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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 Dostédlek for the detection of PSA
in serum with long range surface plasmon spectroscopy (LRSP) and fluorescence excitation
by LRSP (LR-SPES).
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1. Introduction

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.!"!
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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.”* Reactive sites allow the
modification with a variety of molecules including biomolecules for biosensor applica-
tions and affinity binding.”” Furthermore, attaching molecular recognition sites creates

further possibilities in cell culturing'® and polymer assisted drug delivery advanced

medication especially by using environmentally responsive hydrogels.”

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

[9, 11-13] [14, 15]
b

pharmaceutical applications'"” '”! like drug delivery , wound healing and

U618 a5 well as for actuators''*>? 23, 24 industrial coat-

(271

tissue engineering
[25, 26]

, separation,
ings, or binding studies.
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.”® 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.B % are useful.

For tissue engineering biocompatible hydrogels are required. Often natural polymers
are preferable such as collagene or chitosan.'” But as well synthetic polymers such as

poly-ethylene glycol (PEG) show good properties for tissue engineering.'® !

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

2



1. Introduction

Waals interactions®> ! 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."> *!
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.”””**
- statistical models™ and

- Monte Carlo models™”

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."*" **! 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).!**!

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.”!
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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**!

and the extended polymer
chains behave like polymer brushes.!*! 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.[g]

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.!*®!
Whereas chlorophyll transforms visible or IR light into local heat.” 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

4
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applied potential. Additionally, electroactive functionalities such as ruthenium com-

[48]

plexes'"' 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./**-"!

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.””! 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.>"
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.!'
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.”? Nowadays, different examples are know even reaction that
involve water sensitive compounds.[53 I 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.”* 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.[ss]
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 FADH, triggering an electric current.”® Generally, biosensor devices are used for
environmental monitoring, trace gas detection or water treatment facilities. Detected

[56] [57] [58]

target analytes are bacteria,” organophosphates and pesticides,”"" cells,

[56]

or drug

residues in food such as antibiotics.

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.”7 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.

SSR
A PDEA {—c— ~Seg Ej LZ, 3‘0""/\“’
- EDC/NH S i_&? i} QT'
SR Q

/ i (vﬂnmlm }—C N/VSH et P S_C_N ~_-S5R
i) H
Hydrak

;~C—E R FG‘H"“H? JeLt i—g—ﬁ—mcn
i) NaBH.CN

(HO).B, (HO).B,
H
HOH ;

Figure 1.2.1: Commonly employed coupling strategies for the immobilisation of analyte recognition
receptors in  the field of biosensing.!"!  Thereby ~EDC/NHS represents ethylenedia-
mine/ N-hydroxysuccinimide, PDEA 2-(pyridinyldithio )ethane amine, and DTT dithiothreitol.

Cell-based”” 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.'® Examples are the change in proton concentration, the release of oxygen

7
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or CO,, 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.[6” 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® 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.[040 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,'” herpes simplex virus type 1

2 [68]

and and for the detection of heavy metals.'®”! 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 7071

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



1. Introduction

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).774

AT, tomen [T T
depositon f N siegsichsse " [oxime] i o . [olefin] £
LN _'?_ LN -_*' N \_;_ rste MO, NHH™ J\
i OZN_,-:-—.(\)_H R R \ H OH
fOOM0, (O - = (0,
o~ o Ln - I[ f\l\? OaN‘Kj-NﬂHa
() Polymer subsiratas: \[hydrazone} ¥ iplodiel

‘\LM‘QO‘@‘); ﬁé‘h *éig/r"

(PIy PRy (PTFE)

mnchor block
buoy block

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

Polystyrenesulfonate Polyallylamine (PAH
sodium salt (PSS) olyailylamine (PAH)

Figure 1.2.2: Common surface modification strategies including plasma treatment, chemical surface
modification, adsorption of molecules and layer-by-layer deposition.”> 7!

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.”" ”"! 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).7%1 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.””
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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.’”

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

7
781 or on the evanes-

on evanescent wave techniques such as surface plasmon resonance
cent field of optical waveguide modes.””” 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.”*”

Electrochemical biosensor concepts™'

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
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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.*”

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.’® *¥

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.”® The most common example of a frequently
used biosensor is the already mentioned glucose sensor which exists as integrated
multi-array device.'* *® 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.”>® 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.™! 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.”® Antibody array chips on the basis of microsystem technology allow
protein analysis for known proteins.® * 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,!”™ *'%!
frequently new sensor concepts based on optical read out'*! 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-

[62. 991011 etection limits in the femtomolar or even attomolar range are

able species.
reported.“oz’ 103]

With the knowledge of DNA and protein-based biology a multitude of metabolites have
been investigated."'™ 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 pO; simultaneously.“os] Such devices are commercially available

and can be used for cytotoxicity testing as well.'%! 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."”” '®! 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.!''"! 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. Dostdlek 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 