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Abstract

Hydrogels are used in a variety of applications in daily life, such as super ab-
sorbers, contact lenses and in drug delivery. Functional hydrogels that allow
the incorporation of additional functionalities have enormous potential for future
development. The properties of such hydrogels can be diversified by introduc-
ing responsiveness to external stimuli. These crosslinked polymers are known
to respond to changes in temperature, pH and pressure, as well as chemical and
electrical stimuli, magnetic fields and irradiation. From this responsive behavior
possible applications arise in many fields like drug delivery, tissue engineering,
purification and implementation as actuators, biosensors or for medical coatings.
However, their interaction with biomaterial and way of functioning are yet not
fully understood.
Therefore, thorough investigations regarding their optical, mechanical and chem-
ical nature have to be conducted.
A UV-crosslinkable polymer, consisting of N-isopropylacrylamide, methacrylic
acid and the UV-crosslinker 4-benzoylphenyl methacrylate was synthesized. Its
composition, determined by a comprehensive NMR study, is equivalent to the
composition of the monomer mixture. The chemical characteristics were pre-
served during the subsequently formation of hydrogel films by photo-crosslink-
ing as proved by XPS. For the optical characterization, e.g. the degree of swelling
of very thin films, the spectroscopy of coupled long range surface plasmons is in-
troduced. Thicker films, able to guide light waves were analyzed with combined
surface plasmon and optical waveguide mode spectroscopy (SPR/OWS). The
evaluation of the data was facilitated by the reverse Wentzel-Kramers-Brillouin
(WKB)-approximation.
The mesh size and proper motion of the surface anchored hydrogels were inves-
tigated by fluorescence correlation spectroscopy (FCS), micro photon correlation
spectroscopy (µPCS) and SPR/OWS. The studied gels exhibit a mesh size that
allowed for the diffusion of small biomolecules inside their network. For future
enhancement of probing diffusants, a dye that enables FRET in FCS was immobi-
lized in the gel and the diffusion of gold-nanoparticles embedded in the polymer
solution was studied by PCS.
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Abstract

These properties can be conveniently tuned by the crosslinking density, which de-
pends on the irradiation dose. Additionally, protocols and components for poly-
mer analogous reactions based on active ester chemistry of the hydrogel were
developed.
Based on these syntheses and investigations, the hydrogel films are applied in the
fields of medical coatings as well as in biosensing as matrix and biomimetic cush-
ion. Their non-adhesive properties were proved in cell experiments, SPR/OWS
and ToF-SIMS studies. The functionality and nonfouling property of the prepared
hydrogels allowed for adaption to the needs of the respective application.
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1 Introduction

Today, polymers are ubiquitous in our daily life as well as in science, medicine
and engineering. We use dishes made from melamine, diapers consist of superab-
sorbers made from polyacrylates and electric cables are isolated with polyvinyl
chloride. Polymers control the hardening of concrete and aromatic polyamides
are applied in safety clothing. Polyethylene glycol (PEG) is used in toothpaste,
drug delivery and tissue engineering, and GPC columns are filled with polysty-
rene beads, as it is employed as stationary phase in solid phase peptide synthesis.
For some applications, so called hydrogels, which are commonly water swollen,
but insoluble networks, gained more and more interest.

1.1 Hydrogels

Fig. 1.1: Tanakas famous polyelectrolyte hydrogel.[1]

Gels, originating from the Latin gelatus – frozen, are defined as fine dispersed
systems, consisting of solid and liquid or gaseous phases. The solid phase or
phases form a three dimensional network, acting as host for the liquid or gaseous
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1 Introduction

phases. In case of a gas as dispersant the system is called aerogel, whereas a host
for liquids is referred to as lyogel. In the following lyogels with water as liquid
phase – hydrogels – are discussed.
Silica gels and gelantine are well known examples for physically, non-covalently
crosslinked hydrogels or aqueous colloidal dispersions. There, the network is
formed and stabilized by van-der-Waals interaction, hydrogen bonding or charge
attraction. These gels are stabile, but can easily be reliquified, e.g. by shaking.
In contrast, chemically, covalently crosslinked hydrogels do not reliquify, they
can only loose the accumulated water, turning them back into a solid. This pro-
cess is reversible. The ability to take up a multiple of their own weight in water is
one of the reasons why hydrogels are applied in a broad variety of fields. For in-
stance, polyvinyl alcohol is used as gelatinizing agent in water gel explosives,[2]

polyhydroxyethyl methacrylate (PHEMA) is found in contact lenses,[3] polyacry-
lates in diapers[4] and some, like PEG cover numerous areas from skin cream to
solid phase material in gas chromatography.[5, 6]

Environmentally sensitive hydrogels were intensively explored during the last
decades as their behavior, like the swelling state can be controlled by external
stimuli. These polymers are often called ‘smart’, ‘intelligent’ or ‘stimuli respon-
sive’ hydrogels.

1.1.1 Responsive Hydrogels

After the discovery of responsive hydrogels in the late seventies by Tanaka et
al.,[7] a large number of polymers were identified, responding to all thinkable
stimuli.[8–10] Brief examples are response to changes in temperature, pH, pres-
sure, and to irradiation, electric fields and chemical stimuli. This response can be
from a small change in the degree of swelling to the complete collapse and total
inversion of their properties.

Fig. 1.2: Left: phase diagram with LCST and UCST. Right: schematic mechanism.[11]

2



1.1 Hydrogels

The most frequently used stimulus, a change in temperature, is based on the so-
lution behavior of the polymers. Some hydrogels are temperature sensitive as
they exhibit a critical solution temperature. They undergo a volume-phase tran-
sition with temperature. Contrary to most other polymers, most of them show a
decreased solubility in water with rising temperature. Above their lower critical
solution temperature (LCST), they collapse (see fig 1.2). The LCST depends fore-
most on the ratio of hydrophilic and hydrophobic segments within the polymer
or a single monomer, but effects like crosslinking density and grafting should not
be neglected. A selection of frequently studied polymers with a LCST in water is
listed in table 1.1.
Of special interest are those with a transition temperature in the physiological
regime, as they can be applied for drug delivery and allow for controlled interac-
tion with biomolecules.[12]

Interestingly, the reverse behavior exists as well. Few polymers, like polysulfo-
betaines, are known to have an upper critical solution temperature (UCST) (see
fig. 1.2).[13]

Temperature sensitive polymers are generally pressure sensitive as well. Upon
applying hydrostatic pressure they expand, as the response to pressure is at-
tributed to the same physical properties as the LCST, which increases with rising
pressure.[14]

3
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Table 1.1: List of polymers with LCST ∗in water

Polymer name Polymer structure LCST∗ Lit.

Poly-N-
isopropylacrylamide NHO

33◦C
Schild, Progr. Polym.

Sci., 1992, 17., 163

Poly-N-
isopropylmethacryl-

amide
NHO

40◦C

Netopilik et al.,
Macromol. Rapid.

Commun., 1997, 18.,
107

Poly-N-ethyl-N-
methylacrylamide NO

56◦C
Plate et al., Polym. J.,

1999, 31., 21

Poly-N,N-
diethylacrylamide NO

32◦C
Idziak et al.,

Macromol., 1999, 32.,
1260

Poly-N,N-
dimethylamino-

ethylmethacrylate
OO

N

50◦C
Cho et al., Europ. Poly.

J., 1999, 35., 1841

Polyvinylisobutyro-
amide

HN O 35◦C
Akashi et al., J. Polym.

Sci. Polym. Chem.,
1996, 34., 301

Polymethylvinylether
O

36◦C
Ichijo et al., Radiat.

Phys. Chem.,1995, 46.,
185

Polyethylene glycol O 96◦C
Ataman, Colloid

Polym. Sci., 1987, 265.,
19

Poly-2-ethyloxazoline
N

O
65◦C

Chen et al., Macromol.,
1990, 23., 4688

Hydroxypropyl-
cellulose

O O
O

O

O

HO

O

OH

OH

44◦C
Winnik, Macromol.,

1987, 20., 2745
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1.1 Hydrogels

Response to pH is another widely found stimulus, that originates from the elec-
trostatic repulsion between charged groups within the polymer. At high pH,
polyacrylates show enhanced swelling, whereas polyamines exhibit the same be-
havior at low pH.[15] Considering the different pHs in the digestive organs, pH
responsive hydrogels found application in drug delivery.[16–19]

The response to irradiation with light can be assigned to an effect of either LCST
or osmotic pressure. In the case of polymers modified with leuco derivatives,
UV-light creates ion pairs (see fig. 1.3), causing a swelling due to the increase in
osmotic pressure.[20] When functionalized with chlorophyll, visible or IR light is
transformed to local heat resulting in a collapse of the hydrogel.[21] Light can be
used as very defined stimulus which led to to the application of these hydrogels
in microfluidics.

Fig. 1.3: Polymerizable leuco derivative splitting into an ion pair upon UV irradiation. [20]

The collapse can be triggered by an electric signal as well, as the movement of
ions in the electric field results in an osmotic gradient from cathode to anode.[22–24]

At low ionic strength or in the absence of ions, shrinkage can be forced by elec-
troosmosis and electrophoresis.[25] Electro sensitive hydrogels can be applied as
actuators and are a step forward towards the development of artificial
muscles.[26, 27]

Finally, specifically modified hydrogels can undergo swelling or collapse upon
a chemical stimulus. For example, an interpenetrating network formed by one
polymer functionalized with an antibody and another with the respective anti-
gen will swell upon addition of free antigen and thus indicate its presence (see
fig. 1.4).[28] Applied for controlled insulin delivery, a polymer with attached con-
canavalin A and glucose responds to an increase of glucose in solution by swel-
ling and releasing insulin.[29–31]
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1 Introduction

Fig. 1.4: Antigen-antibody interpenetrating network responding to free antigen.[28]

Beside the introduction of responsive segments in the polymer chain, polymers
that allow for further functionalization, so called functional hydrogels provide
access to an even larger range of applications.

1.1.2 Functional Hydrogels

Functional hydrogels consist of at least one polymer segment that enables poly-
mer analogous reactions. The possible routes utilize active ester chemistry, click
chemistry, polymeric anhydrides, epoxides, aldehydes and ketones. Including
Michael-type and Friedel-Crafts reactions as well as methylations, polymer anal-
ogous reactions involve almost all high yield organic reactions.[32–34] Further-
more, for most of these transformations, both reaction partners are polymeriz-
able or can be provided by functionalization of a precursor polymer. For exam-
ple PHEMA can be transformed into a carboxylate with cyclic anhydrides and
carbamates.
These reactive sites allow for the modification with a variety of biomolecules for
biosensor applications and chromatography based on affinity binding.[35–39] Ad-
ditionally, attaching molecular recognition sites diversified cell culturing,[40] and
polymer assisted drug delivery advanced medication.[8] As mentioned above, re-
sponsive behavior can be implemented to create a functional responsive hydrogel
or to diversify the responsiveness, i.e. to a magnetic field by incorporating mag-
netite nanoparticles.[41, 42]

The combination of functionality and responsive behavior allows for the develop-
ment of advanced biosensors. The concept is described in figure 1.5 in section 1.2.

6



1.2 Biosensors

1.1.3 PNIPAAm-based Hydrogels

One of the most frequently used and studied responsive polymer and hydrogel
is poly-N-isopropylacrylamide (PNIPAAm).[43] It is temperature sensitive, with
a sharp phase transition at 33◦C , its LCST. This is caused by the fine balance
between the hydrophilic amide and the hydrophobic backbone and isopropyl
group. The latter are responsible for the hydrophobic effect, the orientation of
water molecules around nonpolar regions, resulting in a negative mixing entropy
∆Smix. Meanwhile, the mixing enthalpy ∆Hmix is negative due to hydrogen bond-
ing of the water with the amide group. According to the definition of the free
Gibbs energy

∆Gmix = ∆Hmix − T∆Smix (1.1)

raising the temperature above a certain value leads to a positive ∆Gmix, causing
demixing. Indeed, above the LCST the polymer turns from coil to globule, caus-
ing the hydrogel to undergo phase separation and collapse.
The collapse temperature and kinetics, as well as the degree of volume change,
can be influenced to a certain extend by copolymerizing other monomers, graft-
ing and crosslinking.[44–48] However, PNIPAAm looses its temperature sensitivity
when too many comonomers are introduced.
The applications found for PNIPAAm-based hydrogels comprise most of those
typically for temperature responsive hydrogels. Some are presented in chapter 7.

1.2 Biosensors

According to IUPAC, a biosensor is a ‘device that uses specific biochemical re-
actions mediated by isolated enzymes, immunosystems, tissues, organelles or
whole cells to detect chemical compounds usually by electric, thermal, or optical
signals.’[49]

Two representative examples will be introduced in the following.

Fig. 1.5: Sensor concept with a functional responsive hydrogel.

7



1 Introduction

The first is based on the optical recognition of binding events inside a sensor ma-
trix. As depicted in figure 1.5, a hydrogel can act as such a matrix being the
solid support for one partner of an affinity binding pair, e.g. an antigen. It
might even host an array of different interaction schemes, as indicated by the
two gel patches. Upon addition of the analyte solution, i.e. an antibody, the net-
work swells and offers specific binding sites for the analytes. Unbound specimen
are washed out and by exceeding the LCST the gel collapses, thus providing a
higher analyte concentration in the detection area. The optical recognition can
be conducted by measuring the change in refractive index by surface plasmon
resonance (SPR) or optical waveguide mode spectroscopy (OWS), for example.
For fluorescent or dye-labeled analytes, SPR or OWS excited fluorescence spec-
troscopy (SPFS/OWFS) can be utilized to determine the amount of analyte.
Important parameters of such a biosensor matrix are stability – i.e. prevention
of unspecific adsorption – accessibility by means of large enough pore size, and
optical properties enabling optical measurements. The employment of a hydrogel
as biosensor matrix is demonstrated in section 7.1.
The second representative example employs electrochemical investigation meth-
ods to probe an analyte solution. The most sensitive and selective biosensors
are probably found in nature, integrated into cell membranes. There, receptors
trigger signal transduction through the membrane, for example by influencing
the ion transport of channels. Artificial biomembranes attached to an electrode
with incorporated proteins or engineered channels merge natures sensing sys-
tems with a physicochemical transducer.[50] However, these artificial environ-
ments have to meet a number of criteria to effectively mimic a natural cell mem-
brane. First of all, they have to allow for the functional incorporation of the pro-
teins, but excellent sealing qualities and a long term stability are required to reli-
ably monitor the response of the receptor.

8



1.3 Bio-Compatibility and Non-Fouling

Fig. 1.6: A protein tethered bilayer lipid membrane (ptBLM) enabling the electrochemical detec-
tion of cytochrome C (cyt c) via the protein cytochrome C oxidase (CcO).[51]

One class of artificial biomembranes are so called protein tethered bilayer lipid
membranes (ptBLM), illustrated in figure 1.6. They consist of proteins tethered
to a surface via a spacer and a lipid bilayer span between the proteins by the
self-assembly of phospholipids. The spacer decouples the protein from the in-
fluence of the substrate and forming an ion reservoir to avoid the denaturing of
the proteins. Moreover, the lipids are stabilizing the proteins and enabling elec-
trochemical measurements by separating the electrode from the outer membrane
environment. In the presented case, cytochrome C (cyt c) can be detected by
the current resulting from its oxidation by the ‘receptor’ cytochrome C oxidase
(CcO).[51]

1.3 Bio-Compatibility and Non-Fouling

Although the biological reaction of organisms to foreign bodies is being inves-
tigated for decades[52] and ship hull fouling is known since the beginning of
navigation, the nature of the interactions with biomolecules and complete or-
ganisms is largely unknown. Lately, the development of biosensors urged the
engagement with their major problem of unspecific adsorption, often referred to
as (bio)fouling.[53]
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1 Introduction

Fig. 1.7: Left: unspecific adsorption to a sensor surface.(adapted from polyintell) Middle: stent
restenosis.(nhlbi.nih.gov) Right: ship hull fouling.(BASF)

To prevent or at least reduce unspecific adsorption, several strategies were em-
ployed, taking into account the limitations and requirements of the field of appli-
cation. For biosensor applications only few reliable coatings are known. Sensing
devices in diagnostic practice mainly resort to PEG coatings, though PNIPAAm,
dextran and recently polymers containing zwitterionic groups, like phosphoryl-
choline, sulfobetaine, and carboxybetaine to mimic cell membranes are employed
as well.[36]

For soft tissue implants, medical scientists rely on inert materials like stainless
steel, titanium and cobalt/chromium alloys for artery stents or silicone and teflon
for augmentation mammoplasty and artificial cardiac valves. These materials are
often combined with polymers eluting drugs to prevent inflammatory reactions.
However, restenosis, the choking of stents and encapsulation or rejection of im-
plants, caused by the stents material or even the eluted drug currently still are a
major problem.[54]

Similar to drug eluting implants, ship owners use so called antifouling paintings
on the hull of their vessels to reduce the attachment of marine organisms. These
coatings elute tin-organic, copper or zinc-organic compounds or organic cytotox-
ins. The latter are found in herbicides and fungicides as well. Due to the baneful
side effects on the marine life and its high persistency in the food chain, the most
commonly used ingredient tributyltin was banned by the International Maritime
Organization (imo.org) in 2008. One possibility to replace these coatings might
be to adapt the principles of reducing unspecific adsorption on sensors and im-
plants.
On the other hand, for some applications, the adsorption of cells is desirable, or
proteins and polysaccharides which can act as adhesion promoter for them, i.e.
for ossific fillers in bone implant coatings.[55] In engineering cell tissue replace-
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ment, even surfaces that enable switching between bioadsorption and repulsion
are employed to release tissue from the dish after growth.[56] Taking into account
the need of coatings which prevent the proliferation of cells on them, but at the
same time do not cause inflammatory reactions, the demand for biocompatible
materials that can be adapted to the corresponding application rises.
This topic is highly complex as the efficiency of the coated material differs from
tissue to tissue. When nonfouling properties are needed, an implant coating suit-
able for bladder catheter might be unsuitable for ophthalmic stents and in the
case of tissue engineering, the necessities of tissues from bone and liver differ
as well. A recent introduction to materials used in medicine was published by
Ratner and coeditors.[57]
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1.4 Aim and Outline of the Thesis

The aim of this thesis is the synthesis and characterization of a functional hy-
drogel with the scope of exploitation as matrix for biosensing and as coating for
medical applications.
Its utilization requires the understanding of the relevant properties of the ap-
plied hydrogel and the exploration of its interplay with biomaterials. To ascribe
these interaction to its properties, thorough investigations regarding their opti-
cal, mechanical and chemical nature have to be conducted. For these studies, it
is necessary to adapt existing or develop new methods to study the synthesized
hydrogels. A complete characterization furthermore allows for a future compar-
ison with other materials employed in the field of application.
It was decided to employ a hydrogel based on an initially non-crosslinked poly-
mer, which allows for subsequent transformation to a hydrogel network. This
approach and the possibility to accurately control the crosslinking density grants
tunability and a high reproducibility of the properties of the used hydrogel. To
gain functionality, a protocol had to be established to modify copolymerized
methacrylic acid, based on active ester chemistry. The corresponding compounds
had to be synthesized. A diversification of characteristics can be achieved by im-
plementing responsiveness to external stimuli. Hence, the polymer investigated
and employed for the preparation of the hydrogel was chosen to mainly consist
of PNIPAAm, with a LCST of ∼ 32◦C .
The procedure developed to obtain a functional hydrogel is presented and dis-
cussed in chapter 3, ‘Preparation of the Hydrogel’. These syntheses are the basis
of the research performed in the following chapters.
The first step towards a systematic characterization of the hydrogel is studying
the underlying polymer. Beside its molecular weight and molecular weight dis-
tribution (see section 3.1), its chemical composition was determined by a specif-
ically developed 1H-NMR protocol to reveal and distinguish the different struc-
tural components. For the analysis of the composition of the respective grafted
and crosslinked hydrogel, X-ray photoelectron spectroscopy was employed in
chapter 4, ‘Chemical Characterization’.
An investigation on the optical properties of the gel, like swelling state with re-
spect to environmental changes, was conducted based on surface plasmon and
waveguide mode spectroscopy in chapter 5, ‘Optical Characterization’. Sec-
tion 5.1 introduces the spectroscopy of coupled long range surface plasmons
which was developed lately for a more reliable investigation of very thin films.
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In section 5.2, the combination of plasmon and waveguide mode spectroscopy
(SPR/OWS) was utilized. The complex data were evaluated with the help of the
Wentzel-Kramers-Brillouin-approximation, which enables studying structural
gradients in thin films perpendicular to the substrate.
In the subsequent chapter 6 ‘Dynamic Characterization’, the diffusion of tracking
probes as well as the dynamics of the gel itself are studied. To follow the move-
ment of diffusants inside the hydrogel, fluorescence correlation spectroscopy and
SPR/OWS were employed. In addition, a synthetical approach to enhance FCS
and the usage of PCS were commenced and the synthesis of new probes was ini-
tiated. The motion of the grafted and crosslinked network itself was studied with
PCS. These investigations shed light on the mechanical and structural properties
of the hydrogel.
These methods give information, which are important for the application of the
hydrogel as sensor matrix. They allow for the determination of the mesh size and
the proper motion of the host, which is necessary to understand the performance
as sensor platform.
Section 7.1 introduces the hydrogel as biosensor matrix, using SPR/OWS as sig-
nal transducer.
The application of the hydrogel as medical coating is presented in the subsequent
section. Its interaction with cells is investigated, to enable employing the hydro-
gel for the coating of intraocular stents.
The results of the research performed on the interaction with biomaterial for med-
ical coatings are likewise of interest for sensor application as unspecific adsorp-
tion reduces the efficiency of the biosensor.
In the last section, a hydrogel with a higher degree of functionality is introduced.
The gel presented before was adapted to meet the requirements to support a pro-
tein tethered bilayer lipid membrane. Therefore, the employed polymer consists
only of a functional monomer and the photo crosslinker.
Thus, this thesis spans the whole range from design and synthesis, via character-
ization to the application of functional hydrogels.
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The section 5.1, ‘Coupled Long Range Surface Plasmon (cLRSP) Spectroscopy’
was published in

[58]J. Dostálek, R. F. Roskamp and W. Knoll, Sensors and Actuators B: Chemical,
2009, 139, 9-12, Coupled long range surface plasmons for the investigation of
thin films and interfaces.

Sections 6.1.2, ‘FCS of Rhodamine 6G Diffusion’ and 6.3.2, ‘FCS of Dye-labeled
Hydrogel’ were published in

[59]M. Gianneli, P. W. Beines, R. F. Roskamp, K. Koynov, G. Fytas and W. Knoll,
Journal of Physical Chemistry C, 2007, 111, 13205-13211, Local and Global Dynamics
of Transient Polymer Networks and Swollen Gels Anchored on Solid Surfaces.

The section 6.3.3, ‘µPCS of the Hydrogel’ was published in

[60]M. Gianneli, R. F. Roskamp, U. Jonas, B. Loppinet, G. Fytas and W. Knoll, Soft
Matter, 2008, 4(7), 1443-1447, Dynamics of swollen gel layers anchored to solid
surfaces.

The application as ‘Biosensor Matrix’ in section 7.1 was published in

[61]A. Aulasevich, R. F. Roskamp, U. Jonas, B. Menges, J. Dostálek and W. Knoll,
Macromolecular Rapid Communications, 2009, 30, 872-877, Optical Waveguide Spec-
troscopy for the Investigation of Protein-Functionalized Hydrogel Films.

Section 7.3, ‘Protein-resistant Coatings: A ToF-SIMS Study’ is prepared to be sub-
mitted to Biomaterials

R. F. Roskamp, C. R. van den Brom, U. Jonas, M. Jasieniak and H. J. Griesser, A
collapsed Non-Fouling PNIPAAm-based Hydrogel.

Section 7.4, ‘A Hydrogel-supported ptBLM’ is prepared to be submitted to Soft
Matter

A. Kibrom, R. F. Roskamp, U. Jonas, B. Menges and R. L. C. Naumann, Hydrogel-
supported Protein-tethered Bilayer Lipid Membranes: a new approach towards
polymer-supported Lipid Membranes.
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2 Methods

2.1 Contact Angle Measurement

Contact angle measurements are one of the easiest methods to investigate a solid
surface, particularly to obtain information on tension and roughness. The contact
angle is determined at the interface between the three phases, liquid, solid, and
vapor, of a liquid droplet placed on the solid surface of interest. The thermody-
namic equilibrium of such a system is described by the Young-equation:

γs = γsl + γl cos Θ (2.1)

Equation 2.1:
γs - surface tension (solid); γsl - interfacial tension (solid/liquid); γl - surface tension
(liquid); Θ - equilibrium contact angle.

The contact angle is, in the first, determined by the hydrophilic property of the
surface.

Fig. 2.1: Contact angle of a water droplet on an ultrahydrophobic (left), hydrophobic (center) and
very hydrophilic (right) surface.

Contact angles can cover a range from below 30◦ (very hydrophilic) to 90◦ (hy-
drophobic) and up to 180◦ (ultrahydrophobic) surfaces, as illustrated in figure 2.1.
On a very hydrophilic substrate, the droplet can spread completely. Among sev-
eral other methods to measure a contact angle, only the static contact angle in
‘Sessile-Drop’-mode is determined here. The system applied is the Drop Shape
Analysis System DSA 10 (Kruess, Germany) with a thermo stage and degassed

15



2 Methods

MilliQ (ultra pure water, > 18.2 MΩ cm, 2.5 µL droplets). To avoid effects of evap-
oration, evaluation was performed on the basis of pictures taken right after plac-
ing the droplet. At least four measurements were carried out on each surface and
evaluated by commercially available software. (SCA202, V.3.7.4., DataPhysics In-
struments, Germany)

2.2 Surface Plasmon Resonance Spectroscopy

(SPR)

Surface plasmon resonance spectroscopy (SPR) was designed for the nondestruc-
tive investigation of the optical properties of ultra thin films at metal surfaces
and incidents close to the metal-dielectric interface. The spectroscopy of surface
plasmons is based on the attenuation of total internal reflection (ATR).
If light hits the interface of two media with different optical density, going from
the denser n1 (e.g. glass) to the thinner n2 (e.g. water), one part is reflected with
the same angle Θr = Θi as the incident wave. The other part is refracted follow-
ing Snell´s law as depicted in figure 2.2.

n
1
n
2

Fig. 2.2: Reflection and refraction at an interface according to Snellius.

sin Θt =
n1

n2
sin Θi (2.2)

Equation 2.2:
Θt - emergent angle of the transmitted wave; n1 - refractive index of the optically
denser media; n2 - refractive index of the optically thinner media; Θi - incidence
angle of the incident wave.
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2.2 Surface Plasmon Resonance Spectroscopy (SPR)

From eq. 2.2 one can derive the critical angle of total internal reflection (TIR) Θc

with Θt = 90◦. The relations between the fields of the incident and the reflected
and transmitted wave were described by Fresnel:

rs =
n2 cosΘi − n1 cosΘt

n2 cosΘi + n1 cosΘt

rp =
n2 cosΘt − n1 cosΘi

n2 cosΘt + n1 cosΘi

ts =
2n1 cosΘi

n2 cosΘi + n1 cosΘt

tp =
2n1 cosΘt

n2 cosΘi + n1 cosΘi

Equation 2.3:
rs - reflection ratio for s-polarized light; rp - reflection ratio for p-polarized light; ts

transmission ratio s-polarized light; tp transmission ratio for p-polarized light.

Above TIR, the incident light gives raise to a wave restricted to the surface with
an evanescent (exponential) decaying intensity along and perpendicular to the
interface. The penetration depth of the evanescent wave ( I

I0
= 1

e ) is given by:

d 1
e
=

λ

2π

[
n2

1
n2

2
sin2 Θi − 1

]− 1
2

(2.3)

Equation 2.3:
d 1

e
- penetration depth; λ - wavelength of the light; n1 - refractive index of the denser

media; n2 - refractive index of the thinner media; Θi - angle of the incident wave.

Changes in the refractive index in the field of the evanescent wave by a layer that
absorbs energy from the wave lead to corresponding changes in the intensity of
the reflected light, according to eq. 2.3. In the case of a glass surface, the field
is that weak, that it is commonly enhanced taking advantage of the excitation
of surface plasmons.[62–64] This is enabled by coating the interface with a thin
metal, typically gold or silver. P- or TM-polarized light, which has an electric
field component perpendicular to the interface, can induce surface charges in the
free electron gas and hence generate surface plasmons. Furthermore, plasmons
allow for the detection of layers that do not absorb energy from the evanescent
wave.
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To probe the resonance between the light wave and the plasmon, both have to
have the same wave vector, given for the plasmon as:

kx,plasmon =
ω

c

√
εmεd

εm + εd
(2.4)

Equation 2.4:
kx,plasmon - wave vector of the plasmon in x direction; ω - angular frequency; εm -
dielectric constant of the metal; εd - dielectric constant of the dielectric; c - speed of
light.

derived from Maxwells equations. The wave vector of the plasmon will always
exceed the wave vector of light in air, hence the metal has to be coated on a denser
medium like glass (e.g. a prism). One possible realization is the Kretschmann-
configuration(see fig. 2.3).[65]

Fig. 2.3: Kretschmann-configuration mounted on a teflon cell with injection tubes.

Using a prism, the wavevector of the incident light

kx,photon =
ω
√

εprism

c
sin Θi (2.5)

Equation 2.5:
kx,photon - wavevector of the photon in x direction; ω - angular frequency; εprism -
dielectric constant of the prism; c - speed of light; Θi - angle of the incident wave.

depends on the angle of incidence Θi, allowing for an increase of kx to gain res-
onance with the plasmon for a given angular frequency of the laser ωlaser (see
fig. 2.4).
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2.2 Surface Plasmon Resonance Spectroscopy (SPR)

Fig. 2.4: Dispersion relations of photons in air and prism, and of plasmons with different media
on top of the interface.

Hence, upon changing the incident angle, the reflected intensity runs through
the resonance minimum after passing the angle of total internal reflection (see
fig. 2.5). SPR is therefore described as attenuated total internal reflection method.
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Fig. 2.5: Simulated reflectivity spectra of gold against air.

The adsorption of molecules on the gold, or any change in the refractive index in
the field of the plasmon, changes the wave vector of the plasmon (see fig. 2.4) and
the resonance angle ΘSPR, respectively.
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This shift is proportional to the dielectric constant and the thickness of the ad-
sorbed layer following

∆Θi ∼ (
√

εd −√εp) d (2.6)

with
ε = (n + ik)2 = n2 + 2ikn− k2 = ε′ + iε′′ (2.7)

Equations 2.6 and 2.7:
Θi - angle of incidence; εd - complex dielectric constant of the dielectric; εp - complex
dielectric constant of the buffer; d - thickness of the adsorbed layer; n - real part
of the refractive index; k - imaginary part of the refractive index; ε′ - real part of
the dielectric constant (ε′ = n2 − k2); ε′′ - imaginary part of the dielectric constant
(ε′′ = 2kn).

This allows for the determination of the optic properties and the thickness of the
adsorbed layer.[66] The shift can be followed in scan and kinetic mode. The scan
mode requires a repeated measurement of angular dependent reflectivity spectra
as depicted in figure 2.6.
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Fig. 2.6: Simulated changes in reflectivity spectra for the adsorption from solution with time.

The kinetic mode measures the change of reflected intensity with time at a fixed
angle ΘK in the linear part of the flank of the minimum (see fig. 2.7). A shift
of the resonance angle alters the reflectivity at the chosen angle. This method is
much faster then a full angular scan and thus allows for recording of adsorption
kinetics.
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Fig. 2.7: Simulated reflectivity spectra at a certain time (left) and a fixed angle ΘK (right).

Figure 2.8 shows the schematic construction of the applied SPR setup with a mea-
surement cell as depicted earlier (see fig. 2.3).

Fig. 2.8: Schematic SPR-setup.

However, SPR requires the knowledge of either the refractive index or the thick-
ness to determine the respective other parameter. To overcome this disadvantage
coupled long range surface plasmons (section 5.1) or a combination of SPR and
waveguide mode spectroscopy is applied.
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2.3 Optical Waveguide Mode Spectroscopy (OWS)

The principle of TIR is used to guide lightwaves in confined media, as well. As-
suming a model waveguide consisting of three layers with refractive indices n1,
n2 and n3, for the case of n2 > n1, n3 layer 2 can guide lightwaves (see fig. 2.9).
For angles larger than the critical angle of TIR θc of both interfaces, the wave
can not escape the layer anymore, it is guided. From ray optics one can derive
that only waveguide modes of discrete angles or corresponding wavelengths can
exist, as the interference after two reflections has to be constructive. A more ade-
quate description of this phenomena and the fact, that the beam is not completely
reflected at the interface, but exhibit a decaying field outside the waveguide, can
be found in wave optics theory.[67–69]

Fig. 2.9: Waveguide with a refractive index n2 > n1, n3, the indices of the surrounding layers and
the guided beam 2 with and incident angle θ2 > θc, the critical angle of TIR and the
non-guided beam 1 with θ1 < θc.

Starting from the Maxwell equations

∇× ~E = −∂~B
∂t

∇ · B = 0

∇× ~H =
∂~D
∂t

∇ · D = 0

(2.8)

Equation 2.8:
~E - the electric field; ~B - the magnetic field; ~H - the magnetic field strength; ~D - the
electric displacement.

one obtains two groups of solutions. Transversal electric (TE) modes with a polar-
ization of the electric field perpendicular to the plane of incidence and transversal
magnetic (TM) modes with a polarization of the electric field parallel to the plane
of incidence. As SPR can only be performed with p-polarized light, having an
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2.3 Optical Waveguide Mode Spectroscopy (OWS)

electric field parallel to the propagation direction, and we are particularly inter-
ested in the combined use of SPR and OWS, here only the TM modes with TM0,
the surface plasmon are discussed.
Using the following approach for the wavefunctions in the three media

Hy1 = A exp (vx)

Hy2 = B cos (ux) + C sin (ux)

Hy3 = D exp (−wx)

(2.9)

Equation 2.9:

v =
√
−k2

0n2
1 + β2; u =

√
k2

0n2
2 − β2; w =

√
−k2

0n2
3 + β2; k0 - wavenumber in vac-

uum; β - propagation constant.

one can derive the dispersion relation

tan ud =
u
n2

2

(
v

n2
1
+ w

n2
3

)

u2

n4
2
− v

n2
1

w
n2

3

(2.10)

and finally the wavefunctions:

Hy1 = − u
n2

2/n2
1 v

C exp(vx)

Hy2 = C

(
− u

n2
2/n2

1 v
cos (ux) + sin (ux)

)

Hy3 = −C

(
u

n2
2/n2

1 v
cos (ud) + sin (ud)

)
exp(w(x + p))

(2.11)

The dispersion relation is only solvable for discrete β, allowing only discrete

wavelengths with a wave vector kx =
√

k2
0n2 − β2 as described in the particle

optics part. For a real kx, the guided wave propagates in x direction, for an imag-
inary kx, the wave is evanescent.
However, this description is not completely true for the waveguide discussed in
this thesis. Here the substrate with the lower refractive index is a gold layer, far
too thin to allow for the complete evanescent decay of the wavefunction. The
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wave guided between gold and buffer or air, is referred to in literature as leaky
mode. A neat description of the phenomena can be supplied by a quantum me-
chanical approach. For a closed expansion (‘normal’) waveguide, the sub- and
superstrate of lower refractive index can be treated as potential walls of finite
height and infinite width. The solution of the Schrödinger equation is the same
as described above by wave optics theory, with an evanescent solution in the
walls and an oscillating wave in between. For a leaky mode expansion, the gold
substrate can be treated as potential wall of finite height and finite width. This
gives rise to the possibility of reflection by anti-tunneling and the coupling into
and out of the waveguide by tunneling. A complete description can be found
in literature,[70, 71] here it is only stated, that guiding leaky waves is possible and
that the coupling efficiency – the depth of the modes – depends on the thickness
of the gold layer (see fig. 2.10), as intuitively assumed.
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Fig. 2.10: Increasing coupling efficiency with decreasing gold layer thickness.

2.3.1 Wentzel-Kramers-Brillouin (WKB)-Approximation

Additionally to the waveguides with uniform refractive index discussed above,
such with a gradient in refractive index can be found or are desirable to pro-
duce. For some gradients, the exact solution can be calculated and is known
from literature,[69] for those with an inhomogeneous gradient, however, only
approximations can be applied. One is the Wentzel-Kramers-Brillouin (WKB)-
approximation, which is discussed briefly in the following. A detailed derivation
can be found in literature.[67, 69]
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2.3 Optical Waveguide Mode Spectroscopy (OWS)

To solve the scalar wavefunction, after the addition of a x-dependency of the
refractive index

∂2Hy

∂x2 + (k2
0n2(x)− β2) Hy = 0 (2.12)

the approach

Hy = H0 exp (ik0U(x)) (2.13)

is expanded in series. By summarizing the terms of the same order, the zeroth
and first order of the WKB-approximation.

U0 = 1/k0

∫ √
k2

0n2(x)− β2 dx (2.14)

U1 = i/2 ln |dU0

dx
| (2.15)

The zeroth order results in two solutions, an oscillating

Hy =
H0

4
√

k2
0n2(x) − β2

exp
(
±i

∫ √
k2

0n2(x) − β2 dx
)

(2.16)

and an evanescent

Hy =
H0

4
√

β2 − k2
0n2(x)

exp
(
±

∫ √
β2 − k2

0n2(x) dx
)

(2.17)

for k2
0n2(x) < β2. At the point of discontinuity the one solution merges into the

other (after connecting linearly). This transition point (xt) is at the same time the
integration limit for eq. 2.16, introducing the effective refractive index sensed by
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the mode:

xt∫

0

√
n2(x)− n2

e f f dx = λ0/2(N + 3/4) (2.18)

with N = 0, 1, 2, ..., n2 − n1 ¿ n1.
Practically, with a ne f f given by the measured incident angle:

ne f f = np sin
(

γ + arcsin
(

sinΘ
np

))
(2.19)

Equation 2.19:
np - refractive index of the prism; γ - prism angle; Θ - angle of incidence.

n2(x) can be approximated according to

n2(x) = n2
e f f ,k +

n2
e f f ,k−1 − n2

e f f ,k

xk − xk−1
(xk − x) (2.20)

with xk−1 ≤ x ≤ xk and k = 1, 2, 3, ..., m.
Together with eq. 2.18, the measured refractive index ne f f can be assigned to a
distance from the substrate by a recursive procedure:

xm − xm−1

λ0
=

1√
n2

e f f ,m−1 − n2
e f f ,m

(
3(4m− 1)

16
−

m−1

∑
k=1

xk − xk−1

λ0(n2
e f f ,k−1 − ne f f ,k)

×[(n2
e f f ,k−1 − n2

e f f ,m)3/2 − (n2
e f f ,k − n2

e f f ,m)3/2]
)

(2.21)

Due to the actual way of performing the WKB-approximation in the opposite
direction it is often referred to as ‘reversed WKB-approximation’.
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2.4 Correlation Spectroscopy

Correlation spectroscopy is used to investigate and describe the fluctuations in
light intensity I(t), detected from scattering or confocal fluorescence experiments,
as a function of time. When probing a hydrogel, these fluctuation can have their
origin in the diffusion of tracking-probes through the network or the motion
of the scattering host itself.[72–75] The processing is done by a hardware auto-
correlator which multiplies the time-dependent scattered intensity with it self,
shifted by a distance τ in time. By averaging over the total measurement time
< I(t)I(t + τ) > one obtains the normalized intensity autocorrelation function:

G(τ) =
< I(t)I(t + τ) >

< I(t)2 >
(2.22)

as depicted in figure 2.11.

Fig. 2.11: Scattering intensity fluctuation around the mean < I(t) >, processed by an autocorre-
lator giving the intensity autocorrelation function.

2.4.1 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is based on detecting the fluctua-
tions of the fluorescent light intensity in a small observation volume Vobs, usually
formed by the focus of a confocal microscope.[76]

Vobs(x, y, z) = e−2((x2+y2)/r2
0)e−2(z2/z2

0) (2.23)

as depicted in figure 2.12.
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Fig. 2.12: Focal volume of a confocal FCS measuring the diffusion of the illuminated fluorophores
(red) through a network.

The experimental autocorrelation function of the motions has the analytical form:

G(t) =
1 + T

1−T e−t/τT

N

(
M

∑
i=1

Fi

(1 + t/τi)
√

1 + t/(S2τi)

)
+ 1 (2.24)

Equation 2.24:
Fi - fractional population of the ith component; T - triplet fraction; τT - triplet decay
time; τi - characteristic diffusion time of the ith fluorescent component with τi =
r2

0/4Di with the self-diffusion coefficient Di; S = z0/r0 structural setup parameter.

As a result of very low fluorophore concentrations, FCS allows for the computa-
tion of the tracer mean square displacement 〈∆r2(t)〉 in the observation volume
Vobs with lateral and vertical dimensions of r0 = 0.2 µm and z0 = 0.8 µm, respec-
tively from the experimental autocorrelation function:

G(t) = N−1[1 + (2/3)〈∆r2(t)〉/r2
0]
−1 · [1 + (2/3)〈∆r2(t)〉/z2

0]
−1/2 + 1 (2.25)

The normalized fluorescence intensity correlation function C(t) is derived from
the experimental autocorrelation function in eq. 2.24 as C(t) = (G(t)− 1) N.
The employed setup is described in literature.[59]
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2.4.2 Photon Correlation Spectroscopy (PCS)

Contrary to FCS, photon correlation spectroscopy (PCS) detects light scattered
from inhomogeneities, like particles, in a volume illuminated by laser light.[77]

From dynamic light scattering, as well as static, one can obtain additional in-
formation, like structure parameter of the scatterer, when measuring at different
angles. The scattering wave vector q (see fig. 2.13) is added to the normalized
intensity autocorrelation function

G(q, τ) =
< I(q, t)I(q, t + τ) >

< I(q, t)2 >
(2.26)

with

q =
4πn sin(θ/2)

λ0
(2.27)

Equation 2.27:
n - the refractive index of the solution; θ - the scattering angle; λ0 - the wavelength
of the laser.

Fig. 2.13: Scattering wave vector q derived by q = ks − ki with ks and ki the wave vectors of the
scattered and the incident light, respectively.

The field autocorrelation function is calculated by:

C(q, τ) =
√

G(q, τ)− 1 (2.28)

known as Siegert relation. For a dilute solution of monodisperse polymers ap-
plies

C(q, τ) = α exp(−q2 < ∆r2(τ) > /6) = α exp(−D0q2τ) (2.29)

Equation 2.29:
< ∆r2(τ) > - the mean square displacement; αI(q) - the net intensity of the solute
polymer.
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From

D0 = kBT/6πηsRh (2.30)

Equation 2.30:
Rh - the hydrodynamic radius; kB - the Boltzmann constant; ηs - the solvents shear
viscosity.

one can derive the hydrodynamic radius Rh.
A description of the used setup can be found in literature.[78]

2.5 X-ray Photoelectron Spectroscopy (XPS)

Typically, NMR is applied to investigate the chemical composition of the terpo-
lymer and its modification. X-ray photoelectron spectroscopy (XPS) on the other
hand allows for probing the elemental composition of grafted and crosslinked
hydrogels and can be used complementary to the optical methods SPR and OWS
described before.[79] XPS analyzes surfaces based on the interaction between the
x-ray photons and the inner electrons of the atoms on the substrate of interest.
If enough energy is transferred to the electron it is ejected from its orbital and
called photoelectron as depicted in figure 2.14. Its kinetic energy Ek measured by
the spectrometer is given by:

Ek = hν− Eb − Ew (2.31)

Equation 2.31:
Ew - the work function of the spectrometer; Eb - the binding energy of the former
electron.

Eb is characteristic for a particular element and furthermore depends on the
chemical environment. The binding energy of the 1s electron of a carbon atom, for
example, is rising with the electronegativity of the binding partner, therefore XPS
allows for quantitative element analysis and the determination of the elements
binding partners as well. A typical XPS spectra is shown in figure 2.14.
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Fig. 2.14: Left: schematic interaction between x-ray photon and electron resulting in a photoelec-
tron. Right: typical XPS spectra showing the elements and a high resolution enlarge-
ment allowing for the determination of the binding partner.[80]

2.6 Time of Flight Secondary Ion Mass

Spectrometry (ToF-SIMS)

Complementary to XPS, which allows for the determination of the electronic state
of the atoms at the surface and hence the binding partner, time of flight secondary
ion mass spectrometry (ToF-SIMS) detects the mass of fragments of molecules on
a substrate.[81] To create and release these fragments from the surface, it is sput-
tered with a focused primary ion beam. This bombardment initiates a collision
cascade inside the first 10 nm of the sample leading to the desorption of molecule
fragments from the first 1 - 2 nm (see fig. 2.15). The size of the fragments can
be in the range of clusters or down to single atoms, they can be charged or non-
charged. The emitted charged fragments, so called secondary ions are extracted
and accelerated by an applied high voltage and measured by ToF mass spectrom-
etry to determine their mass to charge ratio (m/z).
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Fig. 2.15: Secondary ions created by collision cascade upon sputtering with primary ions.[82]

This technique is of ‘destructive’ nature, however, measuring in static mode, the
primary ion fluxes are between 3× 1011 and 6× 1011 ions per cm2. This means
that in the static conditions regime,[79] less than 0.1% of the surface atomic sites
are hit and destroyed by the primary ion beam during a measurement. There-
fore, spectra recorded under the ’static SIMS’ conditions reveal detailed informa-
tion about the surface composition without significantly affecting their chemical
integrity in larger areas.

2.7 Electrochemical Impedance Spectroscopy

(EIS)

In the field of material science, impedance spectroscopy is well established to in-
vestigate the electronic properties of various materials and their interfaces to elec-
trodes. Besides studying electrochemical processes like corrosion, few years ago
electrochemical impedance spectroscopy (EIS) entered the field of biophysics and
is still employed to characterize model membranes and incorporated
proteins.[83–85]
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2.7 Electrochemical Impedance Spectroscopy (EIS)

Impedance is the complex resistance of a circuit made from resistors, capacitors
and inductors. The impedance is measured by applying an ac voltage of low
amplitude and detecting the responding current of the system. For a small ac
amplitude [86], the impedance Z(ω) is given by:

Z(ω) =
U(ω)
I(ω)

=
U0 eiωt

I0 ei(ωt−ϕ(ω))
=

U0

I0
eiϕ(ω) = |Z(ω)| eiϕ(ω) (2.32)

Equation 2.32:
Z(ω) - complex electric impedance as a function of the frequency; U(ω) - applied
voltage as a function of the frequency; I(ω) - measured frequency dependent cur-
rent; ω = 2π f - radial frequency; U0 - amplitude of the voltage; I0 - amplitude of
the current; ϕ(ω) - frequency dependent phase shift; |Z(ω)| - absolute value of the
impedance.

The impedance can be expressed in cartesian as well:

Z(ω) = Z′ + iZ′′ (2.33)

with

Z′ = |Z(ω)| cos ϕ(ω) Z′′ = |Z(ω)| sin ϕ(ω)

|Z(ω)| =
√

(Z′)2 + (Z′′)2 ϕ(ω) = arctan(
Z′′

Z′
)

Equation 2.33:
Z′ - real part of the impedance; Z′′ - imaginary part of the impedance.

For a circuit consisting of a single resistor, the current is in phase with the voltage.
An ideal capacitor, on the contrary, causes a phase shift of 90◦ or π/2. Figure 2.16
shows the effect of these two principle building blocks on an applied ac voltage.
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Fig. 2.16: Ideal resistor (left) and an ideal capacitor (right).
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Impedance measurements allow for the characterization of complex systems
made from combinations of resistors (R) and capacitors (C) parallel and in series.
The measured values can be displayed in various plots, according to eq. 2.33.
Here, only the Bode-plot and the admittance-plot are employed.
To analyze the plots, a circuit equivalent to the measured system has to be de-
signed, representing the system in the easiest possible way. The easiest equiv-
alent circuit for a model membrane consists of a resistor (Rfeed) corresponding
to the buffer, a RC-element (R and C parallel) in series describing the building
stages of the membrane, and a capacitor (CSC) in series representing the space
charge effects close to the substrate surface.

Rfeed RCmembrane CSC

Fig. 2.17: Equivalent circuit and building blocks employed to fit the system.

With this model, an impedance measurement is simulated and matched to the
real data by adjusting the building blocks values.
Figure 2.18 shows a typical Bode- and frequency reduced admittance-plot, sim-
ulated for a model membrane. The Bode-plot depicts the absolute value of the
impedance and the phase shift as a function of the frequency. The admittance-
plot displays the imaginary part of the admittance as a function of the real part,
with the admittance being the inverse impedance.

Y(ω) =
1

Z(ω)
(2.34)

The dashed and dotted lines show how to estimate the fit parameter from a real
measurement. As a resistor is frequency independent and does not cause a phase
shift, the resistances of the system can be obtained from the frequency range of
the impedance spectrum with a low slope and a low phase shift, indicated by the
horizontal lines. The values used to simulate the spectrum are shown next to the
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2.7 Electrochemical Impedance Spectroscopy (EIS)

corresponding guiding lines. These lines demonstrate how to obtain the values
from a real measurement.
A slope of -1 in the impedance and a phase shift of 90◦ corresponds to a frequency
range, where the system behaves like a perfect capacitor. The value of the capac-
ity can be taken from the admittance-plot, given by the imaginary part of the
admittance at the ends of the semicircles.

Cmembrane  0,2 F

CSC  2 F

Rmembrane  5M

Rfeed 100

CSC     >     Cmembrane 

Fig. 2.18: Simulated impedance spectrum presented in Bode- (left) and admittance-plot (right).

When establishing an artificial biomembrane, the resistance rises, as the mem-
brane seals the surface (acting as electrode) from the ions in the buffer. At the
same time, the capacity decreases due to being – in a first approximation – inverse
related with the distance of the electrolytes from the electrode. These changes are
revealed in the Bode- and admittance-plot, shown in figure 2.19.
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Fig. 2.19: Simulated impedance spectra for the establishment of an artificial biomembrane. Left:
Bode-plot, right: admittance-plot.

The setup employed to record impedance spectra generally consists of a potentio-
state recording voltage and current as a function of the frequency and a frequency
generator, applying a 10 mV ac voltage in a frequency range from 100 kHz to
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2 mHz. The measuring cell unites the working electrode – usually the substrate –
the platinum counter electrode and the silver/silver chloride reference electrode
in a chamber floated with buffer. The measuring cell is kept in a Faraday cage to
minimize the electrostatic noise and equipped with in- and outlet tubes to replace
the buffer.
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3 Preparation of the Hydrogel

Fig. 3.1: Reversible swelling of a hydrogel ball.(patrick-beines.de)

This chapter introduces the polymer which is studied and applied in this thesis.
The general preparation methods are described to obtain the PNIPAAm-based
polymer (section 3.1), the hydrogel by subsequent coating and crosslinking on
various substrates (section 3.2 and 3.3) and to perform further modifications (sec-
tion 3.4).

3.1 Polymerization

Multiple methods are known to coat hydrogels on surfaces including brushes
grafted from the surface by in situ free radical polymerization[87, 88] or by con-
trolled radical polymerization techniques[89–92] and grafting of functionalized
PNIPAAm to a modified substrate.[91, 93, 94] E-beam[95] and plasma polymeri-
zation[96–98] had been employed as well.
In this thesis coating is achieved by spincoating of an uncrosslinked polymer fol-
lowed by crosslinking and surface attachment by UV-light.[46, 99, 100] In a first step,
a terpolymer from N-isopropylacrylamide (NIPAAm), methacrylic acid (MAA),
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3 Preparation of the Hydrogel

and 4-benzoylphenyl methacrylate (MABP)[101] was prepared by free radical
polymerization in solution, as depicted in Figure 3.2.

O NH OHO OO

O

AIBN

Dioxane
+ +

COOH
NHO OO

O

ran ran ran

Fig. 3.2: Free radical terpolymerization of NIPAAm, MAA and MABP.

The terpolymer was obtained with an average yield of ∼ 80%. For purifica-
tion it was either precipitated from methanol to ice cold diethyl ether, ultrafiltra-
ted (MWCO: 20.000 g/mol) with THF, or dialyzed (MWCO: 14.000 g/mol) with
DMF. GPC gave a molecular mass of Mn = (115.000 ± 5.000) g/mol and
Mw = (250.000 ± 15.000) g/mol and a polydispersity of PDI = 2.2 ± 0.1
for all purification methods. The determination of the chemical composition is
described in chapter 4.
The copolymerization with MABP allows for the subsequent crosslinking of the
polymer by UV-irradiation. The crosslinking density can be conveniently tuned
and its influence on the hydrogels properties is subject of the research in this
thesis. Furthermore, MABP can covalently attach to alkyl alike substrates like
polyethylene (see section 7.2) and enables structuring of the hydrogel by UV-
lithography.
MAA as comonomer provides the possibility of further functionalization even
subsequent to gel formation. This can be achieved via the introduction of active
ester groups (see section 3.4). Such a chemical modification provides access to
the insertion of more benzophenone crosslinking units (see section 3.6.4) and to
an even larger range of applications such as response to an additional stimulus
or as biosensor.
Additionally, MAA reduces the ‘skin-effect’ by supporting the formation of chan-
nels and contributes to a higher degree of swelling.[43, 45, 102]

Generally, the benefit of grafting polymers to a surface and subsequent crosslink-
ing is the possibility of preliminary investigations on the polymer, for example
with NMR, GPC or light scattering techniques, as performed in the following
chapters.
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3.2 Grafting

3.2 Grafting

Surfaces inert to the attack of the benzophenone, eg. noble metals, metal ox-
ides and metal oxide alikes, require treatment prior to coating to enable the at-
tachment of the hydrogel. For noble metals, such as gold and silver, which
is commonly used in SPR-techniques, a benzophenone-derivative with a thiol
anchor (4-(3-mercaptopropoxy)benzophenone, BP-thiol)[103] (fig. 3.3 right) was
synthesized and employed. In the case of metal oxides, ITO, silicon, and sil-
icon oxide (glass) for instance or metal oxide alikes, for example plasma oxi-
dized silicone and polystyrene, benzophenone with a triethoxysilane anchor (4-
(3-triethoxysilyl)propoxybenzophenone, BP-silane) was used (fig. 3.3 left).

HSi(OEt)3

O

O

Pt/C
O

O Si(OEt)3

O

O

O

O SH

HS

O

AIBN

KOH

Fig. 3.3: Benzophenone-derivatives used for the self-assembly of benzophenone on the desired
surface as adhesion promoter. BP-silane is shown on the left and BP-thiol on the right.

The BP-thiol was further developed from the known S-3-(4-benzylphenoxy)-
propyl ethanethioate[99] as it eases the self-assembly process. The ethanethioate
was cleaved in a methanolic potassium hydroxide solution as depicted in fig-
ure 3.3 (right). The benzophenone SAM was obtained by simply immersing a
respective substrate in an 1 mmol ethanolic solution for 24 hours. After thor-
oughly rinsing with ethanol and drying a measured contact angle of 80◦ with
water proves a dense monolayer.
The triethoxysilane anchor was attached to the 4-allyloxy-benzophenone via hy-
drosylilation with platinum on activated charcoal. Compared to the patented
procedure[104] of using hexachloroplatinic acid where the catalyst is hazardous
to the product, this method provides the product without any further purifica-
tion besides the filtering from the solid catalyst. Due to its lower reactivity, the
triethoxysilane can conveniently be handled under standard laboratory condi-
tions and is therefore advantageous compared to the chlorosilanes. Furthermore,

39



3 Preparation of the Hydrogel

stored as ethanolic solution self-condensation is avoided and hence the durabil-
ity is enhanced. Self-assembly was performed in an 1 mmol ethanolic solution
within three days followed by extensive rinsing with ethanol. This procedure re-
sulted in a less dense monolayer compared to the BP-thiol, as the contact angle
is only ∼ 40◦. A denser functionalization (ca ∼ 70◦) can be achieved by curing
the respective substrate in toluene and 1 % of a 50 mmol ethanolic BP-silane solu-
tion at 80◦C over night. Afterwards the substrates were rinsed with toluene and
subsequently with ethanol.

Fig. 3.4: Preparation of the hydrogel film by spincoating on the benzophenone modified surface.

On these functionalized substrates an ethanolic solution of the PNIPAAm-based
terpolymer was spincoated (fig. 3.4). The concentration of the polymer varied
corresponding to the desired thickness (see respective experimental parts) but
the rotation speed was kept constant at 4000 rpm as this speed provided smooth
surfaces. The coated substrates were dried under vacuum at 50◦C over night.
An additional benefit of using an uncrosslinked hydrogel precursor is the possi-
bility of structured coating. The easiest case is a 2D structure obtained by printing
the polymer solution,[105] which can be achieved with commercial available inkjet
printer as well, as shown in figure 3.5.

Fig. 3.5: Hydrogel from an 1% aqueous polymer solution deposited by an inkjet printer. With
Dave Tune, 9D Tech.

To take the pictures, the printed slides were cooled down to condense water.
Upon condensation, the hydrogel swells whereas water particles form on the un-
coated glass and scatter the light.

40



3.3 Crosslinking

3.3 Crosslinking
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Fig. 3.6: Crosslinking and covalent surface attachment are achieved by irradiation with UV-light
upon which the benzophenone forms the diradical responsible for the crosslinking and
surface attachment as well.

Finally, the coatings were crosslinked and attached to the substrate via the benzo-
phenone units. Upon irradiation with a wavelength of λ = 365 nm (Stratalinker
2400, Agilent, Germany) benzophenone forms a diradical, inserting into any
available non-aromatic C-H bond as depicted in figure 3.6.
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Fig. 3.7: Evolution of the intensity of the absorption maxima (261 nm) of the benzophenone (inset)
with irradiation time. The decay was fitted with I ∼ T−0.9

UV (red line).

Thereby, the copolymerized benzophenone units cause the crosslinking whereas
the surface attached benzophenone enables the immobilization on the substrate.
By varying the irradiation dose (∼ 0.105 J cm−2 per minute) corresponding to
an irradiation time, properties like swelling ratio, mesh size (see chapter 6) and
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refractive index (see chapter 5) can be customized for the aspired application (see
chapter 7). Furthermore, it allows for a 3D structuring of the hydrogel by UV-
interference-lithography.[106]

The chosen wavelength for crosslinking does not match the absorption maxima
of the benzophenone as the inset in figure 3.7 reveals. However, irradiating in the
tail of the adsorption band allows for the fine tuning of the crosslinking density.
The decay of the adsorption intensity I with irradiation time in figure 3.7 was
fitted with I ∼ T−0.9

UV (red line). In section 6.1.2.2 it was found that the swelling
ratio κ ∼ T−0.3

UV . We assume that the hydrogel swells only perpendicular to the
surface (1D) as the parallel swelling is hindered by the grafting. The ratio of three
in the exponent of the two irradiation time dependencies – light adsorption is a
3D phenomena – supports this concept.

3.4 Chemical Modification

Active ester chemistry, though known for many years and well established in
peptide synthesis, gained a lot of interest in polymer analogous reactions together
with so called click chemistry. It allows modification of the terpolymer and fur-
thermore the grafted gel as well.
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Fig. 3.8: Activation of the methacrylic acid via EDC route or exchange from the respective tri-
fluoroacetate.

Beside forming the ester from the acid chloride, figure 3.8 describes the other two
methods to obtain active esters. On the one hand, the trifluoroacetate (TFA) of
the desired ‘active’ alcohol can be employed. Via transesterification the alcohol
is transferred to the polymeric acid, releasing the free TFA. On the other hand,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) can be used to form the
ester with the ‘active’ alcohol. Both routes have their advantages and drawbacks,
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the TFA-route, also referred to as ex situ-method, is not applicable in water and
requires an additional purification step to avoid the reaction of the TFA-ester with
the amine, one wants to attach. The EDC-route in turn bears the side reaction to
the ‘dead’ amide via translocation and, though predestinated for in situ use in
aqueous media, it failed preparing the acetonoxime ester (see overview in table
7.1 in section 7.1).
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Fig. 3.9: Applied active esters classified according to their character.

Depending on the reaction media for the coupling of the amine and its character,
several ‘active’ alcohols and corresponding TFA-esters were synthesized. Fig-
ure 3.9 shows and classifies them according to their hydrophobicity and charge.
Initially, N-hydroxysuccinimide (NHS) was used, though known for its low sta-
bility in water. Pentafluorophenol (PFP) was employed due to its higher sta-
bility in water and nevertheless higher reactivity to amines. Since PFP is very
hydrophobic, another uncharged species – acetonoxime (AO)[107] – was added to
the assortment to provide a more hydrophilic active ester. For the implementa-
tion of the hydrogel as (bio)sensor matrix, it is necessary to bind biomolecules
like proteins (see section 7.1) and DNA single strands to the polymer. As these
are charged and often limited to usage in aqueous media, active esters with a
charge attraction scheme are desirable for the covalent immobilization. For pro-
teins, sodium tetrafluorophenol sulfonate (TFPS) ester[108] was synthesized to at-
tract their positive charge. To couple negatively charged DNA single strands, the
TFA-p-hydroxyphenyldimethylsulfonium methylsulfate (TFA-DMPS)[109] is pro-
vided.
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3.5 Outlook

If one takes a look on the copolymerization parameters, as already discussed in
an earlier thesis of Patrick Beines,[110] it is very likely, that the distribution of the
monomers in the polymer is highly inhomogeneous. NIPAAm prefers the inser-
tion of the other monomers (r < 0.4) whereas these prefer themselves (r > 2).
Given the higher concentration of NIPAAm compared to MAA and MABP, the
composition will even change with conversion.
One possibility to avoid heterogeneity is to synthesize monomers which are more
similar. In order to have an all acrylamide backbone in the polymer, benzophenyl-
acrylamide (inset of fig. 3.15) was prepared according to literature[111] as a sub-
stitute to MABP. The next step would be the synthesis of acrylamidoacetate to
replace MAA. However, this work was only launched during this thesis.

3.6 Experimental Part

3.6.1 P(NIPAAm-stat-MAA-stat-MABP)

The monomers were prepared according to literature,[99] NIPAAm was recrystal-
lized from toluene/hexane (1/4), AIBN from methanol, MAA was distilled from
the stabilizer, MABP was prepared following Toomey et al.[101] and dioxane was
distilled over calcium hydride. Typically 21 g (185.57 mmol, 100 eq.) NIPAAm,
798.7 mg (9.27 mmol, 5 eq.) MAA and 494.2 mg (1.86 mmol, 1 eq.) MABP were
dissolved in 140 ml dry dioxane. After argon was bubbled through the solution
for at least one hour, 140 mg (0.85 mmol, 0.0046 eq.) AIBN were added. The
free radical polymerization was carried out at 60◦C under argon and quenched
after 24 hours. This was achieved either by precipitating in ice cold diethyl ether
when purified by precipitation or by adding untreated dioxane in the case of
purification by dialysis techniques as described above. The obtained polymer
was freeze-dried from tert. butanol in vacuum and characterized as discussed in
chapter 4.
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3.6.2 BP-silane

Fig. 3.10: 1H-NMR of 4-(3-triethoxysilyl)propoxybenzophenone (BP-silane).

4-Allyloxybenzophenone (1 g, 4.2 mmol) (prepared according to literature[101])
was dissolved in triethoxysilane (10 mL, 44.4 mmol) at room temperature un-
der argon. After addition of platinum on activated charcoal (10 mg, 10%) the
solution was stirred at room temperature until TLC (heptane : acetone = 5 : 1;
4-allyloxybenzophenone: R f : 0.33; product: R f : 0.22, further decomposition
products due to the reaction with the silica gel have lower R f values) shows com-
plete conversion of the 4-allyloxybenzophenone, which was achieved after 2 d.
The catalyst was filtered off and the excess of triethoxysilane was removed in
high vacuum. The product was yielded quantitatively as brownish white solid
and used without further purification.
FD-MS (Field Desorption Mass Spectrometry): m/z = 402.3 [M]+, 804.7 [2M]+.
1H-NMR (250 MHz, CDCl3): δ (ppm) = 7.81 (d, 2H, 2,6-phenone, 3J2,6;3,5 = 8.7 Hz),
7.75 (d, 2H, 2,6-benzyl, 3J2,6;3,5 = 7.1 Hz), 7.57 (t, 1H, 4-benzyl, 3J4;3,5 = 7.2 Hz),
7.47 (t, 2H, 3,5-benzyl, 3J3,5;2,4,6 = 7.2 Hz), 6.95 (d, 2H, 3,5-phenone,
3J3,5;2,6 = 8.7 Hz), 4.03 (t, 2H, 1-propoxy, 3J1;2 = 6.6 Hz), 3.84 (q, 6H, CH2 ethoxy,
3JCH2;CH3 = 7.0 Hz), 1.94 (td, 2H, 2-propoxy, 3J2;1,3 = 6.6, 8.1 Hz), 1.24 (t, 9H,
CH3 ethoxy, 3JCH3;CH2 = 7.0 Hz), 0.78 (t, 2H, 3-propoxy, 3J3;2 = 8.1 Hz).
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3.6.3 Active Esters

3.6.3.1 TFA-NHS

After adding N-hydroxysuccinimide (2.6 g, 23 mmol) to trifluoroacetyl anhy-
dride (4.7 ml, 34 mmol) at 0◦C the solution was stirred for 20 h at room tem-
perature. The volatiles were evaporated leaving the product (colorless powder,
4.5 g, 21 mmol) behind.

3.6.3.2 TFA-AO
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Fig. 3.11: Synthesis of TFA-acetonoxime.

Trifluoroacetyl anhydride was added to acetonoxime dissolved in dry benzene at
0°C under argon atmosphere. The solution was allowed to warm up to room tem-
perature and was stirred for another 12 hours. The solvent was evaporated and
trifluoroacetyl-acetonoxime (TFA-AO) was obtained by fractionated distillation
at 30◦C and a pressure of 5 mbar.
1H-NMR (250 MHz, CDCl3): δ (ppm) = 2.09 (s, 3H, CH3), 2.08 (s, 3H, CH3).

3.6.3.3 TFA-TFPS
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Fig. 3.12: Synthesis of TFA-TFPS.

TFPS:[108] 2,3,5,6-Tetrafluorophenol (13.8 g, 84 mmol) dissolved in 50 mL chlo-
roform where sulfonated by adding 40 mL fuming sulfuric acid (26 % SO3) at
25◦C . When the TLC showed complete conversion (typically after 20 h) the solu-
tion was poured into iced brine. TFPS was precipitated by adding sodium chlo-
ride, followed by repeated extraction of the precipitate with acetonitrile. The
product was obtained as colorless crystals (4.3 g, yield 51 %).
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19F-NMR (470 MHz, CD3CN) φ (C6H5F): δ (ppm) = -147.04 (d, 2F, 3J = 17.5 Hz),
-168.18 (d, 2F, 3J = 17.5 Hz).
TFA-TFPS:[108] TFPS (500 mg, 1.9 mmol) was refluxed with 30 mL dry acetonitrile
and 5 mL trifluoroacetyl anhydride for 3 h under argon atmosphere. After the
volatiles were distilled off TFA-TFPS was obtained as colorless powder (320 mg,
0.88 mmol, yield 46%).
19F-NMR (470 MHz, CD3CN) φ (C6H5F): δ (ppm) = -73.34 (s, 3F, CF3),
-136.68 (d, 2F, aromatic C-F, 3J = 13.6 Hz), -150.27 (d, 2F, aromatic C-F, 3J = 13.6 Hz).

3.6.3.4 TFA-DMPS

p-Hydroxyphenyldimethylsulfonium methylsulfate (1 g, 3.75 mmol) in 20 mL dry
acetonitrile was added to 20 ml trifluoroacetyl anhydride at room temperature
under argon atmosphere. After 18 h stirring at 50◦C the volatiles were distilled
off and TFA-DMPS was obtained as colorless powder. 1H-NMR reveals that the
counter ions were ∼ 33% methylsulfate and ∼ 66% trifluoroacetate.

Fig. 3.13: 1H − NMR of TFA-DMPS.

1H-NMR (250 MHz, CD3CN): δ (ppm) = 8.05 (d, 2H, ortho, 3Jortho;metha = 9.0 Hz),
7.63 (d, 2H, metha, 3Jmeta;ortho = 9.0 Hz), 3.91 (s, 3H methylsulfate), 3.15 (s, 6H,
dimethylsulfonium).
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3 Preparation of the Hydrogel

3.6.4 Aminomethylbenzophenone

Fig. 3.14: 1H-NMR of 4-(aminomethyl)-benzophenone.

4-(Bromomethyl)-benzophenone: To 4-methylbenzophenone (120 g, 612 mmol,
1.00 eq) in 600 ml carbontetrachloride N-bromosuccinimde (NBS, 120 g,
674 mmol, 1.10 eq) and AIBN (0.6 g, 3.66 mmol) were added and refluxed un-
der argon atmosphere for 4 h. After cooling to room temperature the precipi-
tated succinimide was filtered off, the volatiles were destilled off. The colorless
powder was recrystallized from carbontetrachloride yielding 4-(bromomethyl)-
benzophenone (101 g, 60%).
1H-NMR (250 MHz, CDCl3): δ (ppm) = 7.79 (m, 4H, 2,6-phenone,
2,6-benzyl), 7.60 (t, 1H, 4-benzyl, 3J4;3,5 = 7.4 Hz), 7.49 (m, 4H, 3,5-benzyl,
3,5-phenone), 4.54 (s, 2H, methyl).
4-(Aminomethyl)-benzophenone: To liquid ammoniac (3 L) 4-(bromomethyl)-
benzophenone (70 g, 250 mmol) dissolved in dry THF (160 mL), dry MeOH
(100 mL) and dry chloroform (260 mL) was added at -45◦C . After the ammo-
niac was allowed to evaporate over night and the volatiles were distilled off,
the residue was suspended in chloroform. Colorless crystals of 4-(aminomethyl)-
benzophenone were obtained (44.59 g, yield 84%).
1H-NMR (250 MHz, d-DMF): δ (ppm) = 7.73 (s, 2H, amine), 7.45 (m, 9H,
aromatic), 4.15 (s, 2H, methyl).
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3.6 Experimental Part

3.6.5 Benzophenylacrylamide

Fig. 3.15: 1H-NMR of 4-benzophenylacrylamide.

4-Aminobenzophenone (4 g, 20.3 mmol) in 50 mL dry benzene, 2 mL dry DMSO,
and 10 mL dry triethylamine was reacted with acryloyl chloride (5 mL,
61.5 mmol) in 40 mL dry benzene with few crumbles inhibitor (2,6-di-tert-butyl-
4-methylphenol) at 0◦C under argon for 30 min. After the addition of 40 mL
1 molar hydrogen chloride solution the solvents were separated from the solid
formed and washed with 1 molar hydrogen chloride solution and MilliQ subse-
quently. Volatiles were distilled off and recrystallization of the solid from ethanol
gave the product with a yield of 45%.
1H-NMR (250 MHz, CDCl3) δ (ppm) = 7.95 (s, 1H, amide), 7.78 (m, 6H,
2,3,5,6-phenone, 2,6-benzyl), 7.59 (t, 1H, 4-benzyl, 3J4;3,5 = 7.3 Hz), 7.48 (t, 2H,
3,5-benzyl, 3J3,5;4 = 7.3 Hz), 6.49 (dd, 1H, allyl-cis, 3Jcis;gem = 16.8 Hz,
2Jcis;trans = 1.3 Hz), 6.31 (dd, 1H, allyl-gem, 3Jgem;cis = 16.8 Hz, 3Jgem;trans = 10.0 Hz),
5.81 (dd, 1H, allyl-trans, 3Jtrans;gem = 10.0 Hz, 2Jtrans;cis = 1.3 Hz).
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4 Chemical Characterization

Beside the characterization of the polymer chain length and chain length distri-
bution by GPC reported in section 3.1, the chemical composition of the polymer
was determined by 1H-NMR. The surface chemistry of the grafted hydrogel was
characterized by XPS. Furthermore, ToF-SIMS was employed in section 7.3.

4.1 Polymer Composition by NMR

Fig. 4.1: 1H-NMR in d-methanol of the hydrogel-polymer.

Figure 4.1 shows a typical 1H-NMR of the terpolymer as prepared in section 3.1.
The polymer composition was determined by the independent integration of the
CH-peak (around 3.9 ppm) of the isopropyl group and the aromatic CH-peaks of
the MABP (around 7.8 ppm). The amount of methacrylic acid had to be calcu-
lated from the CH3-peak (around 1.1 ppm) with a given amount of NIPAAm and
MABP. Previously,[99] this polymer was reported to consist of 86 mol% NIPAAm,
5 mol% methacrylic acid and 9 mol% MABP in good agreement with the integrals
in figure 4.1.
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4 Chemical Characterization

For a yield of ∼ 80% and a monomer composition of 94% NIPAAm, 5% MAA
and 1% MABP, this composition is mathematically impossible. When the copoly-
merization of NIPAAm and methacrylic acid created a peak at the same shift as
the aromatic MABP peak, it was suggested that the polymer composition is closer
to the composition of the monomer mixture.[112] The increase in the intensity of
the aromatic peak might be due to an interaction between the amide proton of
the NIPAAm and the methacrylic acid.

Fig. 4.2: Compared 1H-NMR spectra of the terpolymer measured in d-methanol (top), after addi-
tion of D2O and d-chloroform (middle), and after preparation of the TMS-ester (bottom,
measured in d-methanol).

Such amide peaks can be concealed by the addition of deuterium oxide as these
protons can be exchanged by deuterium. Actually, in a 1H-NMR in a mixture
of d-methanol, d-chloroform and D2O the intensity of the broad aromatic peak
was significantly decreased and a finer structure typical for MABP became visible
(fig. 4.2, middle). To verify the assumption that the vanished peak can be assigned
to an amide, a high temperature (373 K) 1H-NMR was measured, as amide and
carboxyl peaks are known to shift with temperature (fig. 4.3). Since the result
validated the effect of the addition of D2O, it can be stated, that the calculated
amount of MABP in the terpolymer in relation to NIPAAm is ∼ 1 : 100 contrary
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4.2 Hydrogel Surface Chemistry by XPS

to the ratio of ∼ 1 : 10 reported earlier.[99]

Fig. 4.3: High temperature (373 K) 1H-NMR in d-tetrachloroethane of the terpolymer.

To check, if the calculated amount of methacrylic acid is correct, the carboxyl-
group was converted in a polymer analogous reaction to the corresponding tri-
methylsilyl (TMS) ester. Taking its 1H-NMR in figure 4.2 (bottom) into account,
the fraction of MAA in the terpolymer was committed to 5 mol% and 1 mol%
for MABP respectively. A 1H-NMR of the terpolymer with the TMS ester in deu-
terium oxide was not recorded as D2O contains TMS as reference material (see
fig. 4.2 middle).

4.2 Hydrogel Surface Chemistry by XPS

Some hydrogel architectures are not accessible by NMR or GPC, like brushes
grafted from the surface, gels obtained by in situ polymerization from the surface
and plasma polymerized films. As for those, XPS is a valuable tool to determine
the chemistry on the surface of the hydrogel film and furthermore to observe its
modification. The XPS measurements were kindly performed by Marek Jasieniak
from the Ian Wark Research Institute in Adelaide, a typical XPS spectra is shown
in Figure 4.4.
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4 Chemical Characterization

Fig. 4.4: XPS survey spectra of the grafted and crosslinked terpolymer.

It displays the binding energy of the corresponding elements. In high resolution
spectra, more detailed information about the binding partner of the respective
element can be received. Especially the C1s-spectra (see fig. 4.5, left) contains
information about the quantitative composition of the hydrogel surface. The fit
of the C1s spectra, and N1s and O1s as well, was performed according to the
database of Beamson and Briggs.[113] It reveals the different carbon containing
groups, like carbonates and amides, as well as more general bonds, C-N, C-C-O,
C-C and C-H. The O1s spectra was fitted with tree groups of species with simi-
lar binding energy. Most prominent is the amide-oxygen, but the oxygen atoms
of methacrylate and MABP are clearly visible and moreover well above the res-
olution limit. The measured values of the hydrogels with different crosslinking
densities from uncrosslinked (HG-0) to a crosslinking time of 60 min (HG-60) are
compared with the theoretical values in table 4.1.

Fig. 4.5: High resolution XPS spectra including the fits of C1s (left, overview in the inset) , O1s
(right) and N1s (right inset).

The atomic composition of the hydrogel surface exhibits a slightly too high rela-
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4.2 Hydrogel Surface Chemistry by XPS

tive amount of carbon and nitrogen, a common problem in XPS. This results in a
too low value for oxygen.

Table 4.1: Comparison of the experimental measured composition of the hydrogel surface by XPS
with the theoretical values.

Composition /atom %

Sample O N C

HG-0 11.7 11.6 76.7 measured

HG-30 11.4 11.6 77.1 measured

HG-60 11.6 12.0 76.4 measured

16.7 12.9 70.4 calculated

Composition of C 1s region /atom %

Sample C-C / C-H C-C=O C-N N-C=O O-C=O

HG-0 51.7 17.1 15.3 15.0 1.0 measured

HG-30 48.3 18.6 17.5 15.2 0.8 measured

HG-60 48.2 18.7 15.6 16.6 0.9 measured

50.4 17.0 15.6 15.6 1.0 calculated

Composition of O 1s region /atom %

Sample
A

(N-C=O, Ar-C=O)
B

(CO∗O, C-OH)
C

(COO∗, COO∗R)

HG-0
88.2 6.1 5.7 measured

89.6 4.7 5.7 calculated

HG-30
88.0 6.4 5.6 measured

89.2 5.2 5.7 calculated

HG-60
88.8 5.6 5.7 measured

88.9 5.4 5.7 calculated

Nevertheless, the fit of the high resolution spectra of the C1s peak fully meets the
theoretical amount of each species. A carbonate signal, assigned to the methacry-
late, could be detected as well, but for a quantitative determination the integral
is too close to the resolution limit.
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4 Chemical Characterization

Higher certainty is obtained from the O1s spectra. Beside the peak allocated to the
methacrylate (COO∗) and the MABP (COO∗R), peak A and B contain species that
reflect the crosslinking density. Upon irradiation with UV-light, Ar-C=O trans-
forms into Ar-C-OH, yet, these changes are below the resolution limit and no
significant trend was observed.
The N1s (see inset of fig. 4.5 right) exhibits only one peak as expected, since the
hydrogel only contains one nitrogen species, which is the amide of the NIPAAm.

4.3 Conclusion

Thorough investigations on the composition of the hydrogel were conducted.
Firstly, the uncrosslinked terpolymer was studied by NMR, revealing a compo-
sition, which is contrary to earlier results. The terpolymer consists of 94% NI-
PAAm, 5% methacrylic acid and 1% MABP, which is in excellent correspondence
to the composition of the monomer mixture. Moreover, these measurements
showed the complex interaction between the methacrylic acid and the NIPAAm
and determined the actual number of sites that can be functionalized.
The spincoated and crosslinked hydrogel was characterized by XPS. The attained
composition meets the results of the NMR study and indicates in addition, that
the crosslinking does not affect the chemical integrity of the polymer, at least to
the limit of detection.

4.4 Experimental Part

TMS-ester Hexamethyldisilazane (1 mL, 4.7 mmol) was added to 85 mg terpo-
lymer. After two days all volatiles where distilled off and the polymer was freeze
dried from tert.-butanol.

Film preparation for XPS A thin hydrogel film of approximately 1.1 µm thick-
ness was deposited on a 140 mm2 BP-silane functionalized silicon chip by spin-
coating from a 10 w% ethanolic solution. The coatings were irradiated 0 min,
30 min and 60 min respectively with a total energy density of 3.14 J cm−2 and
6.28 J cm−2, respectively.
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5 Optical Characterization

A variety of optical methods were developed in the last decades and are well es-
tablished today for the in situ characterization of thin films and interfaces. These
techniques include IR and Raman spectroscopy,[114] ellipsometry,[115] optical
waveguide mode (OWS)[116, 117], surface plasmon (SP)[118–121] and surface plas-
mon enhanced fluorescence spectroscopy (SPFS).[122] To detect processes with a
surface plasmon resonance (SPR) sensors, surface plasmons are excited on the
metallic sensor surface, primarily gold or silver, which are influenced by the
changes of the refractive index in their field caused by the event.[123] These
changes induce variations in the propagation constant of the surface plasmons
which can be observed in the reflected light. Additionally, if a Kretschmann-
configuration is employed, optical waveguide mode spectroscopy (OWS) can be
performed on the same setup (here referred to as SPR/OWS). For sufficiently
thick or dense films that meet the requirements of a waveguide (see chapter 2.3),
additional minima can be observed, corresponding to thickness and refractive
index, which allow for more detailed characterization of these films.
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5 Optical Characterization

5.1 Coupled Long Range Surface Plasmon

(cLRSP) Spectroscopy

5.1.1 Introduction

The spectroscopy of coupled long range surface plasmons was a cooperation with
Jakub Dostálek who invented the sensor chip and performed the measurements
and Wolfgang Knoll. This section is already published.[58]

Recently, the excitation of long range surface plasmons (LRSPs) enhanced SPR
sensors.[37, 124, 125] LRSPs are generated at a thin metallic film embedded between
two dielectrics with similar refractive indices.[126] This configuration led to a nar-
rower resonance and the enhancement of intensity of the electromagnetic field
enabling a higher penetration depth,[127] as the surface bound wave can prop-
agate along the metallic film with an order of magnitude lower damping than
conventional SPs.

Fig. 5.1: Optical setup of a SPR sensor, modified to enable the excitation of coupled long range
surface plasmons.

The spectroscopy of coupled long range surface plasmons (cLRSPs) is a new ap-
proach for the investigation of thin films. These modes can be excited in a layer
structure of symmetrical refractive index with two metallic films along which the
LRSPs propagate. A refractive index close to water is required for the dielectric
media (in the present case the fluoropolymer Cytop) to keep symmetry with the
investigated medium. The coupling of LRSPs across the gap between the metallic
films gives rise to two new cLRSP modes with different penetration depths (see

58



5.1 Coupled Long Range Surface Plasmon (cLRSP) Spectroscopy

fig 5.2). The spectroscopy of these modes allows for simultaneous measurement
of the thickness and refractive index of studied thin films, whereas conventional
SPR requires the knowledge of one parameter to determine the other. Moreover,
it enables the interrogation of the distribution of measured events perpendicular
to the sensor surface. In contrast to other reported approaches introduced to SPR
sensors such as two-color SPR,[118] multiple surface plasmon spectroscopy,[128]

spectroscopy of Bragg-scattered surface plasmons[121] or spectroscopy of long
range and short range surface plasmons,[120] cLRSPs allow for the measurement
at a single wavelength. Therefore, spectroscopy of cLRSP offers the advantage of
observing variations of the refractive index without being affected by the disper-
sion of the involved materials. In addition, the cLRSPs sensor chip can easily be
employed by other SPR-based techniques for the investigation of thin films and
interfaces such as SPFS. The potential of the cLRSP sensor depicted in figure 5.1
was demonstrated by investigating the swelling of thin hydrogel films and the
diffusion of protein molecules through these gels.

/

Fig. 5.2: Magnetic field intensity distribution of the symmetrical (solid line) and the anti-
symmetrical (dashed line) cLRSP.

5.1.2 Thin Hydrogel Layers and Diffusion of BSA

As shown in figure 5.2, the cLRSPs, which are originated from the coupling of the
two LRSPs, particularly the symmetrical (s-cLRSP) and anti-symmetrical mode
(a-cLRSP) exhibit different penetration depths of Lp = 364 and 950 nm, respec-
tively, into the aqueous medium. Therefore, these modes show different sensi-
tivity to refractive index changes occurring at different distances perpendicular
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5 Optical Characterization

to the sensor surface. As can be seen in the angular reflectivity spectra (fig. 5.3
and 5.4) the excitation of a-cLRSP and s-cLRSP modes is manifested by two dis-
tinct dips in the reflectivity spectrum with resonance angles of Θs = 47.63◦ and
Θa = 49.63◦, respectively.

/

Fig. 5.3: Angular reflectivity spectra of the low crosslinked hydrogel layer A (asterisk) and the
highly crosslinked hydrogel layer B (triangle) (see experimental part, section 5.1.4) com-
pared to spectra measured for a bare gold surface (square) in contact with water. Fitted
reflectivity spectra are shown for each sample (lines).

The fitting of the measured spectra (fig. 5.3) of the low crosslinked hydrogel A
and the highly crosslinked B was performed assuming a constant refractive in-
dex nh through the hydrogel films. It revealed that the hydrogel B had a lower
thickness (dh = 612 nm) and a higher refractive index (nh = 1.3521) than hydrogel
A (dh = 682 nm and nh = 1.3438). These results indicate that, as expected, for
higher crosslinking time a denser and less swollen hydrogel film is prepared. For
the preparation see the experimental part, section 5.1.4.
In addition, the pH-dependent swelling (fig. 5.4) of the hydrogel layer B was in-
vestigated in buffers with pH 4 (10 mM acetate buffer, refractive index of
nb = 1.3344) and pH 7.4 (10 mM phosphate buffer saline, refractive index of
nb = 1.3349). At pH 7.4 a higher thickness and a lower refractive index
(dh = 790 nm and nh = 1.3490) was observed compared to pH 4.0 (dh = 611 nm
and nh = 1.3534). This behavior is caused by repulsive forces between the car-
boxyl groups of the methacrylic acid (pka ≈ 5.5[129]) within the hydrogel film,
which are negatively charged at higher pH.
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5.1 Coupled Long Range Surface Plasmon (cLRSP) Spectroscopy

/

Fig. 5.4: Angular reflectivity spectra of the hydrogel layer B swollen in a buffer with pH 4 (tri-
angle) and pH 7.4 (circle), and the bare gold surface (square) in contact with water as
reference.

The diffusion of a bovine serum albumin (BSA) through the hydrogels was in-
vestigated by measuring the time evolution of changes in the resonance angles
∆Θa(t) and ∆Θs(t) (fig. 5.5). Prior to the addition of the protein the sensor sur-
face was rinsed with pure buffer for 2 min in order to establish a baseline.

/

Fig. 5.5: Time evolution for ∆Θa(t) and ∆Θs(t) upon the diffusion of BSA into the low crosslinked
hydrogel A (solid line - ∆Θa(t), dashed line - ∆Θs(t)) and the highly crosslinked hydrogel
B (dotted line - ∆Θa(t), dash-dotted line - ∆Θs(t))

Subsequently, a solution of BSA (2.5 mg/mL) in a 10 mM acetate buffer at pH 5.5
was pumped through the flow-cell for 10 min. Afterwards, the sensor surface
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5 Optical Characterization

was rinsed with the pure buffer. The measured time evolutions in figure 5.5 show
that Θa and Θs shifted to higher angles of incidence upon the diffusion of BSA
into the hydrogels, visualizing an increase of its refractive index nh. A refractive
index increase of δ nh = 1.8× 10−3 and 3.6× 10−3 was observed for the hydrogel
A and B, respectively. Contraintuitively, this indicates that the denser hydrogel
was capable to take up a larger amount of BSA from a solution with pH 5.5 than
the less dense one. The diffusion of BSA to the hydrogel was probably driven
by ionic interaction between the methacrylate and the protein which is positive
charged at pH 5.5. The lack of uptake of BSA at pH 4 where the methacrylate and
pH 7.4 where the protein is less charged corroborates this concept. Furthermore,
figure 5.5 shows that the sensor response approaches the equilibrium faster for
the hydrogel A than for the hydrogel B indicating that the diffusion is slower in a
denser gel. Additionally, one can see that the initial slope of the sensor response
(dΘ/dt) measured for the angle Θa is higher than that for Θs. The reason for
this observation is the different penetration depth of the two cLRSP. The field of
a-cLRSP excited at the angle Θa penetrates deeper into the hydrogel film where
BSA molecules approach earlier from the solution. The s-cLRSP mode excited at
the angle Θs probes the region closer to the gold surface which is reached by the
diffusing BSA molecules at a later stage.

5.1.3 Conclusion and Outlook

New surface plasmon modes – cLRSPs – were excited on the surface of a SPR
sensor by using a layer structure with two thin metallic films embedded in layers
of similar refractive index. cLRSPs were used to simultaneously probe the sensor
surface by their evanescent fields of different penetration depths into the medium
on its top. This feature enabled the measurement of the distribution of refractive
index changes perpendicular to the sensor surface. Furthermore, for thin films
which are not accessible to OWS the thickness and the refractive index of an at-
tached film can be determined independently which extends the performance of
current SPR sensors. The cLRSP-based sensor allowed for the investigation of the
swelling of hydrogel films on the sensor surface which are to thin to guide light
waves. Furthermore, it enabled following the diffusion of protein molecules into
these gels. Simultaneous probing of thin hydrogel layers by cLRSP modes will
therefore provide the possibility of future investigations of more complex struc-
tures (e.g. the diffusion through a hydrogel film with a gradient perpendicular
to the surface) and determination of important parameters (e.g. diffusion coef-
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5.1 Coupled Long Range Surface Plasmon (cLRSP) Spectroscopy

ficients) through the analysis of kinetics ∆Θa(t) and ∆Θs(t) and fitting with an
appropriate model.
Decisive for future experiments on protein diffusion and attachment towards an
application as biosensor matrix, is the discovery of the charge dependence of the
diffusion.

5.1.4 Experimental Part

The sensor chip was prepared on a LASFN9 glass slide as shown in the figures
above by coating low refractive index polymer layers (Cytop, CTL-809M, ASAHI
Inc., Japan) with a thickness of dC = 650 nm and a refractive index of nC = 1.3395.
Gold layers were deposited with the thickness of dAu = 22.5 nm and their refrac-
tive index was determined as nAu = 0.3 + 3.5i.[127] As described in chapter 3.2
the top gold surface was functionalized with BP-thiol and the hydrogel-polymer
was spincoated from a 2 weight% ethanolic solution. The thickness of the dry
hydrogel layer was measured with a surface profiler to be 83 nm. Hydrogel films
where investigated with two different crosslinking densities prepared by irradi-
ating the hydrogel-polymer films A and B with 1.5 and 4.0 J cm−2, respectively.
Before taking a cLRSP spectra the crosslinked hydrogel films were immersed in
the respective buffer for one hour.
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5 Optical Characterization

5.2 WKB-assisted SPR/OWS

5.2.1 Introduction

A common method to analyze SPR or SPR/OWS data is to assume a homoge-
neous and average refractive index for the whole film. For more complex systems
with gradients in density or refractive index, this simplified model (box-model)
may result in unreliable film parameters or even preclude the fitting of the mea-
sured spectra. For such inhomogeneous films or such with an artificial gradient,
the reversed Wentzel-Kramers-Brillouin (WKB)-approximation (see chapter 2.3.1)
can be applied to determine the variation of the refractive index perpendicular to
the surface. WKB was initially developed for the analysis of the diffusion of ions
in inorganic waveguides.[130] This tool assigns the measured effective refractive
index Ne f fm for each mode with a distance from the surface, where the oscillating
and the evanescent solution of the wave function are identical. Beines et al.[99]

successfully employed the reversed WKB-approximation in the investigation of
thin hydrogel films. The readout of the coupling angles was performed with cus-
tom software coded by Andreas Unger, the WKB-calculations were conducted by
Bernhard Menges.

5.2.2 Gradient Fitting

To determine the limits of the WKB-approximation and to demonstrate its po-
tential to support the fitting of more complex structures, an artificial gradient
within the hydrogel was created. A step like profile was fabricated by spincoat-
ing a second polymer film on top of an already crosslinked polymer layer. Upon
the second crosslinking a sharp gradient in the refractive index arises, forming a
two layer system with a lower layer crosslinked 60 min (6 J cm−2) over all and a
30 min (3 J cm−2) crosslinked upper one.
Figure 5.6 shows the measured spectrum of the hydrogel in the swollen state in
water (interconnected black dots). The red fit curve was obtained by applying the
box-model, the thickness was adjusted to match the simulated position of TM1 to
its experimental value. Subsequently, the refractive index was adjusted to match
the simulated position of TM12 (generally, TMn for a spectrum with n modes) to
the last waveguide mode.
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Fig. 5.6: Reflectivity spectra of the hydrogel with artificial gradient (60/30 min) in the swollen
state in water (interconnected dots) and the box-model fit (solid).

This abortive attempt clearly illustrates that the box-model is inappropriate for
more complex structures, as most of the other modes do not match. The coupling
efficiency – the depth of the modes – is decreased by the inhomogeneity of the
gel, which is taken into account by setting the absorption constant k to 0.0001. It
nicely illustrates the sensitivity of the waveguide modes towards the absorption
constant or the imaginary part of the dielectric constant.

Fig. 5.7: Evolution of the refractive index perpendicular to the surface, as calculated by the re-
versed WKB method. The measured refractive indices at calculated distances (squares)
are connected to guide the eye.
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5 Optical Characterization

The reversed WKB-approximation was employed to resolve the course of the re-
fractive index inside the hydrogel as depicted in figure 5.7. It shows two well
separated areas of different refractive index. In line with literature[59, 60, 99] the
highly crosslinked layer close to the silver surface exhibit a lower swelling ratio
φ (φ ≈ 6 for a crosslinking dose of 6 J cm−2) than the lower crosslinked on top
(φ ≈ 9 for a crosslinking dose of 3 J cm−2). The red squares are the experimental
measured refractive indices at distances from the silver surface calculated by the
reversed WKB-approximation, the black line is a guide to the eye.
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Fig. 5.8: Reflectivity spectra of the hydrogel in the swollen state in water (interconnected dots)
and the fit of the WKB analysis (solid).

To verify this data and fortify the method, the refractive index gradient was seg-
mented into six boxes of average refractive index (the number of segments should
not be higher than half the amount of modes to avoid underdetermination). In-
deed, applying these six boxes to fit the spectrum allowed for a proper descrip-
tion of the hydrogel film, as the fit nicely matches the measured spectra (fig. 5.8).
After all, this fit was only performed to validate the method, as all information
can be obtained from the refractive index profile in figure 5.7.

66



5.2 WKB-assisted SPR/OWS

5.2.3 Conclusion and Outlook

A combination of SPR and OWS was applied to determine the optical proper-
ties of a film thick enough to guide light waves. These waves induce additional
reflectivity minima corresponding to refractive indices and thicknesses. This in-
crease in the amount of data enables a more reliable description of the hydrogel.
The reversed Wentzel-Kramers-Brillouin (WKB)-approximation was employed to
support and simplify the treatment of these spectroscopy data. Even for complex
structures it allows for a fast and verifiable analysis and depiction of the gradient
in refractive index with the thickness.
Furthermore, WKB-assisted SPR/OWS gives rise to the investigation of the dif-
fusion of non-fluorescent and weakly scattering probes inside the hydrogel as
carried out in section 6.1.5.
The application of the reversed WKB-approximation in the evaluation of
SPR/OWS data is subject to ongoing research. One focus is to quantify the er-
ror in the assignment of a distance from the surface to the measured refractive
index.

5.2.4 Experimental Part

To obtain the artificial gradient, in a first step hydrogel-polymer was spincoated
on the benzophenone functionalized silver surface of a SPR/OWS slide. Spin-
coating a 10 w% ethanolic solution gave a ∼ 1 µm thick film. After crosslinking
with a dose of 3 J cm−2 a second hydrogel-polymer layer was spincoated on top
with the same parameters. A second crosslinking provided the connection be-
tween the layers and resulted in a total crosslinking dose of 6 J cm−2 for the first
and 3 J cm−2 for the second layer.
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6.1 Tracking-Probe Diffusion

6.1.1 Introduction

Studying the diffusion of particles inside a hydrogel gained a lot of interest since
this issue[131] affects the performance of these networks when applied e.g. in drug
delivery, cell encapsulation and biosensing. Additionally, the influence of the gel
on the particle motion allows for the inference on the properties of the host.
Although PNIPAAm-based gel have commonly been studied for drug delivery
applications,[132] the diffusion of probes inside them is still subject to extensive
research.[133–135] The quantity of factors influencing the diffusion and the interde-
pendencies between probe and host are poorly understood. However, the role of
the relation between diffusant size and mesh size is widely accepted.
Firstly physical PNIPAAm networks in ethanol were investigated by fluorescence
correlation spectroscopy (FCS), as their concentration dependent mesh size can
be determined by photon correlation spectroscopy (PCS). FCS was employed to
probe both the local and the global transient polymer network dynamics. These
information about tracer diffusion in transient gels can then be utilized to pro-
vide structural information of grafted chemically crosslinked PNIPAAm films of
different crosslinking densities. The different crosslinking densities can be put in
relation to the different concentrations of the physical networks.
To enhance this approach, PCS can be used to study the diffusion of non-fluores-
cent but intensely scattering probes in physical, transient gels as well.
The diffusion of non-fluorescent and weakly scattering probes on a much larger
length scale can be achieved by the spectroscopy of surface plasmons and optical
waveguides as well, as introduced in section 5.1.
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6.1.2 FCS of Rhodamine 6G Diffusion

Fig. 6.1: Schematic illustration of the focal volume of a confocal FCS measurement inside a grafted
crosslinked gel. Courtesy of Fabian Roskamp.

The investigation of diffusion inside the transient and crosslinked hydrogel by
FCS was a cooperation with Maria Gianneli who performed the measurements,
Patrick Beines who initially provided the hydrogel, Kaloian Koynov, Georg Fytas
and Wolfgang Knoll. More details can be found in the published paper.[59]

FCS[76, 136, 137] can be used to determine the dynamics of supported PNIPAAm
network films by measuring the diffusion of fluorescent particles. This method
has been successfully utilized to study transport properties in various biological
environments,[76, 136, 137], however, the transfer to other systems was only recently
achieved.[138–144] FCS features a very small detection volume in the order of fem-
toliters and a high sensitivity. This enables studying single tracer diffusion in
thin, supported gels and the respective free polymer as presented below.
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6.1.2.1 Diffusion in the Free Polymer
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Fig. 6.2: Normalized fluorescence intensity correlation function C(t) of Rh6G in two ethanolic
PNIPAAm solutions in the semidilute regime and the respective fits (solid lines). The
diffusive mean square displacement (slope one in a double log plot) is shown in the inset.

To compare the diffusion coefficient of Rh6G inside a transient gel and its mesh
size, FCS of Rh6G in differently concentrated ethanolic PNIPAAm solutions was
measured. Figure 6.2 shows the net experimental normalized correlation func-
tions C(t)=G(t)-1 for the diffusion of Rh6G in two ethanolic PNIPAAm solutions
in the semidilute regime at 20◦C . The concentration was near and well above the
overlap concentration c* (∼ 0.4 w%). The function was fitted assuming a single
component according to equation 2.24 in section 2.4.1. The inset to Figure 6.2
displays the mean square displacement 〈∆r2(t)〉 of the small dye as a function of
time t, excluding the initial decay times. The slope 1 implies that 〈∆r2(t)〉 ∼ t,
which indicates a purely random Brownian diffusion, though the high concentra-
tion slightly deviates. The experimental diffusion time τD is directly translated to
the self-diffusion Ds(c) of the Rh6G in ethanolic PNIPAAm solutions for concen-
tration from 1× 10−4 to 0.2 g/cm3.
For a probe that does not interact with the polymer segments and given that the
particle size (b) is smaller than the size of the polymer chain, Ds can be expressed
as a function of the relevant length scales of the system, namely the mesh size
(ξ) of the polymer network and the particle size (b). However, in the proposed
scaling behavior Ds ∼ exp(−b/ξ), there was no independent information on
the mesh size. This characteristic size of a transient polymer network at c > c∗
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is approximately the correlation length ξ(c) representing the average distance
between two adjacent contacts. PCS enables the determination of ξ(c) and was
therefor performed with the same ethanolic PNIPAAm solutions in the following.
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Fig. 6.3: PCS relaxation function C(q, t) of the concentration fluctuations in dilute (circles, c =
2.4 × 10−3 g/cm3) and semidilute (stars, c = 5.4 × 10−2 g/cm3) ethanolic PNIPAAm
solutions at q = 0.031 nm−1 and the respective relaxation time distributions. The inset
shows the two diffusive (slope 2) relaxation rates for the semidilute solution.

Figure 6.3 left displays the relaxation function C(q,t) for the concentration fluctu-
ations at a wavevector q = 0.031 nm−1 in ethanolic PNIPAAm solutions for two
concentrations in the dilute and semidilute regime. To analyze the relaxation
function C(q,t), the inverse Laplace transformation was applied to yield the dis-
tribution of relaxation times. The peak positions of a relaxation time gives the
relaxation rate and the area under the peak defines the intensity associated with
the particular process. In dilute solutions, C(q,t) displays a single process associ-
ated with the translational diffusion D0 = Γ/q2 of the PNIPAAm. This process
becomes the cooperative diffusion Dcoop in the semidilute regime where a sec-
ond slower process appears. Both exhibit a diffusive (q2 dependent) rate as well,
which can be recognized from the slope 2 in the double log plot in the inset of
Figure 6.3 left.
The slow process might relate to the self-diffusion of PNIPAAm (PCS active due
to polydispersity[145]) or most likely to cluster diffusion[146] and will be discussed
in chapter 6.3.2. In the semidilute regime, Dcoop(c) (= kBT/(6πηsξ) defines the
mesh size ξ(c) of the polymer network.
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6.1 Tracking-Probe Diffusion

For the diffusion of Rh6G in ethanolic polymer solutions measured by FCS the
plot of τD/η versus concentration in Figure 6.4 shows that the solution viscosity
η(c) increases much stronger with c than the dye self-diffusion time, τD(c).
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Fig. 6.4: Diffusion time τD of Rh6G in ethanolic PNIPAAm solutions normalized to the solution
viscosity as a function of the PNIPAAm concentration. The inset shows the two proposed
relations for the reduced diffusion time τ∗D with the mesh size ξ as a function of the
polymer concentration: τD(c)exp(−b/ξ(c)) (solid) and τD(c)(ξ(c)/b)5/3 (open).

The reduced diffusion time, τ∗D ≡ τD(c)exp(−b/ξ(c)),[147, 148] should be virtually
independent of the polymer concentration. Apparently, this is not the case since
τ∗D increases by a factor of 2 in the examined concentration range as shown (solid
symbols) in the inset of Figure 6.4.
Transferring the physical picture of Rouse chains[147] from polymer melts to semi-
dilute solutions in good solvents, one obtains the scaling τ∗D ≡ τD(c)(ξ(c)/b)5/3

with τD(c) ∝ b(b/ξ(c))5/3 which should be insensitive to the variation of poly-
mer concentration. In fact, this τ∗D (open points in the inset to Figure 6.4) displays
a much weaker concentration dependence as compared with the alternative expo-
nential relation. This corroborates the notion that the observed slowing down of
the small probe diffusion, roughly by a factor of five, is mainly due to the reduc-
tion of the mesh size with polymer concentration. In the following chapter 6.1.2.2,
this relation will be utilized to estimate an effective mesh size in chemically cross-
linked and grafted gels.
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6.1.2.2 Diffusion in the Crosslinked Hydrogel

FCS is employed to measure the tracer diffusion time τD to estimate an effective
mesh size in grafted crosslinked PNIPAAm. To compare the concentration of a
transient gel with the crosslinking density via volume fraction calculation, the
swelling ratio κ has to be determined. This can be achieved for the gels cross-
linked for a given UV exposure time TUV through scanning of the probed volume
from the glass substrate to the bulk solvent. The swelling ratio κ was defined
as ratio between the thickness of the dry gel and the thickness of the grafted gel
in the swollen state, which was between 4 and 8 µm (±1 µm) for the examined
crosslinking densities.
The normalized correlation functions for the diffusion of Rh6G in two differently
crosslinked grafted PNIPAAm gels (cartoon in the inset) swollen in ethanol is
depicted in figure 6.5. The swelling ration κ was 10.9 and 4.5 respectively for
TUV = 15 min and 4 h. In this range it was found that κ ∼ T−0.3

UV . Figure 6.5 shows
the slowing down of the probe with TUV , which origins in the reduced swelling
ratio and therefore smaller mesh size.
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Fig. 6.5: Normalized fluorescence intensity correlation function C(t) for Rh6G in two grafted
highly and low crosslinked PNIPAAm films (lower inset) swollen in ethanol. The mean
square displacement of the single Rh6G is diffusive (slope one in double log plot) as
shown in the inset.

Interestingly enough, the crosslinking time does not affect the purely diffusive
random translation of the probe as indicated by the slope of one in the upper
inset to Figure 6.5. The same behavior was found for different concentrations
of the semidilute solutions of Figure 6.2. This is a pertinent finding given the, in
general, inhomogeneous structure of gels[149–151] but might be related to the short
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time interval of the small dye in Vobs (eq 2.23 in section 2.4.1).[144] The diffusion
time τD(TUV) obtained from the representation of C(t) by eq. 2.24 (section 2.4.1) is
plotted in Figure 6.6 for five PNIPAAm gels prepared with different crosslinking
times TUV . The characteristic average mesh size ξ of these gels can be estimated
assuming the relation τD(c) ∼ (ξ(c)/b)−5/3 used for the semidilute ethanolic
PNIPAAm solutions (inset in Figure 6.4). With this assumption, the average mesh
size plotted in Figure 6.6 decreases from 4.4 nm for a 15 min crosslinked to 2.7 nm
for a crosslinking time of about 4 h. Longer TUV exposure times do not seem to
lead to a significant increase of the crosslinking density.
The presented PNIPAAm gels swollen in ethanol followed the relation τD ∼ κ−1

over the examined TUV range. Given the complexity of the gels, this relation
should depend on their preparation as well as on the swelling conditions, for
example solvent quality and temperature, since it reflects inhomogeneities in the
gels.

Fig. 6.6: Diffusion time τD (solid of Rh6G in grafted crosslinked PNIPAAm gels swollen in ethanol
as a function of the crosslinking time TUV . The calculated average mesh size ξ (open) is
decreasing with TUV .

Beside the determination of the mesh size, tracking probes gives insight into the
gels rheology. The elastic modulus G(c) ∼ kBT/ξ3(c) can be estimated from
τD(c). In fact, it was recently reported that there is a linear correlation between
the diffusion of a small dye and the elastic modulus of crosslinked poly(vinyl
alcohol) gels.[141]
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6.1.3 FRET-excited FCS

Fig. 6.7: Scheme of the principle of FRET excited FCS. The energy is transferred from the diffusing
to the attached fluorophores within the Förster-radius. Courtesy of Fabian Roskamp.

The detection volume limited by a confocal objective in the case of confocal FCS
can be further decreased to gain higher sensitivity and enable investigation on
smaller length scales. This can be achieved by objectives with higher aperture,
however limited by diffraction. To overcome this limit fluorescence resonance en-
ergy transfer (FRET) will be applied to excite a second fluorophore with a first be-
ing excited by conventional confocal FCS (see fig. 6.7). This pair of fluorophores,
referred to as donor and acceptor, has to fulfill certain criteria. First, the absorp-
tion spectra of the acceptor must overlap with the emission spectra of the donor,
the degree of overlap is called spectral overlap integral (J). Second, the transition
dipoles orientation needs to be parallel, but assuming that the pair is compatible,
the main factor is the distance r between them. The energy transfer efficiency is
given by

Etrans, e f f =
R6

0

R6
0 + r6

(6.1)
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The Förster-radius R0 is the distance where 50 % of the energy is transferred ac-
cording to eq. 6.2:

R0 = (8.8× 1023 κ2 n−4 QD J)1/6Å (6.2)

Equation 6.2:
κ - dipole orientation factor; n - refractive index of the solvent; QD - fluorescent
quantum yield of the donor in the absence of the acceptor.

Typical values are in the order of 1 to 10 nm.
By carefully choosing the fluorophore pair and attaching one of them to the hy-
drogel or the respective terpolymer, the detection volume will be reduced to the
order of 10−24 L. This might allow for the investigation of diffusion at the typical
confocal FCS length scale with the diffusing dye and at the same time at a length
scale in the order of few nanometer via FRET to the attached dye.
The acceptor dye, connected to the hydrogel has to meet two important require-
ments. First, it must not absorb light in the UV range, as the labeled terpolymer
has to be crosslinked. Second, it must not adsorb light from the FCS laser, as
this would cause a high level of noise and a bleaching of the dye. For these rea-
sons Alexa 647 cadaverine, which fulfills both criteria, was covalently attached
to the terpolymer (see experimental part), employing active ester coupling with
EDC/PFP activation, as described in section 3.4. The fluorescence spectra of
Alexa 647 (blue, absorption dashed, fluorescence solid line) and Alexa 488 (green,
absorption dashed, fluorescence solid line) as possible mobile donor are depicted
in figure 6.8, showing the required overlap and the absence of absorption of the
acceptor (Alexa 647) in the UV range.

Fig. 6.8: The absorption (dashed) fluorescence spectra (solid) of Alexa 647 (blue), Alexa 488
(green) as possible mobile donor and the FCS laser wavelength of 488 nm, taken from
invitrogen.com.

This project recently left the stage of synthesis and is now tested for implementa-
tion to FCS by Riccardo Raccis in our working group, hence only the preparation
is presented here.
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6.1.4 PCS of embedded Gold-Nanoparticles

Complementary to FCS, PCS can be employed to study the diffusion of analytes
inside a network. For a network that scatters light itself like the hydrogel, a tracer
has to be identified whose scattering intensity can dominate the whole system
and therefore allow for the negligence of the scattering host. Although the scat-
tering intensity depends on the size, gold-nanoparticles exhibit an intense scatter-
ing power and can be functionalized with a shell that interacts with the network.
That gives raise to the investigation of diffusion inside the hydrogel via PCS of
very diluted probe solutions in a host that scatters itself.
In the first experiments presented here, the interaction of Au-nanoparticles with
the uncrosslinked terpolymer was studied. The Au-nanoparticles were synthe-
sized on stock and were functionalized with different ligands (neutral, positive,
and negative charged) by Marcus Schmelzeisen and enable non-charged as well
as charge interaction. The laser wavelength of λ=633 nm was chosen to avoid
absorption by the Au-nanoparticles, which would lead to a temperature increase
within the sample. As these are preliminary results, only a qualitative discussion
is accomplished.
At first, the influence of the polymer concentration on the polymer/particle mix-
ture in the good solvent ethanol was investigated. Probing semidilute terpolymer
solutions, which represent transient gels compared with measurements in cova-
lently crosslinked gels allow for determining the structural differences of the two
systems. Additional concentration dependent measurements are needed to in-
clude the concentration dependent friction, similar to the procedure performed
in section 6.1.2. Furthermore, the diffusion of functionalized nanoparticles in di-
lute terpolymer solutions reveal the specific interaction between probe and host.
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Fig. 6.9: Normalized relaxation functions C(q = 0.019, t) of the concentration fluctuations of a
semidilute ethanolic terpolymer solution (HG, c = 79 g/cm3), dilute ethanolic nanopar-
ticle solutions (c = 4× 10−8 mol/L, an: negative, kat: positive, and dmap: non-charged)
and the corresponding mixtures (dashed lines).

Figure 6.9 shows the relaxation function of the semidilute (c = 79 mg/cm3) ter-
polymer (HG, black dots) with the two processes assigned to a fast cooperative
diffusion and a slow cluster diffusion as discussed in section 6.1.2.1. The Au-
nanoparticles in this ethanolic terpolymer solution are slowed down, compared
to the polymer-free solution, to a relaxation rate in the order of the cluster diffu-
sion process. The anionic charged particles (anHG, red dots) are more affected
than the cationic (katHG, green dots) and the uncharged (dmapHG, blue dots).
These relaxation functions still exhibit the fast process corresponding to the terpo-
lymer. Even at these low Au-nanoparticles concentrations (c = 4 × 10 −8 mol/L),
they significantly increase the relative intensity of the slow rate whereas the co-
operative diffusion rate of the terpolymer is unaffected. The scattering intensity
of the terpolymer solution was 140 kHz, whereas the scattering intensity of the
particles was 460 kHz for the anionic, 320 kHz for the cationic and 1000 kHz for
the uncharged. The cationic and uncharged particles increase the relative scat-
tering intensity of the particle/terpolymer mixture in relation according to their
own scattering power. In contrast, the anionic particles created a much stronger
scattering intensity. They might have formed bigger clusters as the slower rate,
the intensity increase by a factor of 15 and a strong q-dependence suggests.
In dilute ethanolic terpolymer solutions (HGdilute, c = 1.6 mg/cm3), the Au-
nanoparticles show a behavior that differs from the one in the semidilute regime.
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Fig. 6.10: Normalized relaxation functions C(q = 0.023, t) of the concentration fluctuations of a di-
lute ethanolic terpolymer solution (HGdilute, c = 1.6 mg/cm3), dilute ethanolic nanopar-
ticle solutions (c = 4× 10−8 mol/L) and the corresponding mixtures (solid lines).

The relaxation function of the dilute ethanolic terpolymer solution exhibits only
one process (see fig. 6.10) as described in section 6.1.2.1 with a scattering inten-
sity of 85 kHz. The Au-nanoparticles experienced different effects, depending on
their charge, caused by the terpolymer. The relaxation process of the uncharged
(dmapHGdilute, blue line) particles was slowed down by a factor of ten, though
the scattering intensity was decreased by a factor of 4 to 260 kHz compared to
the ethanolic solution (dmap, blue line). In contrast, an increase in relaxation
time was detected for the anionic (anHGdilute, red line), again accompanied by
a decrease in scattering intensity to 170 kHz. The relaxation time of the cationic
(katHGdilute, green line) is widely unaffected, but the scattering intensity de-
creased to 210 kHz, in the range of the other solutions. The interaction of the
uncharged particles with the polymer might be higher than the cationic due to
hydrogen bonding being stronger than ionic interaction in ethanol, as counter
ions are condensed to the ionic groups. The clustered anionic particles might
have been broken up by the polymer.
Secondly, the influence of the Au-nanoparticle concentration on a dilute ethanolic
terpolymer/particle mixture was studied.
Compared to the relaxation function of the dilute ethanolic terpolymer solution
as reference, by adding a low concentration (c = 8× 10−10 mol/L) of anionic par-
ticles (diluteanHG), the process shift to a longer decay time and slightly increases
the scattering intensity.
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Fig. 6.11: Normalized relaxation functions C(q = 0.023,t) of the concentration fluctuations of a
dilute ethanolic terpolymer solution (HGdilute, c = 1.6 mg/cm3), a mixture with low
Au-nanoparticle concentration (c = 8× 10−10 mol/L, e.g. diluteanHG), and a mixture
with high particle concentration (c = 4× 10−8 mol/L, e.g. anHGdilute).

The addition of a low concentration of cationic particles (dilutekatHG) shows the
contrary effect on decay time and scattering intensity. Adding a low concentra-
tion of uncharged particles (dilutedmapHG) only has a minimal effect on both
values. Rising the particle concentration (c = 4× 10−8 mol/L), however, strongly
effects the relaxation process (dmapHGdilute), that is being slowed down. With
respect to the mixtures with a low concentration of particles the decay time of the
cationic particles/polymer mixture (katHGdilute) shifts to longer times whereas
the decay time of the anionic particles/polymer mixture (anHGdilute) slightly
shifts to shorter times, thus having a faster relaxation process.
Additionally, the interaction between Au-nanoparticles and the terpolymer was
analyzed in water, to enhance the charge effect of the particles with the ionic
ligands.
Figure 6.12 shows the relaxation function of the dilute terpolymer solution in wa-
ter. Its relaxation time is decreased by a factor of 15 compared to the ethanolic
solution and its scattering intensity is increased by a factor of 20. Both indicate
larger aggregates of the terpolymer in the solution and the scattering of the aggre-
gates now exceeds the scattering of the Au-nanoparticles very clearly. The parti-
cles exhibit a shorter decay time compared to the polymer, in aqueous media (e.g.
aqan, red squares) as well as in a mixture with the polymer (e.g. aqanHGdilute,
red dashed line).
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Fig. 6.12: Normalized relaxation functions C(q = 0.013,t) of the concentration fluctuations of a di-
lute aqueous terpolymer solution (HGdilute, c = 1.6 mg/cm3), dilute aqueous nanopar-
ticle solutions (c = 2× 10−8 mol/L) and the corresponding mixtures (dashed lines).

Upon addition of cationic charged Au-nanoparticles to the dilute polymer solu-
tion (aqkatHGdilute, green dashed line), the relaxation process shifts to shorter
times compared to the free particle (aqkat, green squares), whereas the addition
of anionic and uncharged particles caused a shift to longer times.

Fig. 6.13: TEM-image of the stock Au-nanoparticles.

If one compares the size of the nanoparticles in the TEM-images (see fig. 6.13) of
roughly 4 nm with their relaxation times in PCS, it becomes clear, that a more
detailed study has to be performed with particle solutions, being separated from
their aggregates.
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However, it was shown, that the investigation of diffusion phenomena by PCS
in a scattering host, enabling Au-nanoparticles as strong scatterer, is feasible. In
the good solvent ethanol, the scattering intensity of the particles exceeded the
intensity of the terpolymer. This is not the case for aqueous solutions due to
the formation of bigger terpolymer aggregates, which shows the limits of this
approach.
For future experiments, studying a grafted gel, a terpolymer/particle mixture
was spincoated on a glass slide and dark field images were taken. They nicely
show the dominant scattering intensity of the Au-nanoparticles as showcased in
figure 6.14.

Fig. 6.14: Dark field image of Au-nanoparticles in a grafted and 60 min crosslinked hydrogel.
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6.1.5 WKB-assisted SPR/OWS of Polymer Diffusion

In section 5.1 coupled long range surface plasmon were introduced to investi-
gate the diffusion in thin hydrogel films of non-fluorescent probes with a similar
or lower scattering power compared to the hydrogel, using the example of the
protein BSA. For sufficiently thick enough films (> 600 nm) SPR/OWS can be
employed. The waveguide modes exhibit additional electromagnetic fields with
corresponding ‘penetration depths’ – the transition points of the respective mode
(see section 2.3.1). These can, with the help of the WKB-approximation, provide
a more detailed view on diffusion phenomena. Furthermore, this approach al-
lows for studying diffusion in complex structures like gradients, whose optical
characterization were described in section 5.2. Again, the readout of the coupling
angles was performed with custom software coded by Andreas Unger, the WKB-
calculations were conducted by Bernhard Menges.
Polyethylene glycol (PEG) with a molecular mass of Mn = 20.000 g/mol and a
respective hydrodynamic radius of Rh ≈ 4.1 nm in the order of the mesh size (see
section 6.1.2.2) was used as tracer to grant a sufficiently slow diffusion. However,
the diffusion time into the hydogel detected by SPR kinetic (see fig. 6.15) was
shorter than the time for a SPR/OWS scan.[152] The delay between the addition
of PEG and its detection by the field of the surface plasmon is caused by the
diffusion through the 15 µm thick hydrogel down to the penetration depth of the
surface plasmon.

Fig. 6.15: Diffusion of PEG (Mn = 20 kg/mol) into a 15 µm thick hydrogel with artificial gradient,
discussed in section 5.2, detected by SPR.

Instead, the diffusion of PEG out of tree different hydrogel layers was investi-
gated by repeated angular scans. A low crosslinked (TUV = 30 min), a highly
crosslinked (TUV = 60 min) and a hydrogel with an artificial gradient contain-
ing both crosslinking densities (see section 5.2) were loaded with PEG from a
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250 mg/mL aqueous solution. By a continuous flow of pure water through the
chamber, the diffusion of the PEG out of the gel was initiated. As reference the
film prior loading (t = -30 min) and right before rinsing with pure water (t = 0 min)
was measured. The shift of the coupling angle of the TM modes for each film were
plotted against time and evaluated using the WKB-approximation.

Fig. 6.16: Coupling angles of all TM modes upon diffusion of PEG out of a 30 min crosslinked
hydrogel (left) and the corresponding refractive index gradients calculated with the help
of the WKB-approximation (right). All lines are to guide the eye.

Figure 6.16 depicts the diffusion of PEG out of a 30 min crosslinked film. The
progress was visualized by the shift of the coupling angle with time. The change
of the refractive index gradient with time was determined from the coupling an-
gles with the help of the WKB-approximation. Interestingly enough, upon load-
ing the gel with PEG beside the rising of the refractive index, the gel collapses to
roughly 65% of the thickness of the PEG free film. While the PEG diffuses out,
the gel returns to the thickness and refractive index before loading with PEG.

Fig. 6.17: Coupling angles of all TM modes upon diffusion of PEG out of a 60 min crosslinked
hydrogel (left) and the corresponding refractive index gradients calculated with the help
of the WKB-approximation (right).

The same behavior was observed when loading a 60 min crosslinked film (see
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fig. 6.17). The differences in crosslinking density can clearly be noticed from the
sharper, more box-like gradient of the higher crosslinked gel.
The diffusion of PEG inside a hydrogel with an artificial gradient –a two layer sys-
tem, crosslinked for 60 and 30 min respectively – can be shown by WKB-assisted
SPR/OWS as well. Upon loading both layers take up PEG causing an increase of
their refractive indices and collapsing to an extend similar to the respective one
layer systems. Due to the shifting of the modes positions, the step-like gradient
of the pure hydrogel (see fig. 5.7 in section 5.2 as well) is not visible anymore.
However, since the slope between the data points (straight lines with t=0) and
the reversibility of the loading indicates a persistence of the step, it was denoted
by the lines to guide the eye. The position of the step was extrapolated from the
measurement of the 60 min crosslinked gel.
The step-like gradient allows for a direct comparison of the two crosslinking den-
sities in terms of their behavior upon taking up the PEG. If one contrasts the step
hight of the PEG-free gel with the loaded, a clear decrease is visible. The change
in refractive index of low crosslinked layer exceeds the change of the highly cross-
linked by 25%, which reveals the structural difference between the two crosslink-
ing densities.

Fig. 6.18: Coupling angles of all TM modes upon diffusion of PEG out of the hydrogel with the
artificial gradient (60 min crosslinked in the lower layer, 30 min in the upper, see sec-
tion 5.2) (left) and the corresponding refractive index gradients calculated with the help
of the WKB-approximation (right). The dashed lines with t=0 indicate the presence of a
step-like gradient from the comparison of the two slopes.

Derived from these angular scan measurements, the changes in the correspond-
ing refractive indices detected by the TM1-mode were plotted against the time.
For the gradient gel in addition to the TM1-mode, the TM4-mode was plotted.
Here, the TM1-mode detects changes in the highly crosslinked layer close to the
metal interface, whereas the TM4-mode senses in the upper low crosslinked part
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Fig. 6.19: Evolution of the normalized effective refractive indices of the systems described above
– the 60 min crosslinked (black), the 30 min crosslinked (red) and the two layer system
with the lower 60 min crosslinked layer (green) and the upper 30 min crosslinked layer
(blue) – with time. The lines are to guide the eye.

of the film. This allows to compare the effects of diffusion in the highly and low
crosslinked layers.
The normalized changes in the refractive indices of the corresponding films,
while the PEG is diffusing out of them, are depicted in figure 6.19. These changes
include all the effects on the hydrogels caused by the diffusing PEG. The decreas-
ing concentration of PEG lowers the refractive index and at the same time the
gel reswells which lowers the refractive index as well. Beside, the reswelling in-
creases the mesh size and should hence increase the diffusion coefficient of the
PEG. The diffusion process in the gel with the artificial gradient exhibits a delay
between the two layers. This is caused by the PEG diffusing from the lower,
highly crosslinked layer (green squares) into the upper, low crosslinked layer
(blue squares).
With the described method, the process of diffusion of such large probes can be
displayed as good as with waveguide mode tracking (kinetic mode) measure-
ments. In addition, more information about the behavior of the whole gel are
gained by the repeated angular scans, which enables for example the determi-
nation of mass distribution by effective medium theory. These scan revealed the
partial collapsing of the gels upon loading. However, a model which takes all the
described effects into account has to be developed. Therefore it was resigned to
quantitatively assign parameters and to compare the different systems.
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6.1.6 Conclusion and Outlook

Tracking probe diffusion by FCS was used to evaluate the mesh size of the grafted
and crosslinked hydrogel. The assumption of a size dependent friction allows to
infer from the probe diffusion in crosslinked gels to the mesh size in transient
gels. First, PCS was used to obtain an evaluation of the mesh size of a transient
gel based on its cooperative diffusion time. Then, by using FCS, tracer diffu-
sion times in the same transient gels were compared to tracer diffusion times
in crosslinked gels. Thus a scaling relation could be established for crosslinked
gels by associating diffusion times to corresponding mesh sizes which were in-
dependently measured for transient gels. In this relation, different crosslinking
densities correspond to different concentrations via volume fraction calculation.
To refine the resolution of FCS, first steps where made towards a decrease of the
focal volume. A dye-labeled gel was synthesized that allows for the excitation of
the attached dyes via FRET from the diffusant dyes.
The diffusion of gold nanoparticles in transient and diluted gels was studied by
PCS. In contrast to FCS, not the probes self-diffusion but the relative motion of
the scatterers, the collective diffusion is detected. Gold nanoparticles can domi-
nate the scattering of the gel in a good solvent and thus giving insight to tracer
diffusion by PCS.
By employing WKB-assisted SPR/OWS access was gained to measuring the dif-
fusion of nonfluorescent and weakly scattering probes inside the grafted and
crosslinked hydrogel. Regarding the detection of biomolecules this approach is
of higher practical relevance, as the labeling of biomolecules might disturb their
functionality and free dyes can influence FCS measurements. Furthermore, for
sensor applications, a labeling of the analyte is impracticable.
Beside this, WKB-assisted SPR/OWS allowed for a more detailed look on loading
phenomena. The evaluation of the angular scans clearly showed a collapsing of
the gels upon loading with PEG. Furthermore, they indicate, that the counterin-
tuitive finding in section 5.1, that a higher crosslinked gel can take up more BSA
than a lower crosslinked might have its origin in a concurrent collapse with the
take up of the diffusant as described above. This behavior is neglected in a simple
angular scan.
Predicting a size dependent mobility associated to the mesh size of the network
can be useful for the utility of hydrogels as matrix for biosensor applications.
The thermal motion of dispersed noninteracting probes depends on the structure
and dynamics of the network host on microscopic length scales as well, which is
investigated in section 6.3.
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6.1.7 Experimental Part

Sample Preparation

For the FCS studies, PNIPAAm gels were prepared on round glass microscope
cover slides (Menzel- Glaser, Germany). The gel adhesion was promoted by first
treating them with 4-(3-chlorodimethylsilyl)propoxybenzophenone. The silane
was chemisorbed on the glass surface at room temperature from a toluene solu-
tion (20 mL of a 0.025 molar solution) using triethylamine (4 mL) as catalyst and
acid scavenger. The solution with the glass substrates was left to stand overnight.
Then, the samples were cleaned by successively rinsing with dichloromethane,
methanol, toluene, and again dichloromethane. After each rinsing step, the sam-
ple was blown dry with nitrogen. Hydrogel-polymer films of about 1 µm thick-
ness were prepared by spincoating from a 10 w% ethanolic solutions onto the
silanized microscope slides. Hydrogel films where investigated with different
crosslinking densities prepared by irradiating the hydrogel-polymer films from
1.0 J cm2 to 24.0 J cm2.

Dye-labeled Hydrogel

To covalently attach an Alexa 647 dye, a PNIPAAm sample was first activated
with EDC/PFP and then labeled with Alexa 647 cadaverine. The activation was
performed in DMF at room temperature for 3 h in the presence of triethylamine.
Coupling of the Alexa 647 cadaverine to the activated polymer was achieved by
stirring in DMF at 50◦C for 20 h. In order to remove nonbound dye molecules,
EDC and pentafluorophenol, the polymer solution was subjected to dialysis in
DMF (MWCO of 14.000 g/mol) for 2 weeks.

Au-Nanoparticles

The Au-nanoparticles were prepared by Marcus Schmelzeisen according to Len-
nox et al.[153] with the cationic ligands synthesized following a procedure of
Whitesides et al.[154] at the MPIP. The anionic and DMAP-coated particles were
transferred to ethanol by centrifugation and redispersion, the cationic were kept
in the ethanol water mixture.

TOA-Au-Nanoparticles

Upon adding an aqueous solution of hydrogen tetrachloroaurate (500 mg in
40 mL MilliQ) to a solution of tetraoctylammoniumbromide (TOA, 3.06 g) in
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100 mL toluene, the aurate is transferred to the organic phase, coloring it deep or-
ange. The gold nanoparticles are formed by reduction with sodium borohydride
(525 mg in 30 mL MilliQ), turning the color to a dark red. The organic phase is
extracted in sequence with 0.1 mol/L sulfuric acid, 0.1 mol/L sodium hydroxide
and MilliQ. The Dispersion is diluted to 250 mL and subject to further synthesis
described below.

DMAP-Au-nanoparticles

To prepare DMAP coated Au-nanoparticles, an aqueous solution of 4-(dimethyl-
amino)pyridine (DMAP, 3.05 g in 250 mL MilliQ) is added to the toluene disper-
sion. The DMAP-Au-nanoparticles are transferred to the aqueous phase, giving
a concentration of ∼ 1 mg/mL.

Anionic Au-Nanoparticles

Ligand exchange to an anionic shell is performed by mixing a suspension of
DMAP-Au-nanoparticles (20 mL, ∼1 mg/mL in MilliQ) with deprotonated 11-
mercaptoundecanoic acid (4.42 mg in 45 mL ethanol and 0.5 mL MilliQ, pH = 10)
over night.

Cationic-Au-Nanoparticles

The exchange to a cationic shell is performed by stirring a suspension of DMAP-
Au-nanoparticles (20 mL, ∼ 1 mg/mL in MilliQ) with N,N,N-trimethyl(11-mer-
captoundecyl)ammonium chloride (5.69 mg in 45 mL ethanol and 0.5 mL MilliQ,
pH = 10) over night.

N,N,N-Trimethyl-10-undecenylammonium bromide Undecenyl bromide
(12.5 mL) is reacted with trimethylamine (10 g) in methanol at RT. After 2 d the
volatiles were distilled off, the solid were taken up in DCM and precipitated in
hexane. The yield was 11.85 g (78%) of a colorless solid.
1H-NMR (300 MHz, CD3OD): δ (ppm) = 5.80 (m, 1H,C9), 4.94 (m, 2H, C10),
3.34 (m, 2H, C1), 3.14 (s, 9H, NMe3), 2.04 (m, 2H, C8), 1.79 (m, 2H,C2), 1.37 (m,
12H,C3-7).

N,N,N-Trimethyl(11-mercaptoundecyl)ammonium chloride To a solution of
N,N,N-trimethyl-10-undecenylammonium bromide (2.92 g) in chloroform thio-
acetate (2.28 g) and AIBN (100 mg) were added and refluxed for 20 h. The
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volatiles were distilled off and the remaining yellow solid was washed with ice
cold diethylether. The dry solid was refluxed with 10 % hydrochloric acid for 1 h,
dried and recrystallized from MilliQ with activated charcoal, giving 0.8 g (24%)
of a colorless solid.
1H-NMR (300 MHz, D2O): δ (ppm) = 3.29 (m, 2H, C1), 3.08 (s, 9H, NMe3), 2.53 (t,
2H, C11, 3J11;10 = 8.0 Hz), 1.77 (m, 2H, C2), 1.59 (m, 2H, C10), 1.32 (m, 14H,C3-9).
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6.2 Tracking-Probes with various Sizes and

Charges

6.2.1 Introduction

The diffusion of various tracking-probes within the hydrogel or semidilute
hydrogel-polymer solutions has been investigated in chapter 6.1. Their draw-
back, however, is their limitation towards the variation of their parameters in
terms of charge and size. Suitable dyes are available only in a narrow window
of parameters, nanoparticles can be tuned in size but bear multiple charges, and
most common polymers are neither fluorescent nor do they scatter enough light
for employment in PCS or FCS. Applying SPR/OWS to overcome these limita-
tions, however does not allow for the investigation of diffusion phenomena on
such short length and time scales and can not reach the accuracy of PCS and FCS.
A dye-labeled polymer, as presented in chapter 6.3.2 allows for variations in size
via the chain length, tuning the non charged interaction with the host via the
polymer type, and for the adjustment of charge via functionalized end groups.
However, a more defined polymer in terms of size distribution and chemistry
has to be employed.
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6.2.2 PEG-Dye
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Fig. 6.20: Reaction sequence to synthesize a dye with attached PEG-chain and pH dependent
charge carrier.

PEG was chosen as polymeric probe as it is non charged but soluble in wa-
ter and ethanol. Furthermore, it is available with very narrow size distribu-
tions and can be endfunctionalized as well. Such PEGs of various chain lengths
(Mn = 750 g/mol, 10 kg/mol and 20 kg/mol) were attached to a lysine derivative
as it can provide a linkage to a dye and a position for charge modification. The
synthesis sequence of the tracking-probe depicted in figure 6.20 was planed based
on active ester and protective group chemistry. Therefore, the lysine derivative
employed was the commercial available pentafluorophenyl ester with FMOC and
Boc protected amines (FMOC-Lys(Boc)-O-PFP).
In a first step the respective amino-PEG was bound to the activated lysine deriva-
tive giving its amide. Figure 6.21 shows the 1H-NMR of the product and the
structure in the inset. The 1H-NMR shows the peaks corresponding to the at-
tached PEG as well as its α-CH2 group around 3.45 ppm, shifted upon binding.
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Fig. 6.21: 1H-NMR in CDCl3 of a 750 g/mol amino-PEG bound to the protected lysine derivative,
as shown in the inset. The PEG peak is dominant at∼ 3.6 ppm and the protective groups
are visible in the aromatic regime (FMOC) and at ∼ 1.4 ppm (Boc).

The FMOC and the Boc group were unaffected, since the aromatic and the tert.
butanol peaks (∼ 1.4 ppm) respectively remaind.
To provide access of an amine to the reactive ester dye, FMOC was cleaved by
piperidine. The vanishing of the peaks in 1H-NMR corresponding to FMOC (see
fig. 6.22) as well as the distinct reactions with hydrazine (Ruhemann´s purple,
Kaiser test)[155, 156] proved the presence of the free amine.

Fig. 6.22: 1H-NMR in CDCl3 of a 750 g/mol amino-PEG attached to the protected lysine deriva-
tive with one deprotected amine, as shown in the inset. The Boc-group ∼ 1.4 ppm
remained.
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Two active ester derivatives of Alexa 488 were tested for the binding to the pegy-
lated lysine, tetrafluorophenol (TFP) and dichlorophenol sulfonate (DCPS). Both,
however failed or had a yield below 5 %. In FCS, used to investigate the product,
almost only free Alexa 488 was present.
In the last step, the Boc protected amine of the lysine derivative was deprotected
by trifluoroacetic acid. The reaction was considered successful, when the tert.
butyl group in the 1H-NMR disappeared (see fig. 6.23).

Fig. 6.23: 1H-NMR in CDCl3 of a 750 g/mol amino-PEG attached to lysine. The Boc-group around
1.4 ppm disappeared.

6.2.3 Conclusion and Outlook

After all, it was not possible to address the previously FMOC-protected amine
with the active ester dye. Ongoing experiments suggest, that the proximity to the
amide reduces the nucleophily of this amine, hindering the reaction. As conse-
quence, the synthesis plan was reorganized to attach the dye to the former Boc-
protected amine. The results are expected shortly.

6.2.4 Experimental Part

The PEG with terminal amine group (PDI ≤ 1.1) were purchased from Rapp
Polymere GmbH, Germany, the lysine derivative from BACHEM, Switzerland.
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PEG-Dye Synthesis

For the NMR evaluation see paragraph PEG750-Dye, as for the two other molec-
ular weights, the broad PEG-peak conceals important peaks like the discussed
α-CH2-peak of the PEG.

PEG20K-Dye

FMOC-Lys(Boc)-N-PEG To PEG-amine (1.05 g, 20 kg/mol, 0.05 mmol) in
DCM FMOC-Lys(Boc)-O-PFP (232 mg, 0.37 mmol) was added. The progress was
frequently checked for the reaction of the PEG-amine with ninhydrin to disap-
pear. After 6 d stirring at 50◦C , the DCM was replaced with THF and the solution
was precipitated in heptane, yielding 970 mg (92%) product.

H2N-Lys(Boc)-N-PEG After reacting possible leftover active esters with ethan-
olamine (1 mL), the FMOC protection group was cleaved by adding piperidine
(5 ml =̂ 25 vol%) to FMOC-Lys(Boc)-N-PEG (500 mg) in dry DMF. Having stirred
the solution for 3 d at 50◦C , volatiles were removed in vacuum followed by pre-
cipitating from THF in cyclohexane. The peaks in 1H-NMR corresponding to the
FMOC-group had disappeared and the yield was 270 mg (54%).

Dye-N-Lys(Boc)-N-PEG H2N-Lys(Boc)-N-PEG (15 mg) in dry DMF, dry pyri-
dine (1 mL) and Alexa 488 TFP (0.5 mg) were unified and stirred for 5 d at
30◦C . After drying in vacuum, the attachment of the dye was checked with FCS,
which shows only free Alexa 488.

Dye-N-Lys(NH2)-N-PEG Dye-N-Lys(Boc)-N-PEG was stirred in a mixture of
TFA and dry DMF (TFA 1 : DMF 2) for 13 d at RT. The disappearance of the
tert. butyl group in the 1H-NMR proved the success.

PEG10K-dye

FMOC-Lys(Boc)-N-PEG To PEG-amine (1 g, 10 kg/mol, 0.1 mmol) in DCM
FMOC-Lys(Boc)-O-PFP (1.1 g, 1.75 mmol) was added. The progress was fre-
quently checked for the reaction of the PEG-amine with ninhydrin to disappear.
After 7 d stirring at 35◦C , the DCM was replaced with THF and the solution was
precipitated in heptane, yielding 1100 mg (97%) product.
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H2N-Lys(Boc)-N-PEG After reacting possible leftover active esters with ethan-
olamine (1 mL), the FMOC protection group was cleaved by adding piperidine
(5 ml, =̂ 25 vol%) to FMOC-Lys(Boc)-N-PEG (500 mg) in dry DMF. Having stirred
the solution for 7 d at 35◦C , volatiles were removed in vacuum followed by pre-
cipitating from THF in cyclohexane. The peaks in 1H-NMR corresponding to the
FMOC-group had disappeared and the yield was 320 mg (65%).

Dye-N-Lys(Boc)-N-PEG H2N-Lys(Boc)-N-PEG (10 mg) in dry DMF, dry pyri-
dine (1 mL) and Alexa 488 TFP (1 mg) were unified and stirred for 9 d at 35◦C .
After drying in vacuum, the attachment of the dye was checked with FCS, which
shows almost no attached Alexa 488.

Dye-N-Lys(Boc)-N-PEG H2N-Lys(Boc)-N-PEG (10 mg) in dry DMF, dry pyri-
dine (1 mL) and Alexa 488 DCPS (1 mg) were unified and stirred for 9 d at
35◦C . After drying in vacuum, the attachment of the dye was checked with FCS,
which shows only free Alexa 488.

PEG750-Dye

FMOC-Lys(Boc)-N-PEG To PEG-amine (1 g, 750 g/mol, 1.33 mmol) in DCM
FMOC-Lys(Boc)-O-PFP (1.1 g, 1.75 mmol) was added. The progress was fre-
quently checked for the reaction of the PEG-amine with ninhydrin to disappear.
After 2 d stirring at RT, the volatiles were destilled off and the product was ob-
tained by freeze desalination in acetone with a yield of 520 mg (25%).
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Fig. 6.24: FMOC-Lys(Boc)-N-PEG, the 1H-NMR is depicted in figure 6.21.
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1H-NMR (700 MHz, CDCl3): δ (ppm) = 7.76 (d, 2H, H16, 3J16;15 = 7.5), 7.60 (d,
2H, H13, 3J13;14 = 7.3 Hz), 7.40 (t, 2H, H15, 3J15;16,14 = 7.3 Hz), 7.31 (t, 2H, H14,
3J14;15,13 = 7.4 Hz), 6.59 (bs, 1H, N2), 5.56 (bs, 1H, N1), 4.66 (bs, 1H, N3), 4.42 (d,
1H, H11, 3J11;12 = 6.9), 4.21 (t, 1H, H12, 3J12;11 = 6.9 Hz), 4.14 (bs, 1H, H1), 3.67 -
3.58 (m, 76H, H9), 3.54 (m, 4H, H9 + H8), 3.45 (m, 2H, H7), 3.38 (s, 3H, H10),
3.10 (b, 2H, H5), 1.84 (bs, 1H, H2), 1.66 (b, 1H, H2), 1.50 (b, 2H, H4), 1.44 (s, 9H,
H6), 1.37 (b, 2H, H3).

H2N-Lys(Boc)-N-PEG After reacting possible leftover active esters with ethan-
olamine (200 µL), the FMOC protection group was cleaved by adding piperidine
(1.3 ml, =̂ 25 vol%) to FMOC-Lys(Boc)-N-PEG (200 mg) in dry acetone. Having
stirred the solution for 24 h at RT, volatiles were removed in vacuum followed by
precipitating from DCM in cyclohexane. The peaks in 1H-NMR corresponding to
the FMOC-group had disappeared and the yield was 120 mg (72%).
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6.3 Gel Dynamics

6.3.1 Introduction

To characterize the diffusion through a hydrogel network, the dynamic behavior
of fluorescent probes has been studied by FCS. Since the thermal motion of such
a probe depends on the structure and dynamics of the host network as well, this
chapter focuses on the development of an useful method and its exploitation to
investigate the dynamics of thin layers of anchored crosslinked hydrogel. These
where basically not investigated so far, due to the lack of experimental techniques
to study the molecular motions in thin films. Dynamic light scattering,[72, 73] X-
ray photon correlation[157] and fluorescence spectroscopy[74, 75] have been applied
frequently to study polymer dynamics in submicron thick films. First, the dy-
namics of dye-labeled PNIPAAm were investigated by FCS in section 6.3.2. The
label-free exploration of the gel dynamics was performed by micro photon corre-
lation spectroscopy (µPCS), as presented in section 6.3.3.
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6.3.2 FCS of Dye-labeled Hydrogel

The investigation of the dye-labeled PNIPAAm-based terpolymer (PNIPAAm for
simplification) by FCS was a cooperation with Maria Gianneli who performed
the measurements, Patrick Beines, Kaloian Koynov, Georg Fytas and Wolfgang
Knoll. More details can be found in the published paper.[59]

When studying the dynamic properties of a polymeric system, the self-diffusion
coefficient of polymers is prevalently subject to research. So far, investigations
were performed by pulse-field gradient NMR,[158–160] optical grating tech-
niques,[161–164] and, under some specific optical contrast conditions, photon cor-
relation spectroscopy.[135, 145] FCS[76, 136, 137] has been applied to synthetic poly-
mers only recently,[138–144] therefore only limited information are available. In the
case of labeled PNIPAAm, the molecular mass of the tracer Mt ≈ Mm, the molec-
ular mass of the matrix. Hence, D is close to the self-diffusion and is expected
to sense the global dynamics of the PNIPAAm nondilute solutions as reflected in
the solution viscosity η(c).

Fig. 6.25: Left: Normalized fluorescence intensity correlation function C(t) for labeled PNIPAAm
in two ethanolic PNIPAAm solutions (c = 0.02 g/mL (circles) and c = 0.15 g/mL
(squares)) in the semidilute regime. The mean square displacement of the single flu-
orescent PNIPAAm chain indicates Brownian diffusion (slope one in double log plot) as
shown in the inset.
Right: Normalized self-diffusion coefficient of Rh6G (solid circle) and labeled PNI-
PAAm (solid squares) below and above the overlap concentration c∗. The solid lines
represent a two parameter stretched exponential fit exp(−βc∗). For comparison, the so-
lution viscosity (open circle) and the cluster diffusion coefficient (solid triangles) from
section 6.1.2.1 are shown as a function of concentration. The dashed line is to guide
the eye. The corresponding data from PCS (section 6.1.2.1) are shown in the inset: the
experimental self-diffusion coefficient of the two dyes (solid symbols) and the transla-
tional diffusion coefficient of PNIPAAm (single open circle).

The diffusion of the labeled PNIPAAm for two concentrations in the nondilute
regime is displayed as normalized fluorescent intensity autocorrelation function
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C(t) in figure 6.25 left. These functions are clearly much slower than the corre-
sponding decay functions for the small probe (Rh6G) in figure 6.2 (section 6.1.2.1)
at similar polymer matrix concentrations. The initial decay of C(t) (between 0.1
and 0.4 ms) might be due to the presence of a small amount of free dye (see fig-
ure 6.2). Excluding this initial decay, the tracer mean square displacement (inset
to fig. 6.25 left) conforms to a random Brownian diffusive motion even at the
highest concentration. This result is in agreement with forced Rayleigh scattering
experiments in polystyrene nondilute solutions.[163] The inset to figure 6.25 right
shows the diffusion coefficients D of the small Rh6G and the larger labeled PNI-
PAAm measured by FCS along with the translational diffusion (open circle) of
PNIPAAm measured by PCS. The latter is about 10% faster because of its slightly
lower Rh compared with the labeled chain. The good agreement between FCS
and PCS in dilute solutions is to be expected for correct experiments.[144] The
vastly different Einstein diffusion coefficient D0 of the small and large probe in
the dilute regime reflects the difference in their sizes. For a clear presentation
of the concentration dependence, figure 6.25 right displays the normalized diffu-
sion coefficients relative to the corresponding (D0) values at the lowest PNIPAAm
concentration. The large probe diffusion clearly exhibits stronger concentration
dependence than the small probe[147, 161, 163] and resembles that of the solution
viscosity (open circles) shown in figure 6.25 for comparison. The concentration
dependence of D(c) for the large probe in a matrix with similar size should re-
semble the concentration dependence of the self-diffusion coefficient. Hence,
the scaling predictions -0.5 and -1.75 respectively for unentangled and entangled
semidilute solutions in a good solvent are drawn for comparison. The solution
viscosity (open circles) should exhibit stronger concentration dependence than
the self-diffusion with corresponding scaling predictions 2 and 3.9 in the two
semidilute regimes.[165] Experimentally, the specific viscosity, η(c)− ηs ∼ c3.4, in
the highest concentration region is closer to the scaling exponent for entangled
polymers in good solvents. The conformity to the scaling predictions up to the
highest concentration suggests that the local friction does not play a significant
role up to 20 vol%; that means, the solution is still semidilute in spite of the high
Tg (∼ 140◦C) of PNIPAAm.
Comparing the different diffusion data in figure 6.25 right, obtained from the two
complementary experimental techniques clearly disputes the assignment of the
slow diffusion process in the PCS experiment (figure 6.3, section 6.1.2.1) to the
self-diffusion.[146] Instead, this process relates to the diffusion of a cluster of PNI-
PAAm chains, which closely follow the macroscopic solution viscosity. This as-
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signment is further supported by the observation of the slow process in the semi-
dilute solutions c > c∗. As consequence, the self-diffusion in semidilute homo-
polymers can be safely measured only by FCS and not PCS, but both techniques
can be complementarily employed. In the case of this hydrogel, FCS measures
both local dynamics associated with length scales in the order of the mesh size
ξ and global dynamics over the size of the used probe in the semidilute entan-
gled regime well above c∗. On the other hand PCS can safely measure the mesh
size ξ(c) and the concentration dependence of η(c) via the slow cluster mode. In
the very dilute regime (c ¿ c∗), both techniques measure the chain translational
diffusion with FCS being applicable even at extremely dilute conditions.
However, it was not possible to investigate the dynamics of the crosslinked hy-
drogel by FCS. The dye-labeled and crosslinked polymer chains did not create a
correlation function, as their translational movement does not exceed the dimen-
sions of the focal volume within the time window of the experiment.
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6.3.3 µPCS of the Hydrogel

The investigation of the dynamics of the PNIPAAm-based terpolymer by µPCS
was a cooperation with Maria Gianneli and Benoit Loppinet who performed the
measurements, Ulrich Jonas, Georg Fytas and Wolfgang Knoll. More details can
be found in the published paper.[60]

So far, µPCS has been used in films of strong scattering media like liquid crystals
near the nematic transition.[166] Recently a scanning microscope light scattering
set-up[73] with a beam diameter of only a few µm at the scattering volume was
used to investigate the dynamics of polyacrylamide gels in the bulk. The sig-
nificant interest in spatial and temporal resolution renders the micro scattering
techniques very important.

Fig. 6.26: Experimental geometry of the sample cell used for the light scattering measurements
along with the scattering wavevector q = ks − ki and the wavevector of the incident (ki)
and the scattered light (ks).

Hydrogel layers with three different crosslinking densities were prepared, their
dynamics at thermal equilibrium swollen in ethanol are manifested in the relax-
ation function

C(q, t) =
√

[G(q, t)− a′]/ f ∗ (6.3)

Equation 6.3:
f ∗ < 1 - an instrumental factor; a′ - the base line of G(q, t) at long times (∼ 1s).

G(q, t) is recorded under heterodyne conditions by means of the photon correla-
tion spectroscopy configuration shown in figure 6.26. The correlation function
G(q, t) saturates at short times (< µs) to b = 2〈I〉E/Ic where Ic denotes the
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elastic contribution from the laser beam and the frozen fluctuations (static het-
erogeneities) and 〈I〉E is the ensemble average scattering intensity from the gel
layer.[167, 168]

The relaxation functions of the concentration fluctuations in figure 6.27 exhibits
two distinct decays. Interestingly enough the slow process relaxes within the
experimental time window (t < 100 s). This relaxation pattern is ergodic, i.e.
insensitive to variations of the probed spots in the films. In addition, there exist
much slower fluctuations at decay times beyond 10 s. Since they do not affect the
characteristics of the two faster relaxation processes, they were not included in
f (q, t).
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Fig. 6.27: Normalized autocorrelation function C(q, t) at different scattering wavevectors q of a
1.6 J cm−2 crosslinked gel swollen in ethanol.

The existence of two separate processes was observed for all gel films with dif-
ferent crosslinking densities. The temporally separation of the two processes al-
lowed fitting f (q, t) with a double exponential decay function:

f (q, t) = a exp(−Γ f t) + (1− a) exp(−Γst) + a′ (6.4)

Equation 6.4:
a - the amplitude; Γ f - the relaxation rate of the fast process; Γs - the relaxation rate
of the slow process; a′ - the base line of G(q, t) at long times (∼ 1s).

This simple expression represents well the experimental C(q, t) as indicated by
the solid lines in figure 6.27. Both relaxation modes are q-dependent and show
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pure isotropic diffusive (Γ ∼ q2) behavior as indicated by slope 2 in the dou-
ble logarithmic plot in figure 6.28 for the three films with different crosslinking
densities. The scattered intensity in f (q, t) is approximately given by 〈I(q)〉 = I0b
where I0 is the averaged intensity over the measurement time. While the dynamic
intensity I f = a〈I(q)〉 associated with the fast process is q-independent, the dy-
namic intensity Is(q) = (1− a)〈I(q)〉 associated with the slow mode was found to
increase with decreasing q. The former suggests a small correlation length, which
was found for the concentration fluctuations in semidilute polymer solutions that
exemplify physical networks as well (see section 6.1.2.1). Hence, the fast process
was assigned to the cooperative diffusion with Dcoop. = Γ f (q)/q2, driven by the
osmotic pressure of the system. The strong q-dependence of Is(q) of the slow
diffusive process implies long correlation lengths for these slow concentration
fluctuations. Typical, slow processes in 3D gels are reported to relax outside the
experimental window and therefore exhibit non-ergodic behavior.[77, 151, 167, 168]
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Fig. 6.28: Relaxation rates Γ for the two diffusive (slope 2) processes (fig. 6.27) versus the scat-
tering vector q. The fast Γ f represent the decay rates of the collective concentration
fluctuations. Comparing the crosslinking doses 1.6 (open triangle), 6.3 (solid circles)
and 12.6 J cm−2 (open squares) reveal the crosslinking density dependence of Γ f and
the independence of the slow rate Γs.

6.3.3.1 Fast Mode Relaxation

The diffusion coefficient Dcoop (the relaxation rate Γ f respectively) of the fast co-
operative mode increases with crosslinking density as figure 6.28 reveals. An
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increase of the crosslinking density can be compared with an increase of concen-
tration in semidilute polymer solutions. There the increase of Dcoop with poly-
mer concentration (c) is due to the concurrent decrease of the mesh size ξ(c).[165]

Figure 6.29 displays the increase of Dcoop of the crosslinked gel films swollen in
ethanol with the effective concentration, i.e. effective volume fractions φ of 0.092,
0.145 and 0.169 correspond to a crosslinking dose of 1.6, 6.3 and 12.6 J cm−2 re-
spectively (black circles). For comparison, the concentration dependence of the
cooperative diffusion in semidilute PNIPAAm solutions in ethanol is depicted as
well (black squares).[59] This reveals a much stronger increase of Dcoop with the
effective concentration in the chemically crosslinked gels than in the physical net-
work of the semidilute solutions. Finding a clear distinction between the physical
network and the chemically crosslinked network layer anchored on the substrate
indicates structural differences between the two types of network.
At low volume fractions below 0.1, Dcoop in the anchored gel converges to that of
the semidilute polymer solutions. Even lower volume fractions for the gel layers
are experimentally not accessible as the crosslinking density would become lower
than one per chain.

Fig. 6.29: Cooperative diffusion coefficient Dcoop, plotted as a function of the effective volume
fraction φ for PNIPAAm gels. The black circles correspond to gel of the three crosslink-
ing densities swollen in ethanol. The black squares are the Dcoop of semidilute ethanolic
solutions of PNIPAAm for different concentrations, taken from [59]. The normalized (to
the neat solvent) dye diffusion time τD,gel/τD,solvent is shown as a function of the PNI-
PAAm concentration in the crosslinked films (open circles) and in semidilute PNIPAAm
solutions (open squares). The swelling ratio of the gel films in ethanol as a function of
the irradiation dose is shown in the inset. All lines are to guide the eye.

To investigate the local dynamics, figure 6.29 shows the diffusion time τD of Rh6
G (with Rh = 0.8 nm) measured by fluorescence correlation spectroscopy as a
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function of volume in both systems. Within experimental error, τD in the gel
layers (open circles) compares very well with the diffusion of the same dye in
physical PNIPAAm networks (open squares)(see section 6.1.2).[59] Since the dif-
fusion time τD(φ) of small dyes (Rh < ξ) depends only on the polymer concen-
tration and not on the polymer molar mass,[59] this finding suggests that the local
dynamics are virtually the same in both systems and further supports the esti-
mation of the volume fraction in the gel layers under the condition of uniaxial
swelling.
Thus FCS and DLS of gel layers yield complementary dynamic and structural
information. FCS measures the local friction but since Dcoop(c) of transient and
permanent networks are, in general, different (see fig. 6.29), the effective mesh
size ξ of gels can only be reliably obtained from the DLS experiment and not via
the scaling relationships from FCS. For the gel layers of figure 6.29, ξ decreases
from 3.4 nm for the shortest to 1 nm for the longest crosslinking time. These
numbers are rather low compared to mesh sizes for transient networks and lower
than the values determined for gel layers by FCS (see section 6.1.2), supporting
the conclusions drawn on the structural differences between the two systems.

6.3.3.2 Slow Mode Relaxation

The slow diffusive process in the present anchored crosslinked gel layers (fig. 6.27
and 6.28) exhibits a diffusion coefficient of Ds = Γs(q)/q2(∼ 1.5× 10−8 cm2 s−1)
and differs significantly from the slow dynamics in polymer systems reported
so far. First it is ‘faster’ and ergodic in contrast to the very slow, non-ergodic
process in a 3D gel, as seen in the well-resolved baseline of the functions of fig-
ure 6.27.[77, 151, 167, 168] Second, Ds seems to be virtually insensitive to the varia-
tion of the crosslinking density, i.e. volume fraction (fig. 6.28), contrary to the
slow mode observed in the corresponding (non-crosslinked) semidilute solutions
(see section 6.1.2.1).[59] There, Ds was found to exhibit a strong decrease with
increasing concentration and was attributed to the self-diffusion of polymer clus-
ters.[59, 169] For crosslinked anchored gel layers, however, an analog description is
hardly conceivable.
The origin of the slow mode in semidilute homopolymer solution is still dis-
cussed controversially.[169] For chemically crosslinked gels, only one report[168]

was found, where the slow mode decays within the experimental time window.
The slow mode in the grafted crosslinked gels features a large correlation length
(in the sub-micrometer range) that can be assigned to long wavelength concentra-
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tion fluctuations. Hence, this slow ergodic process might senses the connectivity
of the network with the elasticity of the network probably acting as a restoring
force. Its relation to the fast process has to be investigated and so far, its origin
remains elusive.

6.3.4 Conclusion and Outlook

The translational motion of the dye-labeled PNIPAAm acting as large macro-
molecular tracer in a transient PNIPAAm network (i.e. semidilute solution) ob-
served in FCS exhibited brownian diffusion independent of the concentration.
The strong concentration dependence of the normalized diffusion coefficient is in
line with the enhanced friction in semidilute entangled polymer solutions. These
findings on self-diffusion show the complementarity with those obtained by PCS
in section 6.1.2.1. Applying FCS to explore the self-diffusion of permanent PNI-
PAAm networks, however, failed. The motion of the attached dyes did not exceed
the dimensions of the focal volume within the time window of the experiment.
Therefor a new light scattering technique probing the crosslinked and grafted
gel was employed. The fast cooperative diffusion was assigned to the motion
associated with the effective mesh size of the network, analog to the case of the
physical network of uncrosslinked PNIPAAm chains in section 6.1.2. In the cross-
linked network, the cooperative diffusion increases faster with increasing volume
fraction in the swollen gel layers than in the uncrosslinked PNIPAAm semidilute
solutions, given uniaxial swelling. Hence, for a correct characterization of the ef-
fective mesh size the measurements need to be performed in the anchored cross-
linked layers. The volume fractions calculated assuming uniaxial swelling were
verified by the comparable tracer diffusion times observed in both systems via
FCS.
Interestingly enough, the tethered crosslinked gel layers reveal a second, slow
diffusive process, which is fully relaxed in the measurable time window. It was
allocated to the relaxation of the concentration fluctuations, which may be con-
nected to the mechanical properties of the gel. In contrast to the physical network
of the semidilute terpolymer solution (see section 6.1.2.1), this process is virtually
insensitive to the concentration, i.e. crosslinking density. Its unusual short relax-
ation rate might relate to dynamic heterogeneities, but its nature is still unknown.
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6.3.5 Experimental Part

Sample Preparation

For the µPCS studies microscope glass slides were functionalized with BP-sliane
and subsequently spincoated with a 10 w% ethanolic hydrogel-polymer solution.
The ∼ 1 µm thick films were crosslinked for 15 min, 60 min and 120 min with a
resulting irradiation dose of 1.6, 6.3 and 12.6 J cm−2.

Dye-labeled Hydrogel

To covalently attach a tetramethylrhodamine dye, a PNIPAAm sample was first
activated with trifluoroacetyl-N-succinimidyl ester and then labeled with tetra-
methylrhodamine cadaverine. The activation was performed in dichloromethane
at room temperature for 3 h in the presence of triethylamine. Purification was
achieved by precipitation in diethylether twice. Addition of the tetramethyl-
rhodamine cadaverine to the activated polymer was achieved by stirring in
ethanol at 50◦C for 20 h. In order to remove unbound dye molecules, the polymer
solution was dialyzed in ethanol (MWCO of 3500 g/mol for the utilized tube) for
2 weeks.
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7.1 Biosensor Matrix

7.1.1 Introduction

Hydrogels can be modified with proteins and other biomolecules to provide spe-
cific functionality for controlled drug release,[170] defined interactions with
cells,[171] or the capture of target analyte molecules.[28, 172] Hence, employing the
network of a hydrogel is a promising approach as matrix for biosensing. In ad-
dition, thermal responsive gels can be used for the design of advanced biosensor
binding matrices. They can swell in an aqueous sample (e.g. blood sample) and
capture a target analyte in the sample by a specific motive, immobilized at the
hydrogel-polymer backbone. Upon an external stimulus, the gel collapse (e.g. by
a temperature increase[99]) can be triggered, expelling the liquid and unbound
species from the hydrogel matrix. At the same time the specifically bound ana-
lyte would be concentrated at the sensor-substrate interface and therefore allow
for its effective detection by SPR/OWS as introduced in section 1.2.
Thin films of the PNIPAAm-based hydrogel presented in this thesis were inves-
tigated by various optical methods including surface plasmon resonance (SPR)
and optical waveguide mode spectroscopy (OWS).[58, 99] These techniques were
applied to study the structural and swelling characteristics.
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In this section, SPR/OWS is employed for the quantitative time-resolved char-
acterization of mass changes and the swelling behavior of protein-functionalized
hydrogel films. This allows for the detection of specific and unspecific adsorption
of proteins inside the gel. This project was a cooperation with Alena Aulasevich
who performed the SPR/OWS measurement, Jakub Dostálek, Ulrich Jonas, Bern-
hard Menges and Wolfgang Knoll and is already published.[61]

Fig. 7.1: Schematic illustration of the hydrogel being prepared and used as sensor matrix for the
monitoring of the affinity binding of NA to biotinylated IgG.

The sensor matrix was functionalized by coupling immunoglobulin G (IgG) in
situ covalently to the hydrogel by using active ester chemistry. Compared to other
methods,[28, 173] this approach enables the covalent coupling of IgG molecules un-
der mild conditions. As antifouling is an important property of a sensor matrix,
the interaction of the protein functionalized hydrogel network with blood plasma
was investigated. The potential application of the gel as a sensor matrix was
demonstrated monitoring the kinetics of the affinity binding of neutravidin (NA)
molecules to the immobilized biotinylated IgG (IgG-b)(see fig. 7.1). SPR and OWS
were applied simultaneously to detect the changes in refractive index and thick-
ness. The optical characteristics of the setup are described in figure 7.2.

/

Fig. 7.2: Left: Simulation of the profile of the electric field intensity of the surface plasmon and the
guided waves. Right: Parameters for the simulation shown on the left.
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7.1.2 Immobilization of BSA

To identify the most promising method for the functionalization with biotinylated
IgG, several of the active esters and activation methods, introduced in section 3.4,
were tested for the immobilization of BSA within the hydrogel. The hydrophilic
sodium tetrafluoropenol sulfonate (TFPS) and acetonoxime (AO) and the hy-
drophobic N-hydroxysuccinimide (NHS) and pentafluorophenol (PFP)
where tested partly in situ and ex situ. For the in situ activation EDC and the
respective alcohol (e.g. ECD-NHS) where reacted in aqueous media in the flow
cell. For the ex situ functionalization the sensor chip was exposed to the trifluoro-
acetate esters (e.g. TFA-PFP) in dichloromethane in a vial. The results are summa-
rized in Table 7.1. It reveals that only the hydrophilic active esters where success-
ful and that the acetonoxime active ester is only accessible via TFA-acetonoxime.
The TFPS was most effective as charge interaction was already found to be deci-
sive for the diffusion into the gel.[58, 174]

Table 7.1: Comparison of the mass of a bovine serum albumin (BSA) immobilized into the swollen
NIPAAm-based gel by using different active esters. The thickness of swollen gel in
acetate (ACT) buffer was dh ≈ 1 µm

Active ester Activation in 

solvent 

Immobilization in 

buffer with pH 

Surf. mass density of 

loaded protein / ng×mm
-2

 

TFA-AO DCM 4 9  

TFA–NHS DCM 4-5 0  

TFA–PFP
 

DCM 4-5 0  

EDC–AO Water 4-6 0  

EDC–NHS Water 4 0  

EDC-TFPS Water 4 63  

 

7.1.3 Antifouling Properties

To investigate the nonfouling properties of the sensor matrix the TFPS activated
hydrogel was functionalized with IgG and exposed to blood plasma. Firstly, a
SPR/OWS spectra was taken of the reference, the gel swollen in PBS (spectra
IV in fig. 7.3). Subsequent, the swollen gel was incubated in serum (spectra V
in fig. 7.3). After rinsing with PBS (spectra VI in fig. 7.3), an increase of surface
mass density of ∆Γ = 5 ng mm−2 compared to the mass prior exposure to the
serum was determined (see fig. 7.3 and table 7.5). This corresponds to very little
attached plasma.
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/

Fig. 7.3: Reflectivity spectra for the gel swollen in PBS (square), exposed to blood serum (circle),
and after subsequent rinsing with PBS (triangle). The lines are the corresponding fits.

7.1.4 Detection of Neutravidin

To demonstrate that the functionalized hydrogel can be used as a sensor matrix,
the affinity binding of NA to biotinylated IgG was studied. As depicted in fig-
ure 7.1, first, the attachment of IgG-b to the TFPS activated hydrogel was accom-
plished and monitored as shown in Fig 7.4.

/

Fig. 7.4: Reflectivity spectra measured for the hydrogel film swollen in acetate (ACT) buffer
(square), loaded with IgG-b (circle), and after incubation with ethanolamine and rinsing
(triangle).
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Figure 7.5 shows the time evolution of the angular position of the TM1 resonant
dip upon binding of NA to the functionalized hydrogel film. It was observed
as a gradual increase of the coupling angle, which reached its saturation after
approximately 40 min after addition of the NA dissolved in PBS. In the control
experiment (same figure), no binding of NA was observed in the gel that was
modified by IgG molecules without biotin tags.

/ /

 nb dh [μm] nh Г [ng×mm
-2
] 

(I)    Swollen in ACT 1.3330 2.50  1.3467 171  

(II)   Loaded with IgG-b 1.3330 1.94  1.3757 407  

(III)  After passivation 1.3330 3.20  1.3449 190  

(IV)  Swollen in PBS 1.3347 2.38  1.3500 182  

(V)   Incubated in plasma 1.3480 2.20  1.3535 - 

(VI)  Swollen in PBS 1.3347 2.44  1.3500 187  

(VII) After NA binding 1.3347 2.53  1.3507 203  

 

Fig. 7.5: Left: Time evolution of the TM1 coupling angle associated with the binding of NA to the
gel modified with IgG-b and IgG.
Right: Reflectivity spectra before (circle) and after (square) the affinity binding of NA to
IgG-b modified gel and the corresponding fits (line).
Bottom: Characteristics of the hydrogel film upon its modifications.

The diffusion characteristics as well as the association and dissociation binding
constants of the reaction can be determined by fitting the measured kinetics with
an appropriate model.[175] The obtained association rate for NA (≈ 103 M−1s−1)
is two orders of magnitude lower than for the interaction between (strept)avidin
derivatives and biotin (≈ 105 M−1s−1[176]). This slow down indicates that the
binding in the gel was strongly diffusion controlled. Analyzing the angular spec-
tra (VI to VII) in Figure 7.5 allocates the increase in the surface mass density
to the specific binding of NA of 16 ng mm−2 (the mass density of immobilized
IgG-b was 11 ng mm−2). Taking the molecular weight of IgG (MW = 150 kDa)
into account, which is 2.5-fold higher than that of NA (MW = 60 kDa), the av-
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erage number of NA molecules captured by an IgG-b molecule was determined
to be 4.6 ± 1.1. This result is within the expected range (3 to 6 biotin tags are
anchored to an individual IgG molecule), and supports the concept of coupling
IgG-b molecules to flexible polymer chains in a swollen hydrogel network to en-
able the efficient binding of the affinity partner molecules.

7.1.5 Conclusion and Outlook

A combination of surface plasmon resonance and optical waveguide modes spec-
troscopy (SPR/OWS) was employed for the time-resolved and quantitative study
of affinity binding inside hydrogel films. SPR/OWS allows for the observation
of changes in mass distribution in the network by the simultaneous and inde-
pendent measurement of its thickness and refractive index. This technique was
applied for the investigation of the coupling of protein molecules to the hydrogel
film, by using a novel charge-attraction scheme based on a tetrafluorophenol sul-
fonate active ester. This strategy was employed as charge interaction was found
to be decisive for the diffusion into the gel[58, 174] and active ester chemistry en-
ables covalent attachment without exposing the protein to harsh conditions.
The functionalized hydrogel was used as a sensor matrix into which protein
molecules can diffuse and affinity bind to the immobilized catcher molecules.
The low unspecific binding of blood plasma and the NA control experiment re-
veals its good antifouling properties.
This proves the hydrogel to be a good candidate for potential applications in
affinity biosensors.

7.1.6 Experimental Part

Film preparation A thin hydrogel film was deposited on a BP-thiol modified
gold surface by spincoating from a 4 w% polymer solution in ethanol to obtain a
300 nm thick layer. The coating was UV-crosslinked with a dose of 2 J cm−2.

Ex situ activation in dichloromethane sensor chips with attached hydrogel
film were put into dichloromethane (DCM) with TFA-AO, TFA-NHS or TFA-
PFP dissolved at 1 M concentration. After 15 hours incubation at room tempera-
ture, the sensor chips with activated hydrogels were rinsed with DCM, dried and
mounted into the setup.
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In situ activation in water The carboxylic groups in the swollen gel were ac-
tivated by 90 min incubation in a solution with TFPS and EDC, NHS and EDC
or AO and EDC dissolved in water at a concentration of 21 and 75 mg mL−1, re-
spectively. Afterwards, the surface was rinsed with acetate (ACT) buffer (10−2 M,
pH 4) for 3 min and the solution with IgG-b (concentration of 100 mg mL−1) was
pumped through the cell for 75 min.

Functionalization with Proteins IgG, IgG-b and BSA (100 µg mL−1) respec-
tively were dissolved in ACT buffer at pH 4, which is below their isoelectric
points, resulting in a positively charge and therefore a strong Coulomb attrac-
tion into the hydrogel in case of the TFPS active ester being used. The solutions
were pumped through the cell for 75 min followed by rinsing with ACT buffer
for 10 min. In case of IgG and IgG-b the remaining active esters where quenched
with ethanolamine and the hydrogel washed again with ACT buffer for 15 min.

Affinity binding of NA After a stabile baseline was established in flowing PBS,
a solution of NA dissolved in PBS at a concentration of 100 mg mL−1 was flowed
for 50 min. Unbound NA was removed by rinsing with PBS.
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7.2 Cell-resistant Implant Coatings

7.2.1 Introduction

Glaucoma is a disease caused by an intraocular overpressure leading to a perma-
nent damage of the optic nerve that can end in a loss of the visual field or even
blindness. Typically, the inner pressure of the eye is between 10 and 21 mm Hg,
resulting from an equilibrium between the production of aqueous humor by the
ciliary body of the eye and its drainage. A reduced or blocked flow causes an
overpressure which has to be corrected surgically.
Nowadays, stands with valves, such as the Ahmed valve (see fig. 7.6 right), are
implanted to regulate the pressure and to avoid a collapse of the eye. Disadvan-
tageously, these valves have a major drawback. Within a few weeks a fibrous
capsule can form around them as can be seen in the lower left image of figure 7.6.
Especially the young suffer from this body reaction to the implant, due to their
higher metabolism.[177, 178]

Fig. 7.6: The Ahmed valve (right) and the implanted Ahmed valve being encapsulated by fibro-
plasts (left). Courtesy of Lars Choritz.

To avoid this reaction, the pocket formed during surgery is treated with cytostatic
drugs or cytotoxic antibiotics like paclitaxel and mitomycin. These drugs, being
used in cancer therapy as well, hinder the body reaction but at the same time can
damage the epithelial cells causing turbidity in the view.
To reduce the amount of therapeutics, the employment of hydrogel coatings on
the valve as drug delivery agent was investigated.[179] Even more desirable
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would be a coating that decreases or inhibits the proliferation of tenonfibroblasts
without using drugs.
Beyond the drug delivery, hydrogels exhibit a soft surface that might reduce the
irritation of the surrounding tissue. However, a hydrogel has to be identified that
can resist the attachment of cells. In the following, the PNIPAAm-based hydrogel
is investigated on this issue.
PNIPAAm gels of various architectures are known from literature for their
switchable interaction with cells.[89, 90, 95, 96] Their responsive behavior was used
to attract cells above LCST and repel them in the swollen state. Only recently ex-
tremely dense PNIPAAm brushes showed repulsive interaction with cells above
LCST.[89] An overview about this discussion can be found in section 7.3 and in a
recent review.[56]

Most of these approaches had the problem of permanent adhesion due to the
incomplete surface coverage by these sub-micron thick films. Contrary to these
coatings, our hydrogel provides a complete coverage and micrometer thick film
but on the same hand a surface softness, which is controllable by the crosslinking
density.
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7.2.2 Cell Experiments

In cooperation with Lars Choritz from the university hospital in Mainz who per-
formed the cell experiments, hydrogel coated (see chapter 3) and non-coated PE
petri-dishes were exposed to a solution of tenonfibroblasts, taken from patients
during surgery, at a physiological temperature of 36◦C. The evaluation and the
images were performed with transmission light microscopy. The left image of
figure 7.7 clearly shows the antiproliferative effect of the hydrogel coating. In
comparison to the right image, were one can see the proliferated fibroblasts in
the untreated petri-dish, the left image shows cells of spherical shape that do not
proliferate or undergo cell division during the examined time of 48 h.

Fig. 7.7: Left: Non-proliferating fibroblasts on top of a hydrogel coated PE petri-dish.
Right: Proliferating fibroblasts on top of an uncoated petri-dish as reference.

As the Ahmed valve is made of silicone, it was tried to attach the hydrogel to
silicone in form of a silicone coated petri-dish. Adhesion was achieved by the
preliminary functionalization of the silicone with the BP-silane. The left image of
figure 7.8 indicates the same behavior as for the hydrogel on the bare petri-dish,
whereas the silicone coating (see fig. 7.8 right) seems to be less favored by the
fibroblast compared to the PE surface of the bare petri-dish.
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Fig. 7.8: Left: Non-proliferating fibroblasts on top of a hydrogel coated silicone petri-dish.
Right: Proliferating fibroblasts on top of an uncoated silicone petri-dish as reference.

The small ruptures visible in the left image of figure 7.8 were originated in the
plasma treatment of the silicone prior to the functionalization with the BP-silane.
A too long and harsh treatment caused heating and cracking of the silicone film.
A plasma pretreatment under milder conditions is already developed.[180]

Interestingly enough, the cells on the hydrogel coating are neither necrotic nor
apoptotic. Reseeded on a uncoated petri-dish they start proliferating again as
can be seen in figure 7.9. This is highly desirable since cells that do not attach
due to necrosis can cause inflammatory reactions on or in the neighborhood to
the implant as known from coronal stands.[54]

Fig. 7.9: Fibroblasts taken from the hydrogel coated petri-dish proliferating after being reseeded
on an uncoated petri-dish.
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7.2.3 Conclusion and Outlook

Contrary to literature the PNIPAAm-based hydrogel applied as coating prevents
the attachment and proliferation on or above the surface under physiological
conditions in the collapsed state. This property was under investigation using
tenonfibroblasts, very robust cells and responsible for the keloid enclosing im-
plants. These results indicate, that the chemical properties of a coating are not the
only factor responsible for the interaction with biomaterial. Furthermore, they
led to the implementation of the hydrogel in the joint research group of MPIP
and Uniklinik Mainz on biomaterials, tissues and cells in surgery (BiomaTiCS).
Employing the hydrogel where cell attachments has to be avoided and a supple
surface is desirable as in soft tissues is therefore under ongoing investigation. In
a next step the coating of the stand itself has to be achieved and the tolerance
of a living organism towards the coated implant needs to be investigated. More
detailed studies with very promising results on the viability of the fibroblasts,
like flow cytometry and Alamar Blue assays are performed at the moment in our
working group by Maria Wegner within the scope of her diploma thesis. Further-
more, the effect of less aggressive pharmaceuticals loaded into the gel to suppress
the proliferation of the tenonfibroblasts is tested.

7.2.4 Experimental Part

Pretreatment The PE-dishes were processed in a plasma cleaner at 300 W with
a partial pressure of 0.9 mbar Ar and 0.1 mbar O2 for 1 min and 10 min for the
dishes with a silicone coated bottom, respectively. This treatment enhanced the
contact of the polymer mixture with the PE-dishes and enabled the functionaliza-
tion of the silicone surface with the BP-silane, which was performed as described
in section 3.2.

Dish coating The bottoms of the pretreated petri-dishes were covered with a
mixture of 1.3 mL ethanol, 0.2 mL MilliQ and 0.5 ml of a 2 w% ethanolic hydrogel-
polymer solution. The mixture was allowed to evaporate slowly and finally dried
in a vacuum oven at 50◦C over night. The coating was crosslinked with a dose of
6 J cm−2.

122



7.3 Protein-resistant Coatings: A ToF-SIMS Study

7.3 Protein-resistant Coatings: A ToF-SIMS Study

7.3.1 Introduction

The unspecific adsorption of proteins and cells at interfaces is undesirable in
many applications, because it reduces the performance of medical devices or
biosensors and leads to encapsulation of implants.[35, 181–184] Such adsorption can
be diminished by applying nonfouling coatings. During the last decade coatings
with stimuli responsive behavior gained more and more interest. Especially poly-
N-isopropylacrylamide (PNIPAAm) coatings where investigated for their use in
drug delivery[185, 186] and their switchable interaction with proteins and cells.
Various coating techniques where employed: brushes grafted from the surface by
in situ free radical polymerization[87, 88] or by controlled radical polymerization
techniques[89–92] as well as grafting of functionalized PNIPAAm to a modified
substrate.[91, 93, 94] Others used e-beam[95] and plasma polymerization.[96–98] All
these coatings showed the same behavior in terms of nonfouling: in the swollen
state (below their LCST which is around 32◦C ) no adsorption of proteins or cells
was observed whereas in the collapsed state (above their LCST) attraction of the
biomaterial was found. These switchable properties were applied for channel
coatings, tissue engineering and purification.[38, 39, 91, 94, 95]

In many cases it was observed that some adsorbed material did not desorb while
switching back from attractive to repulsive interaction.[97, 98, 187, 188] Cole et al.[56]

suggested this was caused by incomplete coating of the substrate by the polymer
chains in the collapsed state. A similar phenomena was discussed earlier for PEG
brushes.[189–191] It was concluded that the adhesion properties of the coatings
were governed by their structural properties rather than their chemistry. Okano
et al.[89] for instance found that on their PNIPAAm brushes above LCST the cell
adsorption decreased with increasing brush density. Such nonfouling coatings
at physiological conditions are highly desirable for implant coatings especially
for those that have to maintain percolation.[181, 183, 184] In addition one can only
exploit its switching behavior to the full extent if it is nonfouling in both states.

123



7 Application

This chapter presents the nonfouling properties of the crosslinked PNIPAAm-
based hydrogel films in the swollen as well as the collapsed state. For two cross-
linking densities, the repulsion of the proteins human serum albumin (HSA) and
lysozyme (Lys) at room temperature in the swollen state as well as in the col-
lapsed state at 37◦C (see fig. 7.10) was proven by ToF-SIMS in cooperation with
Marek Jasieniak and Hans Griesser at the Ian Wark Research Institute in Ade-
laide.

Lysozym, 14 KDa

T < LCST

HSA, 67 KDa

T > LCST

Primary Ions

Secondary Ions

ToF-SIMS

Fig. 7.10: Illustration of the protein repellent properties of the hydrogel in the swollen and col-
lapsed state, investigated by ToF-SIMS.

An introduction to ToF-SIMS can be found in section 2.6 and in literature.[81] The
hydrogel films were exposed to proteins solutions in the swollen and collapsed
state, subsequently rinsed and dried. These samples were characterized by ten
positive and five negative mass spectra collected from different, non-overlapping
areas. The limit of detection of a ToF-SIMS measurement is known to be in the
order of a few ng/cm2.[192] Due to the complexity and amount of data obtained,
principle component analysis (PCA) and analysis of means were employed to
evaluate the sets of measurements.[193, 194]

7.3.2 ToF-SIMS Measurements

7.3.2.1 Evaluation of Negative Ionized Fragments

The adsorption of proteins was determined by evaluating the presence or absence
of sulfur peaks in the negative (ª) ToF-SIMS spectra since the hydrogel coating
contains no sulfur. In contrast the used proteins contain sulfur due to cysteine
and methionine in their sequence. As a reference, hydrogel coated slides were
exposed to phosphate buffered saline (PBS) according to the procedure for pro-
teins as described above for both crosslinking densities (30 min (HG-30+PBS) and
60 min (HG-60+PBS) crosslinked).
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Fig. 7.11: ToF-SIMS (ª) spectra of 60 min crosslinked hydrogel coating (HG-60+PBS).

Fig. 7.12: Enlargement of figure 7.11. m/z = 31.9898: oxygen peaks (blue).

The ToF-SIMS spectrum of the negative ionized fragments of a highly crosslinked
coating (see fig. 7.11) shows the characteristic fragments of a PNIPAAm coating
like NH (m/z = 15.011), CN (m/z = 26.002) and CNO (m/z = 41.996) . The en-
largement (see fig. 7.12) shows the peaks for oxygen around m/z = 31.99 and no
peaks corresponding to sulfur around m/z = 31.97. Figures 7.13 and 7.14 in con-
trast show the respective spectra for HSA and lysozyme with additional peaks
around m/z = 31.97 which are characteristic for sulfur.

Fig. 7.13: ToF-SIMS (ª) spectra of HSA. m/z = 31.9721: sulfur peaks (yellow), m/z = 31.9898:
oxygen peaks (blue).
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Fig. 7.14: ToF-SIMS (ª) spectra of lysozyme. m/z = 31.9721: sulfur peaks (yellow), m/z = 31.9898:
oxygen peaks (blue).

After the hydrogels were exposed to proteins (see figs. 7.15 - 7.18) non of the
measured spectra showed a significant increase of counts around m/z = 31.97
corresponding to sulfur. The spectra of the collapsed hydrogels even showed a
slight decrease. The absence of sulfur revealed the protein repelling properties of
the PNIPAAm-based coatings below and above their LCST.

Fig. 7.15: ToF-SIMS (ª) spectra of HG-60 after exposure to HSA in the swollen state at RT (HG-
60+HSA 20◦C ).

Fig. 7.16: ToF-SIMS (ª) spectra of HG-60 after exposure to HSA in the collapsed state at 37◦C
(HG-60+HSA 37◦C ).
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Fig. 7.17: ToF-SIMS (ª) spectra of HG-60 after exposure to lysozyme in the swollen state at RT
(HG-60+Lys 20◦C ).

Fig. 7.18: ToF-SIMS (ª) spectra of HG-60 after exposure to lysozyme in the collapsed state at 37◦C
(HG-60+Lys 37◦C ).

A summary of the measurements can be found in figure 7.19. It shows the counts
of the sulfur signal of the references (HG-30+PBS and HG-60+PBS) and the sam-
ples exposed to the proteins at 20◦C and 37◦C respectively, normalized to the
overall counts.

Fig. 7.19: Comparison of the measured counts of sulfur in ToF-SIMS (ª) normalized to the overall
counts. The reference for proteins adsorbed on a PNIPAAm brush was kindly provided
by Martin Cole.

127



7 Application

The spectra recorded on low crosslinked hydrogel coatings indicated the same
behavior for the collapsed gels. In the swollen gels a slightly higher amount of
sulfur was detected. We believe this is due to more careful rinsing of the very soft
coating, since Dostálek et al. already reported on the nonfouling properties of the
swollen hydrogel presented here.[58, 61] To underline the quality of the nonfouling
property, the adsorption of proteins on a PNIPAAm brush at 37◦C is depicted for
comparison. The data of the PNIPAAm brush were kindly provided by Martin
Cole from the Ian Wark Research Institute in Adelaide.[88, 195]

7.3.2.2 Evaluation of Positive Ionized Fragments

The determination of protein adsorption measured within the positive (⊕) frag-
ments of ToF-SIMS was done by comparing the signal intensity of certain mass
fragments before and after the exposure to proteins. In order to decrease the
amount of data only peaks corresponding to known protein fragments were eva-
luated.[196] The fragments and the corresponding proteins are stated in the re-
spective graph in figure 7.20.

Fig. 7.20: Comparison of the counts measured for the respective fragment in ToF-SIMS (⊕) nor-
malized to the overall counts. The reference for proteins adsorbed on a PNIPAAm brush
was kindly provided by Martin Cole.

The graphs in figure 7.20 show the measurements before and after exposure to
proteins as described for negative fragments above. They depict the counts, nor-
malized to the overall counts, of fragments corresponding to arginine and thre-
onine. Fragments of glycine, alanine, valine, asparagine, proline, and glutamic
acid were found as well, but showed even less fluctuation. Non of the mass frag-
ments showed a significant increase in intensity after contact with proteins, which
confirms the results of the negative fragments in ToF-SIMS that no adsorption of
proteins took place in the swollen or collapsed state. The adsorption of proteins
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on a PNIPAAm brush at 37◦C is depicted for comparison and were kindly pro-
vided by Martin Cole from the Ian Wark Research Institute in Adelaide.[88, 195]

7.3.2.3 Evaluation by Principle Component Analysis

In addition to the evaluation of positive mass fragments described above, PCA
was employed to retrieve changes in the hydrogel coatings after exposure to pro-
teins. In PCA the intensity of groups of peaks (e.g. corresponding to CH+

2 ) for
each measured spectra is collected in a matrix. The first most significant ‘prin-
cipal component’ (PC1) considers as much variability of this matrix as possible,
so does the second (PC2), perpendicular to the first and therefore uncorrelated.
Thus, this method does not compare single mass fragments but a set of fragments
representative for the sample as a whole. Each measurement is represented by a
sign (score) in the score plot.

Fig. 7.21: Score plots of positive fragments by PCA.

The score plots in figure 7.21 describe the similarity between the reference sam-
ples and the respective exposed ones for the two proteins (HSA and lysozyme),
temperatures, and crosslinking densities. Its axis PC1 and PC2 represent the ma-
jority of the variation within the data, condensing 35 % to 65 % (addition of the
scores) of the ToF-SIMS spectra information. The score plots show an overlapping
or close proximity of the data sets. More important than the value on the axis is
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the comparison between the scattering of the scores (cluster) of one sample and
the distance to the scores of an other sample. Score plots that indicate strong ad-
sorption show a distinct separation of the cluster, as can be found for PNIPAAm
brushes in literature.[195] Hence, figure 7.21 indicates there is no significant differ-
ence between the investigated samples, which implicates no adsorption of pro-
teins regardless of temperature, crosslinking density and protein.

7.3.3 Conclusion and Outlook

Contrary to literature the applied hydrogel exhibits protein repelling properties
in the swollen as well as in the collapsed state.[87, 88, 90–96] The interaction with
proteins described above is in line with the behavior of very dense PNIPAAm
brushes reported by Okano et al.[89] Their behavior, however, was explained by
the brushes loosing their ability to collapse with increasing density as can be rec-
ognized by the changes in the contact angle. For the highest density they reported
a contact angle in "collapsed" state below 36◦, which is contrary to other reports
that state a static contact angle for water above LCST of higher than 70◦.[88, 92, 197]

Our hydrogel exhibits a contact angle above LCST of 74.8◦ ± 2.6◦. It swells and
collapses with a change in thickness up to a factor of 10 depending on the ir-
radiation dose,[60] nevertheless maintaining a complete surface coverage due to
its thickness and network structure. This ability to take up and release a large
amount of solvent combined with nonfouling in both states makes this coating a
promising candidate for implant coatings combined with local drug delivery and
as biosensor matrix.
These results indicate, that the interaction with biomaterials is not solely deter-
mined by the surface chemistry of a coating but also by its structural properties
like surface coverage. Moreover, as the adsorption of proteins can trigger the
growth of cells, they supports the application as implant coating in soft tissue
presented in chapter 7.2. It verifies earlier studies on nonfouling properties as
well (see sections 5.1 and 7.1).

7.3.4 Experimental Part

A second batch of samples was kindly provided by Coenraad van den Brom.

Film preparation A thin hydrogel film of approximately 1.1µm thickness was
deposited on a 140 mm2 silicon chip, functionalized with BP-silane, by spincoat-
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ing from a 10 w% ethanolic solution. The coating with a low crosslinking density
(HG-30) was irradiated for 30 min with a total energy density of 3.14 J cm−2 and
6.28 J cm−2 for the 60 min crosslinked (HG-60) respectively.

Exposure to proteins The hydrogel-coated slides were incubated at 20◦C with
75 µL HSA (67 kD, 0.2 mg/mL in PBS) and lysozyme (Lys, 14 kD, 0.2 mg/mL in
PBS) respectively. After 2 h the slides were washed with MilliQ. For the nonfoul-
ing investigations at 37◦C all solutions and slides were placed in an incubator
for at least 4 h before the experiments were carried out inside the incubator as
described above.

ToF-SIMS The ToF-SIMS analyses were performed with a PHI TRIFT II (model
2100) spectrometer (PHI Electronics Ltd, USA) equipped with a 69Ga liquid metal
ion gun (LMIG). A 15 keV pulsed primary ion beam was used to desorb and
ionize species from the sample surface. Pulsed, low energy electrons were used
for charge compensation. Mass axis calibration was done with CH+

3 , C2H+
5 and

C3H+
7 in positive mode and with CH−, C2H− and Cl− in negative mode of oper-

ation.
PCA was carried out using PLS _Toolbox version 3.0 (Eigenvector Research, Inc.,
Manson, WA) operating on the MATLAB platform (MATLAB version 6.5, The
MathWorks Inc., Natic, MA).
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7.4 A Hydrogel-supported ptBLM

7.4.1 Introduction

The introduction of a hydrogel-supported protein tethered bilayer lipid mem-
brane (ptBLM) was a cooperation with Asmorom Kibrom who prepared the ITO,
established the membrane and performed the measurements, Ulrich Jonas, Bern-
hard Menges and Renate Naumann.
The lipid bilayer membrane plays a prominent role in many biologically relevant
processes, e.g. signal transduction, transport of ions and molecules, biosynthe-
sis, cell adhesion and recognition. Consequently, there is great interest in model
systems that would allow for a systematic study of such processes with a re-
duced amount of variables under controlled conditions. Assembling the mem-
brane on a planar substrate paves the way for a large variety of surface-analytical
tools that could then be employed for such investigations. Biomimetic mem-
brane systems have been developed such as solid-supported bilayer lipid mem-
branes (sBLMs), and hybrid bilayer lipid membranes,[84, 198–201] in which the bi-
layer is directly attached to the substrate. The drawback of these systems is the
complete lack of a hydrophilic space that separates the lipid from the support.
Proteins incorporated into such a membrane experience denaturation upon con-
tact with the surface. To overcome this drawback, tethered bilayer lipid mem-
branes (tBLMs) were developed, separating the lipid from the support by a short
(< 3 nm) spacer.[83, 202–205] These tethers create a small submembrane volume of
typically 0.3 nL cm−2. However, this space does not accommodate a sufficiently
large amount of water molecules to mimic the cytosolic space. The idea of using
macromolecules as a "cushion" to mimic the cytosol/cytoskeleton of the cell to
create such a hydrophilic space between membrane and solid support was first
introduced by Ringsdorf and Sackmann.[206–208] Since then, polymer-supported
lipid membranes have been widely used, as documented in several major review
articles.[84, 209] However, they were mostly applied as a model system of the cell
surface rather than a model system for ion transport through proteins. An ex-
ample of such an approach was presented only recently employing a hydrogel
made from P(NIPAAm-co-MaBP), with a swollen thickness of up to 90 nm.[210]

Many of these systems do not exhibit the giga-seal, i.e. a GΩ resistance, a re-
quirement known from patch clamp techniques, which limits their application.
Employing a electrically high sealing membrane is mandatory to separate the
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signal of the receptor from the leak current of the membrane. Highly insulating
polymer-supported membranes have been prepared, though in rare cases, given
that a very smooth surface of the hydrophilic polymer could be achieved.[211] Al-
ternatively, specifically designed lipopolymers were employed, which were pre-
oriented by the Langmuir-Blodgett technique.[212, 213] However, the electrically
sealing of polymer-supported membrane remains a challenge.

Fig. 7.22: Scheme of the hydrogel-supported ptBLM on ITO.

The approach presented here is to assemble a membrane by immobilizing the
protein to be investigated in the first step specifically on the top layer of polymer
coated indium-tin oxide (ITO) (see fig. 7.22). This can be achieved by using a
hydrogel-polymer layer with mesh sizes smaller than the size of the protein and
a functionality that allows to attache a binding motif such as nitrilo-triacetic acid
(NTA). Chelated with Ni2+ ions, NTA is designed to bind the protein via the
well-known his-tag technology. Since the protein is too big to penetrate the gel,
it stays on the surface. A lipid bilayer, assembled around the protein, should
enable the formation of a defect-free electrically sealing protein-lipid layer. A
similar approach has been successfully applied before, but on a short spacer layer
rather than a polymer.[207, 214, 215] The sealing properties of this so-called protein
tethered bilayer lipid membrane (ptBLM) were sufficient to allow for electron and
ion transport processes through the cytochrome c oxidase (CcO).
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To meet the requirements stated above, the hydrogel employed in the previous
chapters of this thesis was adapted by increasing the amount of the functional
monomer to maximize the surface-functionality and by increasing the crosslink-
ing density to prevent the protein from diffusing inside the gel. Poly(N-(2-hy-
droxyethyl)acrylamide-co-5-acrylamido-1-carboxypentyl-iminodiacetate-co-4-
benzoylphenyl methacrylate) (P(HEAm-co-NTAAm-co-MABP)) was prepared
by polymer analogous reactions and offers a NTA moiety to bind CcO via the
his-tag technology.
As substrate optically transparent ITO was used, different from previous stud-
ies using metal films.[207, 214, 215] The advantage of using ITO as a substrate is
the possibility to apply a number of surface-analytical techniques such as opti-
cal waveguide mode spectroscopy and fluorescence techniques not applicable on
metal films. Electrochemical techniques may also be applied, e.g. in order to
demonstrate that the protein residing in the hydrogel-supported lipid bilayer is
functionally active.

7.4.2 Hydrogel-smoothed ITO

The ITO layers were prepared by DC sputtering on glass slides, with a DC power
set to a constant value of 100 W. As the oxidation state of the ITO target influ-
ences the properties of the sample, after cleaning by sputtering with pure argon
(15 min, P = 3×10−3 mbar), pre-sputtering was conducted with a process pres-
sure P of 1× 10−2 mbar and 10% vol. oxygen for 15 min. Finally, pure argon
was used for the deposition on the glass substrates. After a deposition time of
usually 10-15 min, a layer thickness of 80-120 nm, measured by step-profiler and
ellipsometry, with a sheet resistance Rs of the ITO layer around 20 Ω/sq was
achieved. The sputtering procedure was optimized in terms of good optical and
electrochemical properties of the layer, whereby the surface needed to have a low
roughness. Previously, this finding led to a similar procedure used to sputter
alumina.[216]

The electrochemical properties and stability of the ITO layer was investigated by
EIS. Spectra were recorded in PBS at varying time intervals, showing a decreasing
resistance R and increasing capacitance C. After 24 h the equilibrium was reached
with R ∼ 55 kΩ cm2 and C ∼ 13 µF/cm2. An explanation for this behavior can
be buffer diffusing into the ITO layer, reaching an equilibrium after ∼ 24 h. Since
water has a dielectric constant of 80, the capacitance is expected to increase as was
observed in this case. The fact that the ITO layer was prepared by sputtering and
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the grainy surface structure observed in AFM (see fig. 7.23) support the concept
of a nanoporous structure that allows the uptake of buffer. Similar behavior were
found for sputtered alumina[152] and other nanoporous films.[217, 218]

The surface morphology of the ITO was recorded by AFM (see fig. 7.23), showing
a smooth surface (Rms = 0.65 nm) with scattered spikes having a diameter of
∼ 75 nm and a height of ∼ 10 nm. These spikes are a major factor that could
decrease the sealing quality of the membrane. Hence, the hydrogel coating on
the ITO layers was employed to cover these spikes.

Fig. 7.23: AFM image of the ITO surface exhibiting a good roughness but spikes with a height in
the order of 10 nm.

The hydrogel was obtained from highly crosslinked poly(pentafluorophenol acry-
late-co-4-benzoylphenyl methacrylate) (P(PFPA-co-MABP)) in a tree step reaction
as depicted in figure 7.24.
P(PFPA-co-MABP) was prepared by free radical polymerization from 98 mol%
PFPA and 2 mol% MABP, for details see experimental part. In the first step, a
66 nm thick precursor copolymer layer was spincoated on a BP-silane functio-
nalized (see section 3.2) ITO surface and UV-crosslinked. Thereby, the ITO was
planarized and a chemically and physically durable surface was provided with a
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Fig. 7.24: Preparation of the PHEAm-hydrogel with attached NTA (P(HEAm-co-NTAAm-co-
MABP)) from the precursor polymer P(PFPA-co-MABP).
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high density of the hydrophobic pentafluorophenol active ester. These functional
groups exhibit a high reactivity towards amines and prevent the swelling during
the coupling of amino-NTA in aqueous media in the second step. This led to a
NTA-functionalization preferentially at the polymer-water interface. Moreover,
the subsequent reaction with ethanolamine turns the copolymer to the hydrogel.
Such a coating fulfills the criteria mentioned in the introduction, namely pro-
viding a stabile, smooth, hydrophilic and reactive surface. Stability and surface
roughness can be influenced by molecular weight and amount of crosslinker. The
employed copolymer was optimized in this regard, resulting in a durable coating
of low roughness (see fig. 7.25).
The AFM measurements, depicted in figure 7.25, showed the protrusions on the
ITO layer almost completely covered by the polymer layer. Furthermore, the
coating exhibit a mean roughness of Rms = 0.49 nm, which is of high importance
for the assembly of a membrane with excellent sealing qualities.

Fig. 7.25: AFM image of the hydrogel coating covering the spikes and flattening the ITO-surface.

Electrochemical impedance spectra showed a dramatic increase of the capaci-
tance and a decrease of the resistance due to the functionalization of the precur-
sor polymer (see fig 7.26). The lower capacitance and the higher resistance of the
P(PFPA-co-MABP) can be explained by the hydrophobic active ester functionali-
ties, resulting in a very low concentration of buffer inside the polymer layer. The
capacitance of the layer structure is thus determined by the space charge capaci-
tance of the semiconductor.
When the active ester was functionalized with hydrophilic groups such as NTA
and OH, the buffer concentration inside the polymer layer increased. The gel
formed a Guy-Chapman-like electrical double layer with capacitances in the or-
der of 13-15 µF/cm2, actual values depend on the particular preparation. The
resistance of this layer was in the range of few 10 kΩ cm2.
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The fitted values are depicted in the table below the spectra and the employed equiva-
lent circuit is shown in the inset of the admittance-plot.

7.4.3 Formation of the Supported Membrane

The NTA functionalities were converted to the Ni-NTA chelate by immersion of
the gel layer into a buffered Ni2SO4 solution. The excess of nickel ions were re-
moved by rinsing with an acetate buffer solution (pH=5.5). Subsequently, a solu-
tion in detergent (n-dodecyl-β-D-maltoside, DDM) of Cytochrome c oxidase from
Rh. Sphaeroidis with a his-tag attached to subunit II was added to the bathing so-
lution. Finally, the lipid bilayer was formed by adding a phospholipid (DPhyPC)
and biobeads in a DDM solution to the CcO layer. Biobeads are macroporous
polystyrene beads of ∼ 0.5 mm diameter that adsorb the DDM, hence triggering
the formation of the membrane.

7.4.3.1 EIS-Measurements

As can be observed in figure 7.27, the formation of the protein layer (black) did
not change the impedance or the capacitance of the system significantly. How-
ever, when DiPhyPC was added (blue), the resistance increased by two orders
of magnitude to reach values around 1 MΩ cm2. This indicates the insertion of
lipid bilayer patches between the CcO molecules, i.e. the formation of a ptBLM.
EIS data are collected in the table below the plots. The resistance in the order
of 1 MΩ cm2 is in accordance with results obtained for ptBLMs on smooth gold
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films without a gel layer.[51, 207, 215] The resistance is known to be a very criti-
cal indicator for a defect-free lipid bilayer. Values in the order of magnitude of
MΩ cm2 are known from BLMs and tBLMs, whereas for polymer-supported bi-
layers such high sealing resistances were hard to achieve. The capacitance was
not affected strongly since it is dominated by the capacitance of the gel as well as
the protein layer, which are expected to be in the same order of magnitude. The
high resistance after dialysis indicates that CcO molecules were bound mainly to
the surface layer rather than inside the gel layer, as they can only form a closed
protein-lipid layer when attached leveled.
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Fig. 7.27: Evolution of the electrochemical properties of the system while establishing the ptBLM
on the hydrogel coating (red). The evaluation of the Bode- (left) and the admittance-
plot (right) of tethering the CcO (black) and the ptBLM (blue) was performed using
the equivalent circuit shown in the inset of the admittance-plot. The fitted values are
depicted in the table below the spectra.

Finally, the enzymatic activity of the CcO was probed by EIS upon adding re-
duced cyt c to the hydrogel-supported ptBLM, as previously performed on a pt-
BLM without polymer cushion.[51] When CcO – in the conformation used in this
study – oxidizes the reduced cyt c, protons are pumped from outside the mem-
brane to the submembrane area, resulting in a decreasing resistance. Indeed, after
the cyt c was added, the resistance decreased at least by an order of magnitude
and could be restored by removing the cyt c via rinsing with fresh buffer as the
Bode-plot in figure 7.28 shows.
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Fig. 7.28: Changes in the impedance (Bode-plot) of the hydrogel-supported ptBLM (blue) upon
addition of cyt c (black). After rinsing with buffer to remove the cyt c (red), the
impedance is mostly restored.

These data proved the functionality of the protein inside the lipid bilayer as can
be concluded from the almost complete restoration of the resistance after removal
of cyt c and are very well comparable to previous measurements with the ptBLM
on gold surfaces.[51]

7.4.4 Conclusion and Outlook

A gel-supported ptBLM was formed by attaching the protein to a pentafluoro-
phenol-based copolymer. The very hydrophobic PFP-groups were converted into
hydrophilic NTA and OH functionalities. The former were shown to bind the
protein via the his-tag technology, whereas the latter provide hydrophilic end
groups to form a hydrogel. This concept was shown to work in the direction
of very robust polymer-supported protein-lipid layers. The polymer was highly
crosslinked in order not to allow for a protein the size of the CcO to penetrate the
polymer network. The presence of a well-ordered lipid bilayer with functional
proteins could be demonstrated by measuring the electric current caused by the
oxidation of cyt c by CcO in EIS.
A measurable response of a membrane-supported protein can be employed to
detect analytes in the surrounding medium. Hence, such a system might be de-
veloped towards an application as biosensor.
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7 Application

7.4.5 Experimental Part

7.4.5.1 Preparation of the Substrate

Sputtering of ITO ITO layer were deposited on float glass (Menzel) by DC
sputtering in a Balzer sputtering system. The target used was a 3 inch In2O3:SnO2

(90:10) disk from MaTek. The base pressure was 5.5× 10−6 mbar. Prior deposition
the ITO target was pretreated without the samples for 15 min at 1.1× 10−2 mbar
total gas pressure and 100 W DC power. Oxygen partial pressure was kept at
1.7× 10−3 mbar. Glass slides were cleaned in piranha solution (H2O:H2SO4:H2O2;
5:1:1 v/v) and rinsed with MilliQ. After precleaning 100 nm ITO were sput-
tered on top of the glass slides without oxygen using pure argon atmosphere
at 2.7× 10−3 mbar and 100 W. Conductivity of the layer was measured by the
four contact method after van-der-Paw. The crystalline structure of the ITO sur-
face was analyzed by AFM and the thickness was verified by profilometer and
ellipsometry.

Ellipsometry measurements Ellipsometry measurements were performed us-
ing a EP3 System (Nanofilm Technologies). Refractive index and absorption coef-
ficient of the ITO layer were measured by scanning at angles close to the Brewster
angle of ITO (62◦). The data were analyzed using the EP3 View software (v2.3).
The thickness of the ITO layer was estimated by profilometer. The refractive in-
dex ng of the glass substrate was taken to be 1.55.

Polymerization of PFPA-co-MABP The reactive copolymer was polymerized
from 98 mol% PFPA and 2 mol% MABP by free radical polymerization with
0.2 mol% AIBN in dioxane at 60◦C for 48 h. It was precipitated in methanol
and obtained with a yield of 78% after reprecipitating three times from benzene
in methanol. The molecular weight Mn was determined by GPC (in THF with
PMMA as standard) to be ∼ 14.000 g/mol and the molecular weight distribution
was ∼ 2.1. The 1H-NMR shows the peaks of the PFPA and the MABP with a
ratio of 98 : 2 as intended by the monomer mixture. 1H-NMR (700 MHz, CD2Cl2):
(ppm) = 7.45 (br m, 9H, benzophenone), 3.11 (br s, 1H, CH, backbone), 2.15 (br s,
2H, CH2, backbone), 1.48 (br m, 3H, CH3, backbone).

Preparation of the gel layer The BP-silane functionalized ITO slides were spin-
coated with the copolymer from chloroform solution (1 w%), dried over night at
50◦C under vacuum and crosslinked with a wavelength of 254 nm and a total
energy of 60 J cm−2.
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7.4 A Hydrogel-supported ptBLM

AFM measurements Atomic force microscopy was performed using the AFM
Dimension 3100CL Olympus (Veeco) in tapping mode and a silicon cantilever. In
order to check for large scale variations, three different locations on the surface,
each one having an area of 1x1 µm, were scanned at low resolution. Finally one
area in the center of the sample surface was chosen and scanned using the high-
est resolution (512x512 lines). Using Nanscope (v2.5r) software, the height profile
images were analyzed in terms of root mean square (RMS) and height measure-
ment of single features on the surface.

7.4.5.2 Preparation of the Membrane

Functionalization with NTA The polymer coated ITO samples were incubated
for 2 h in a 0.15 M amino-NTA solution (pH 9.8, 0.5 M K2CO3 buffer). After 2 h
the polymer layer was further functionalized for 30 min in the same solution by
adding 50 µL ethanolamine. Before assembling the measurement cell, the sam-
ples were briefly rinsed with MilliQ.

Membrane assembly The ITO slides were immersed for 30 min in a 40 mM
Ni2SO4 solution (pH 5.5, 50 mM acetate buffer). The excess Ni was removed by
brief rinsing with the same acetate buffer without Ni. Immobilization of CcO
to the Ni-chelated NTA surface was performed in a solution of 100 nM CcO
in detergent containing phosphate buffer (K2HPO4 0.1 M, KCl 0.05 M, pH 8,
0.1 % DDM).[207] Biobeads (SM-2, mesh 20-50, BIO RAD Lab. Inc.) were added
to the lipid detergent containing phosphate buffer (K2HPO4 0.1 M, KCl 0.05 M,
pH 8, DiPhyPC 0.05 mg/ml, 0.1% DDM) to remove the detergent and to form a
lipid bilayer.

EIS measurements Electrochemical measurements were taken in a three-elec-
trode configuration where the ITO slide was used as the working, a self-made
Ag/AgCl (sat. KCL) as the reference, and a platinum wire as the counter elec-
trode. Electrochemical impedance measurements were performed using an Au-
tolab instrument (PGSTAT302; Eco Chemie, Utrecht, Netherlands) equipped with
a FRA2 module for frequency response analysis, an ECD-module amplifier for
low currents and a SCAN-GEN module for analog potential scanning. Spectra
were recorded in the frequency range from 100 kHz to 3 mHz using an ampli-
tude of 10 mV. Resulting spectra were analyzed by complex nonlinear fitting of
the data to a model circuit in Zview (Version 2.6, Scribner Associates, Southern
Pines, NC).
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8 Conclusion and Outlook

The work presented here demonstrates the multiple possibilities of employing
functional hydrogels. Their properties, like the degree of swelling, the mesh size
and interaction with biomolecules, were thoroughly investigated to understand
the experimental results and to adapt the functionalization protocols. This en-
ables furthermore the comparison with other materials used in the respective area
of application. Various implementations of the hydrogels were achieved, from
usage as sensor matrix or biomimetic support of an artificial biomembrane to
biocompatible coatings for medical purpose. The success is based on the synthe-
sis of polymers that allow for further functionalization and can hence be adapted
to the needs of the field of application.
The hydrogel investigated and employed primarily in this thesis was prepared
by free radical polymerization of the functional monomer methacrylic acid, NI-
PAAm and the UV-crosslinker MABP. The obtained terpolymer was subsequently
coated on the desired surface and crosslinked to form the hydrogel.
It was possible to synthesize the terpolymer in large batch sizes, which provides
the same polymer for a set of different experiments. The molecular weight and
weight distribution was highly reproducible among the batches, just as the chem-
ical composition. The ratio between the monomers in the polymer was deter-
mined by comprehensive NMR studies and confirmed by XPS measurements of
the prepared films. The results led to the correction of ratios stated earlier. Addi-
tionally, the NMR experiments revealed an interaction between the methacrylic
acid proton and the NIPAAm amide, which was responsible for previous errors.
To functionalize the hydrogel, a library of active ester precursors was synthesized
and successfully applied. The covalent attachment of proteins inside the network
was enabled by hydrophilic and charged active esters. Their higher efficiency
compared to less hydrophilic is due to charge attraction between the active ester
and the protein and the providing of a suitable environment for the hydrophilic
proteins.
The optical characterization of thin hydrogel films was preformed by cLRSP and
SPR/OWS. The spectroscopy of cLRSP was newly developed to reliably investi-
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8 Conclusion and Outlook

gate films with a thickness below the limit of guiding waves. Additionally, it is
possible to measure the diffusion of proteins into the gel, taking benefit from the
different penetration depths of the two plasmons. By using SPR/OWS, it is pos-
sible to resolve refractive index gradients inside micron-thick films. To interpret
the complex spectra, the WKB-approximation was employed to allocate a dis-
tance from the metal surface to the refractive index. This method nicely displays
the gradient of the refractive index without manual fitting of the spectra and is
applicable for artificial step-like gradients as well.
Studying the dynamics of probes diffusing through hydrogel films or the re-
spective transient gels was carried out employing FCS, PCS and SPR/OWS. The
probes diffusion behavior measured by FCS enabled the determination of the
mesh size, which is large enough for small biomolecules and to study the me-
chanical properties of the hydrogels. Currently, first steps are done to enhance
this method using FRET and to synthesize a library of diffusants. Similar investi-
gations by tracking gold nanoparticles with PCS are launched to obtain comple-
mentary information from the relative movement of the scatterers. In addition,
a method for probing non fluorescent organic diffusants by SPR/OWS, e.g. for
sensor applications was discussed, using PEG as example.
The investigation of the structure and dynamics of the network, which influences
the diffusion of the probes, was attempted to perform with FCS on fluorescent
labeled gels. As this approach was found to be inherently impossible, µPCS was
introduced to characterize hydrogel films. Beside studying the gels dynamics,
µPCS allows for a more reliable determination of the mesh size of the hydrogel
compared to value deduced from the tracer diffusion measured by FCS.
These thorough investigations led to a better understanding of the properties of
the hydrogel and paved the way for applications in sensing and medical coatings.
The hydrogel network is employed as biosensor matrix for the affinity binding
of proteins. The immobilization of the binding moiety was achieved by a charge
attracting active ester. Both the functionalization and the binding event were
quantitatively monitored in situ using SPR/OWS as signal transducer. Besides,
the gel showed low unspecific adsorption from blood serum. Hence, combin-
ing SPR/OWS with a hydrogel network as platform is a promising approach for
biosensor applications.
The investigation of interactions with biomaterials was carried on below and
above LCST, i.e. in the swollen and collapsed state. The effect of hydrogel films
on cells was studied on coated petri-dishes and the adsorption of proteins was
measured by ToF-SIMS. Contrary to literature, the gels showed neither prolifer-
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ation of cells nor adsorption of proteins in the collapsed state. Apparently, the
interaction with biomaterials is not solely determined by the surface chemistry
of a coating but also by structural parameters like surface coverage. These prop-
erties render the hydrogel a highly promising candidate for employment in soft
tissue implants. Their development towards the actual coating of implants is
currently intensely expedited. Moreover, these results support the application in
biosensing.
The hydrogel was adapted to the needs of a cushion for artificial biomembranes
as well. Introducing a higher degree of functionality facilitates establishing a
protein-tethered bilayer lipid membrane on ITO, a chemically susceptible surface
of high interest. Furthermore, this hydrogel paves the way to enhance the re-
search on biomembranes and membrane attached proteins by mimicking cytosol
and cytoskeleton.
Hence, the present thesis encompasses the whole development of functional
hydrogels from design and synthesis, via characterization and adaptation to their
application in surgery and biosensing.
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Abbreviations

Å Ångström, 1 Å = 0,1 nm
ac Alternating current
AFM Atomic force microscopy
AIBN Azo-bis-isobutyronitrile
AO Acetoneoxime
ATR Attenuated total internal reflection
a.u. Arbitrary unit
BLM Bilayer lipid membrane
Boc tert.-Butyl-carbonate
BSA Bovine serum albumin
ca Contact angle
CcO Cytochrome C oxidase
CD2Cl2 Dichloromethane-d2
CDCl3 Chloroform-d1
CD3CN Acetonitrile-d3
cLRSP Coupled long range surface plasmon
CMC Critical micelle concentration
cyt c Cytochrome C
d Days
Da Dalton, 1 Da = 1 g/mol
DC Direct current
DCM Dichloromethane
DDM n-Dodecyl-β-D-maltoside
DMAP 4-(Dimethylamino)pyridine
DMF Dimethylformamide
DMPS p-Hydroxyphenyldimethylsulfonium methylsulfate
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
D2O Deuterium oxide, deuterated water
DPhyPC Diphytanyl-phosphatidylcholin
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EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EIS Electrochemical impedance spectroscopy
eq Equivalent
F Farad
FCS Fluorescence correlation spectroscopy
FD-MS Field desorption mass spectroscopy
FMOC Fluorenylmethoxycarbonyl
FRET Fluorescence resonance energy transfer
g Gram
GPC Gel permeation chromatography, also size exclusion chromatography
h Hour
HEAm N-(2-Hydroxyethyl)acrylamide
HSA Human serum albumin
Hz Hertz
IgG Immunoglobulin G
IgG-b Biotinylated IgG
ITO Indium tin oxide
k Kilo
L Liter
LB Langmuir Blodgett
LCST Lower critical solution temperature
LRSP Long range surface plasmon
Lys Lysozyme
M Mega
MAA Methacrylic acid
MABP 4-Benzoylphenyl methacrylate
mbar Millibar
MeOH Methanol
µ Micro
mg Milligram
MilliQ Ultra pure water > 18.2 MΩcm2

min Minute
mL Milliliter
mm Millimeter
mmol Millimole
Mn Number average of the molecular weight, Mn = ∑ Nx Mx

∑ Nx
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Mw Weight average of the molecular weight, Mw = ∑ Nx M2
x

∑ Nx Mx

MWCO Molecular weight cut off
NA Neutravidine
NBS N-Bromosuccinimide
NHS N-Hydroxysuccinimide
NIPAAm N-Isoproylacrylamide
nm Nanometer
NMR Nuclear Magnetic Resonance

multiplicity: s singlet, d duplet, t triplet, q quartet, m multiplet, b broad
NTA Nitrilotriacetic acid
NTAAm 5-Acrylamido-1-carboxypentyl-iminodiacetate
Ω Ohm
OWFS Optical waveguide mode fluorescence spectroscopy
OWS Optical waveguide mode spectroscopy
PBS Phosphate buffered saline
PCA Principle component analysis
PCS Photo correlation spectroscopy
Pd/C Palladium on char coal
PDI Polydispersity Index PDI = Mw

Mn

PE Polyethylene
PEG Polyethylene glycol
PFP Pentafluorophenol
PHEMA Polyhydroxyethyl methacrylate
PNIPAAm Poly-N-isopropylacrylamide
ppm Parts per million
ptBLM Protein tethered bilayer lipid membrane
QCM Quarz cristal microbalance
R f Retention factor
Rh Hydrodynamic radius
Rh6G Rhodamine 6G
Rms Mean square roughness
rpm Rotations per minute
RT Room temperature
s Second
SA Self assembly
SAM Self assembled monolayer
SP Surface plasmon
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SPFS Surface plasmon fluorescence spectroscopy
SPR Surface plasmon resonance
tBLM Tethered bilayer lipid membrane
TEM Transmission electron microscope
TFA Trifluoroacetic acid
TFPS Sodium p-tetrafluorophenol sulfonate
THF Tetrahydrofurane
TIR Total internal reflection
TLC Thin layer chromatography
TMS Trimethylsilane
ToF-SIMS Time of flight secondary ion mass spectroscopy
UCST Upper critical solution temperature
UV Ultra violet, λ = 400 - 10 nm
W Watt
WKB Wentzel-Kramers-Brillouin
XPS X-ray photoelectron spectroscopy
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