel matrix. The cells are penetrat-

ing into the hydrogel matrix which is visible by the difficulties in focusing a cell struc-

ture. By focusing on one cell other cells or other parts of the cell are located above or 

below the focus. This becomes clear by comparing the two images after two weeks of 

cell growth in Figure 4.5.8. The two images are recorded at one position by focusing on 

different height levels. 

 

Figure 4.5.8: Two images at one position with focusing on two different height levels. A co-culture of 

endothelial cells (red) and osteoblasts (green) at a gelatin containing composite PCMD matrix 

(10% super-crosslinking SiO2-nanoparticles and /20% pestled gelatin) afte r14 days of cell growth. The 

scalebar represents 100 µm.  

The influence of the matrix structuring on the cell adhesion can not clearly be stated. 

For the entire PCMD matrices structuring with a µm-grating mask (Figure 3.4.10) dur-

ing the crosslinking process can not be resolved in the microscope images of the swol-

len hydrogel matrix. A reason for this might be the swelling of the hydrogel that does 

not preserve the µm-structure. Furthermore, scattering effects at the mask due to the 

unfocused irradiation might prevent a clear border between irradiated and dark areas on 

the hydrogel film. This effect is increased because the dry hydrogel films are thick 

compared to the irradiation wavelength. In contrast, structuring with a sterile needle 

introduces patterns, which can be resolved with the microscope and which are preserved 

while swelling the matrix. The cells adhere to these structures as well as to the 

non-structured parts of the hydrogel matrices. The chemical composition and the 

crosslinking density seem to be more crucial for cell adhesion than the structuring in 

this case. For the higher swelling PCMD matrices without super-crosslinking 

SiO2-nanoparticles no cell adhesion and cell growth was achieved even if gelatine was 
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added. Consequently, the crosslinking density is the crucial characteristic to enable cell 

adhesion to these PCMD hydrogel scaffolds.  

 

4.5.4 Conclusion and Outlook  

 

The photo-crosslinkable carboxymethylated dextran-based hydrogel matrix was suc-

cessfully modified to serve as scaffold for cell growth of osteoblasts and endothelial 

cells. This was achieved by increasing the crosslinking density by super-crosslinking 

nanoparticles. Furthermore, gelatin was successfully incorporated as digestable spacer 

for cell penetration. Cell adhesion, cell growth, and the development of cell structures 

was observed for higher crosslinked PCMD matrices as well as for gelatin modified 

matrices. Besides this chemical modification, a mechanical structuring on a scale of 

millimeters presented a suitable environment for cell proliferation. The optimization of 

the composition and the further development of the 3D structuring of the hydrogel ma-

trix are expected to result in a potential hydrogel matrix for medical applications. In 

further experiments cellular analysis such as RNA expression and protein expression of 

cell proliferation and various cell markers will be studied. A further promising devel-

opment would be the incorporation of growth factors which should be possible without 

additional chemical modifications by using active ester chemistry to couple amines to 

the present carboxyl groups.  

 

4.5.5 Experimental 

 

Dextran-Based Hydrogel Scaffolds: For the hydrogel synthesis the commercially avail-

able dextran (Sigma Aldrich, Mr = 2.000.000) was used and modified as described in 

Chapter 3.1 and 3.4. 

Sample Preparation: The polymer solution or the corresponding composite solutions 

were used as prepared with a concentration of 0.1-0.2 g/mL. The polystyrene petri 

dishes with a diameter of 3.5 cm (cellstar, Greiner bio-one) were treated with oxygen 

plasma (60-70 W, 0.2 mbar, Technics Plasma GmbH, 200-G Plasma System) for 

5 minutes to create a more hydrophilic surface. Immediately after the plasma treatment 

0.15-0.3 mL of the polymer solutions were dropcast onto the petri dishes. The polymer 

solution was left at room temperature in a dark environment over night for drying and 

subsequently crosslinked at 254 nm for 60 minutes. The surface was divided into three 

parts. One part was crosslinked as prepared, one part was crosslinked through a 

µm-grating-mask and the last part was structured with a sterile needle. 

SPR/OWS: SPR/OWS measurements and subsequent data treatment using the WKB 

approximation were performed as described in Chapter 2.1, 2.3, 4.1.7. The sodium chlo-

ride solutions were prepared with commercially available NaCl (Sigma Aldrich) in ul-
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trapure water (MilliQ). The laser intensity was adjusted to 100 % reflectivity for all 

SPR/OWS experiments. This corresponds to 145 µW. 

Osteoblasts were extracted from human bone tissue and cultivated at 37 °C in DMEM 

with 10 % fetal calf serum and 1% penicillin/streptomycin. As specific cell markers 

alkaline phosphatase and mineralization were determined to ensure the osteoblastic cell 

type. 

Endothelial Cells (HUVEC - human umbilical vein endothelial cells) were used as pur-

chased (Promocell) and cultivated in EBM-2-Media (Lonza, USA).  

Transduction of the Cells with eGFP or RFP was achieved with a lentiviral 

eGFP/RFP-virus from transformed human kidney cells (HEK293). The gene for the 

eGFP and the RFP was introduced into the genome of the osteoblasts or the endothelial 

HUVEC cells. The efficiency of the transduction was determined by fluorescence mi-

croscopy or flow cytometry to be 60-95 %. The advantage of this method can be seen in 

the stable fluorescence of the cells. 

Hydrogel Scaffolds were swollen in PBS for approximately 30 minutes and rinsed at 

least 6 x with PBS to remove all non-bound material. Subsequently, 100.000 cells per 

hydrogel sample were seeded either as HUVEC-c-monoculture (Promocell, Heidelberg, 

Germany) or as HUVEC and osteoblast co-culture with the same amount (50.000) of 

each cell type. The analysis of cell growth was performed with a fluorescence micro-

scope (Wilovert AFL 30, Hund, Wetzlar, Germany). 
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5 Summary and Outlook 

 

Towards the aim of creating a dextran-based hydrogel matrix suitable for optical bio-

sensing with waveguide modes and for biomedical applications, projects from hydrogel 

synthesis to optical waveguide mode fluorescence spectroscopy were performed. An 

overview about the projects presented in this thesis is depicted in Figure 5.1.1.  

 

Figure 5.1: Schematic overview about the projects presented in this thesis.  
 

Synthesis Concept and Hydrogel Film Formation 
 

A synthesis concept built on the modification of a commercially available dextran 

backbone with benzophenone groups as photo-crosslinking units and carboxymethyl 

groups, serving as analyte binding points, was developed (Figure 5.1.1 A). Thereby, the 

carboxyl groups were selected because they can be modified with almost any molecule 

carrying a primary amino group even under aqueous conditions by using active ester 

chemistry. By photo-crosslinking it was possible to accurately control the degree of 

crosslinking and thus the degree of swelling of the hydrogel matrix by tuning the irra-

diation energy dose. Furthermore, the swelling was adjusted by regulating the chemical 

composition and the pH according to the pKa value of the carboxyl groups. By modify-

ing gold or glass surfaces with benzophenone-terminated thiols or silanes respectively, 
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the PCMD polymer was not only photo-crosslinked but simultaneously attached to the 

substrate surface (Figure 5.1.1 B). Mechanically stable, surface attached PCMD hy-

drogel films in the range of up to 20 µm in the swollen state were prepared. The ratio of 

benzophenone and carboxyl groups was determined to be crucial for the degree of 

swelling and thus for the mechanical properties and the stability of the hydrogel films. 

Future developments could aim for different surface functionalization strategies. For 

example plasma surface treatment could lead to improved surface stability for macro-

scopic hydrogel scaffolds and to new routes of combining various substrate materials 

with the PCMD hydrogel matrix. A versatile approach for biomedical applications 

could be the functionalization of PEEK as implant material with a PCMD hydrogel. 

 

Film Characterization 
 

The chemical, mechanical, and optical characterization of the PCMD hydrogel films 

was required for the optimization of the hydrogel matrix towards high swelling degrees 

and waveguiding properties. High swelling degrees are necessary for biosensor applica-

tions because the mobility of analytes is limited by the pore size. The pore size is de-

termined to a large extend by the swelling degree and the charge of the hydrogel. The 

PCMD hydrogels revealed high, pH-dependent swelling degrees between 10 and al-

most 50 and a refractive index gradient in one dimension perpendicular to the substrate 

surface. This was determied by surface plasmon resonance (SPR) and optical 

waveguide mode spectroscopy (OWS) and subsequent data treatment by using the 

Wentzel-Kramers-Brillouin approximation (WKB). The high swelling degrees and the 

resulting enormous water content was affirmed by neutron scattering experiments as 

well as by diffusion experiments with fluorescence correlation spectroscopy (FCS). 

Thus, a hydrogel matrix was developed which serves as waveguide and simultaneously 

allows the diffusion of analytes due to its high swelling degrees. However, a more de-

tailed characterization especially with FCS is required for an improved understanding 

of the pore structure and the diffusion properties of analytes inside the swollen hy-

drogel matrix. The structural characterization of a swollen hydrogel structure is still 

challenging. 

 

Diffusion and Biosensing – OWFS 
 

A biosensor concept based on using thick hydrogel matrices in combination with opti-

cal read out mechanisms was developed. Sensor matrices with a swollen thickness of 
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several micrometers are able to capture a higher number of analytes and thus increase 

the detected signal. Simultaneously, they can serve as waveguide allowing fluorescence 

excitation of molecules that are loated inside the hydrogel matrix. Two different optical 

techniques were applied: the combination of SPR and OWS as well as long range sur-

face plasmon spectroscopy (LRSP). In a sandwich assay the fluorescence of labeled 

analytes such as streptavidin-Cy5 or secondary labeled antibodies was excited by the 

evanescent field of the surface plasmon (SPFS) and simultaneously by the electromag-

netic field of the leaky optical waveguide modes (OWFS) (Figure 5.1 D). The enhanced 

electromagnetical field of the optical waveguide modes as compared to the evanescent 

electromagnetic field of the surface plasmon and the increased number of analytes due 

to the thicker analyte capturing matrix resulted in a 2-3 orders of magnitude higher 

OWFS signal as compared to the SPFS signal an improved signal to noise ratios. Al-

though, the sensor concept was successfully applied the sensitivity can still be opti-

mized by tuning the coupling efficiency of the optical waveguide modes. This could be 

achieved by reducing the gold layer or by optimizing the waveguiding properties of the 

hydrogel matrix. In addition, the amount of analyte capturing units as well as the ana-

lyte distribution perpendicular to the substrate can be optimized. For thick, swollen 

sensor matrices in the range of 15-20 µm a gradient in the analyte distribution perpen-

dicular to the substrate was determined by applying the theory of the relative photon 

density. Nevertheless, the advantages of a thick hydrogel matrix in the range of mi-

crometers could be shown. In addition, the applicability of the developed sensor matrix 

for clinically relevant samples was proofed by the detection of prostate specific antigen 

(PSA) in blood serum by LR-SPFS in a cooperation project with Y. Wang and J. 

Dostálek. 

 

Functionalization - Redox Responsive and Magnetic Hydrogels 
 

Further functionalization of the PCMD aimed towards external manipulation of the hy-

drogel response and the charge of the biosensor matrix. External manipulation of the 

hydrogel matrix response is especially interesting for biosensing as well as for other 

biomedical applications. The modulation of a hydrogel response to pH, ion concentra-

tion, electrochemical switching, or a magnetic force was investigated. The external 

generation of charges for example can facilitate diffusion of charged analytes. Bio-

molecules such as proteins are usually charged at the optimal pH to perform the cou-

pling reaction. If the matrix can be externally charged the swelling degree can be ma-
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nipulated and the matrix can be electrostatically loaded with a charged analyte of inter-

est. As electrochemically sensitive unit ferrocene molecules were covalently bound into 

the hydrogel film (Figure 5.1 E). The electrochemical switching resulted in an oxida-

tion and reduction of the ferrocene units close to the electrode surface whereas a 

chemical oxidation and reduction in water seems to address the ferrocene molecules 

through the entire hydrogel film. The disadvantage of chemical switching is the possi-

ble incompatibility of the oxidation and reduction agent with biomolecules. Future op-

timization should aim for a configuration which increases the distance from the elec-

trode that can be addressed electrochemically to allow reversible electrochemical 

switching of the entire hydrogel layer. A further optimization would be the introduction 

of molecules with varying oxidation potential to be able to titrate the charge. For one 

certain molecule such as ferrocene a shift of the oxidation potential can be achieved by 

increasing the spacer length, for example. Furthermore, a magnetic hydrogel was pre-

pared by the introduction of magnetic nanoparticles into the PCMD matrix simply by 

mixing of the PCMD and the nanoparticles (Figure 5.1 F). A hydrogel responding to a 

magnetic field with the possibility of coupling biomolecules might be interesting for 

applications such as magnetic separation as well.  

 

Scaffolds for Cell Growth 
 

Apart from the bio-related application in the field of sensing, thick dextran-based hy-

drogel matrices are versatile materials for the adhesion and growth of cells and can be 

designed for applications in bone regeneration. In cooperation with Dr. U. Ritz and Dr. 

A. Hofmann at the Center for Musculoskeletal Trauma Surgery in Mainz a scaffold for 

cell growth of endothelial cells and osteoblasts was designed. The swelling characteris-

tics and the chemical composition were optimized for cell growth by introducing su-

per-crosslinking nanoparticles and gelatin as sacrificial spacer material. With this a 

scaffold suitable for the growth of endothelial cells and osteoblasts was prepared (Fig-

ure 5.1 G). Future optimization aims for the introduction of cell growth factors or drugs 

for example and to optimize the chemical structure towards biodegradation. The ulti-

mate goal would be the preparation of a biodegradable dextran-based hydrogel scaffold 

for bone regeneration in the human body. 
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