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Biofunctional coatings are of high importance in a number of industrial and research
fields, including biomedical applications (implants and drug delivery systems), analytical
chemistry, biosensors as well as maritime industries. These coatings are intended to endow
solid supports (substrates) with special abilities in order to interact with biological systems in a
controlled and desired manner. The coatings are usually thin films (thickness is below 1 μm)
made of synthetic or naturally derived constituents using various types of surface chemistries.1
The term surface chemistry is commonly used to refer the chemical modification methods
performed on surfaces and it refers to the resulted molecular assemblies as well. The objective
of surface modifications can vary in a wide range depending on the applications. For instance,
biomedical implants should be coated to achieve biocompatibility, drug carrier microparticles
should be functionalized to reach controlled and targeted drug release as well as submerged
surfaces of maritime architectures should be coated to prevent from fouling and subsequent
damage by marine organisms. In the field of biosensors, biofunctional coatings play a key role
in improving sensing capabilities (e.g. sensitivity) by amplifying the signal of components of
interest and minimizing the fouling of surfaces, the persistent issue when biological samples
interact with sensing surfaces.
With respect to all the specified fields, polymers have become one of the most common coating
materials owing to their potential for biocompatibility, cost-effective synthesis and the actually
immense diversity regarding their structure, chemical modifications and their properties. In case
of biosensors, the surface-related improvements can be best achieved by using hydrogel
interface layers. Hydrogels are hydrophilic polymers capable of accommodating extreme
amount of water. The natural biopolymer dextran can be efficiently used to form threedimensional hydrogel layers on biosensor surfaces. The application of dextran-coated biosensor
chips started in the 1990’s, and later on dextran-based layers have become wide-spread in the
field of label-free biosensors. Also, dextran layers have been shown to be able to provide
specifically conjugable mechanical support for living cells. This trait presents a great
significance in the emerging discipline of materiobiology which studies interactions of
biomaterials with biological entities (cells, tissues and organs) focusing on the effects of
biomaterial properties on biological functions2. Label-free biosensors with dextran-based
hydrogel coatings are attractive bioanalytical tools for the exploration of surface-related cellular
functions and events such as adhesion, spreading, proliferation, migration as well as signaling
processes. Besides supporting fundamental research in cell biology, the understanding of the
behavior of cells e.g. on chemically and/or topographically micropatterned surfaces has of high
importance in the development of cell-based biosensors*.
In contrast to the obvious advantages and applications, dextran layers have remained poorly
characterized and technical details about their fabrication processes are missing from the

*
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Cell-based biosensors apply cells as specific sensing elements.

1 INTRODUCTION
literature. Moreover, dextran-coated biosensor chips are still not commercially available for
basic optical biosensor techniques. The fact that there is only few published data regarding the
structure and dynamic behavior of dextran layers is typical for ultrathin, nanometer thick
biofunctional coatings: actually it is a major challenge to obtain reliable surface-related
information at the nano-scale level. The challenge is even greater in case of hydrogel layers,
where the presence of water molecules and their effect on layer structure should be significantly
considered. The comprehensive characterization of such layers demands to deploy various
measurement methods, including biosensors, which are able to offer prominent surface
sensitivity.
The field of biosensors is a demonstrative example of interdisciplinarity: it can be find in
the intersection of the sets of biology, chemistry, physics and engineering. In consequence,
research and development in the field of biosensors demand a highly interdisciplinary approach:
it is crucial to understand the physical principles of measurement techniques, select the
appropriate surface chemistry for modifying sensor surfaces and know the biochemical and
biophysical characteristics of both the applied biorecognition elements and target entities.
Additionally, the entire procedure of characterizing surfaces and other components requires to
know the physicochemical background of the applied analytical techniques. As a support, these
analytics have a great importance in understanding the working phenomena and providing
feedback information for further improvements.
The interdisciplinary nature is reflected in the present thesis as well. In this thesis, the
development of hydrogel-based functional layers for biosensor applications is presented. The
aim of layer development is to improve label-free biosensor measurements as well as to provide
suitable platform layer for mediated cell adhesion experiments with optical biosensor
monitoring. The aim is to produce stable, reproducible polymer layers with hydrophilic nature
and high water content in order to achieve advanced antifouling and conjugation abilities
required by the applications. Due to its advantageous biomaterial properties, the layers were
fabricated from the carbohydrate dextran using various surface chemistries on inorganic glassbased substrate surfaces. Besides the development of grafting methods, the thorough
characterization of the resulted dextran coatings is also presented with the purpose of
determining their composition, understanding their structure (such as dominant polymer chain
conformation) and obtaining feedback information for layer optimizations.

2

2.1 Label-free biosensors and related challenges
2.1.1 Introduction to label-free biosensors
Biosensors can be best defined by their general construction and objective. According to
the concise definition of Anthony P.F. Turner, “biosensors are analytical devices comprising
a biological or biologically derived sensing element either integrated within or intimately
associated with a physicochemical transducer” and “they usual aim is to produce a digital
electronic signal which is proportional to the concentration of a specific chemical or set of
chemicals”3–5. A biosensor consists of three principal elements (see Scheme 1). The
biorecognition element (bioreceptor) is able to recognize the analyte (target) in the presence of
various other components generating an analyte-specific signal. Here, the biosensor exploits
the advanced specificity of certain biological entities (e.g. antibodies, cells). The transducer
converts the signal into a measurable form (digital electronic signal) and the incorporated signal
processing system allows to read and analyze the recorded signal6. A less defined, however
another essential element of biosensors is the interface chemistry that provides the ability to
sensitize the transducer surface by the biorecognition element and to maintain the interactions
between the sensing surface and sample medium at the required level.

Scheme 1 Schematic structure of a biosensor



Also known as prof. Tony Turner a leading scientist in the field of biosensors.
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Biosensors are usually classified according to the applied readout method or detection
method in terms of the usage of labels. Regarding the readout method – which is determined
by the applied transducer system – biosensors can be sorted into the family of electrical,
magnetic, optical, mechanical or thermometric sensors. According to the other, label-based
classification, biosensors are usually divided into two main groups, the so-called labelled and
label-free (non-labelled) biosensors.7

Scheme 2 Labelled and non-labeled (label-free) detection principles in case of optical biosensors
Labelled techniques are primarily based on the measurement of fluorescence intensity generated by associated
fluorescent label entities (e.g. attached to a secondary antibody in case of an antibody-antigen-based specific
interaction). In contrast, label-free techniques measure signals (e.g. refractive index shift) generated only by the
physical presence of analytes on or over the transducer surface.

The label (or probe) is a foreign substance that is attached to the target (the molecule or other
entity of interest) in order to detect molecular presence or activity by altering its intrinsic
properties8. Most common label-based techniques employ fluorescent or radioisotope probes
for detection. Although they convey great sensitivity, high-throughput and potential to measure
tremendous variety of targets, label-based techniques are limited especially due to the labels
themselves. The use of labels usually requires a large number of additional reagents, extra
preparation steps and thus they accompany with extra time and cost. The size of label molecules
can be commeasurable with the size of target molecules and binding sites. As a result, the label
may tend to alter the molecular interactions due to the effect on molecular conformation and
blocking of active binding sites.9 Label-free detection has the potential to overcome the above
drawbacks enabling to collect real-time kinetic data about surface events. Owing to this unique
ability, label-free biosensors can monitor the binding kinetics of analytes to surface attached
bioreceptors or monitor the adsorption kinetics of analytes on various types of surface coatings.

2.1.2 Non-specific binding
Besides the obvious benefits, several challenges have to be solved to extract reliable
outcomes from label-free measurements. In general, the signal can be interfered by the
background due to changes in the sample composition and fluctuations of temperature as well
as by the binding of non-target molecules. Label-free biosensors measure the signal generated
by an intrinsic physical property of the analyte. Since these physical properties are possessed
4
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by all kinds of compounds and in effect, the signal is generated only by the physical presence
of a substance, the recorded signal can be interfered by all sorts of non-target components which
appear in the detection field of the transducer. The interference is more severe, when the nontargets deposit on the transducer surface and they cannot be simply removed. In this case, the
interfering signal remains, significantly distorting the analyte-specific signal. The phenomenon
is called non-specific binding (NSB) or in a wider sense, biofouling (see Scheme 3). Especially
in complex biological samples, various types of compounds are present in a huge number,
potentially inducing a massive interfering signal. If we consider that the target molecules often
present in samples only in a nM-concentration range (which can be itself a challenge to detect),
the specific signal can be completely suppressed by the NSB. Consequently, the NSB leads to
a significant loss in biosensor sensitivity.
Inherently, protein molecules are main components of biologically derived samples and
they can adsorb to various types of surfaces with wide range of physico-chemical possibilities.
Owing to these facts, the utmost part of the interfering NSB signal originates from proteins and
therefore the term non-specific binding is traditionally used for the adsorption of proteins. In
addition, proteins play a key role in biofouling of surfaces by cells and tissues, because – as it
will be described in further details in Section 2.2 – adhesion of mammalian cells is initiated
and governed by surface-protein interactions. Consequently, the most relevant task and also the
top challenge in the inhibition of biofouling is the protection of surfaces against protein
adsorption.
Biofouling is not a biosensor specific issue. Several fields and industries, such as the field
of medical implants, drug delivery systems or even maritime industries are impaired by this
phenomenon. The spontaneous and uncontrolled adsorption of proteins from biological fluids
onto synthetic biomaterials triggers biological events including the host defense mechanisms,
blood coagulation or bacterial adhesion. These processes disadvantageously impact the longterm viability of biomedical devices or medical implants.10,11 Marine biofouling, the undesired
growth of marine organisms on submerged surfaces is a global issue in maritime industries with
the consequence of huge economic and environmental damage.
To efficiently struggle against the NSB and to modulate protein activity on surfaces, it is
demanded to understand the mechanisms of protein adsorption at the solid-liquid interface. A
protein molecule comprises both hydrophobic and charged segments and its nature is strongly
determined by the isoelectric point (pI): the specific pH, at which the overall charge of the
molecule is zero. In general, particularly around the pI, the hydrophobic segments are dominant
and therefore surfaces with hydrophobic nature are more affected by protein adsorption.12 It has
been also proven that the hydration (water content) of both protein molecules and surfaces plays
a key role in the adsorption process and the contribution of water exclusion to the energy
balance can determine the direction of adsorption equilibrium13.
Apart from label-free biosensors, to maintain the appropriate sensitivity, the significant
reduction of NSB is also important in solid-phase biochemical assays, such as in classical
immunoassays and microarrays14,15. Several methods have been examined to overcome the
issue of biofouling in the field of label-free biosensors, however, only few of them are efficient.
The methods are generally classified into three groups, including: (i) blocking of the surface
with certain blocking agents (e.g. bovine serum albumin (BSA)), (ii) using reference channel
as well as (iii) covering the transducer surface with anti-fouling coatings.
5
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Scheme 3 The issue of NSB in label-free biosensor measurements and using 3-dimensional (3D) functional
coatings for suppressing the adsorption of interfering components
The extended 3D structure of a polymer-based interface layer (B) not only suppresses the adsorption of interfering
components (mainly protein molecules), but it can bind a much higher amount of bioreceptor molecules than a flat
biosensor surface (A). These two advantageous effects can accompany with significant increase in the biospecific
signal providing improved sensitivity.

6

2 BACKGROUND
The most effective and actually the sole approach that does not bypass the issue is the use
of antifouling coatings. It has been shown that the synthetic polymer poly(ethylene)glycol
(PEG) is able to form suitable coatings against the adsorption of proteins. For such coatings,
the mechanism of protein resistance is still not fully understood. A number of protein-resistant
self-assembled monolayers (SAMs)* were developed by the group of George M. Whitesides,
however, the behavior of these monolayers could not be described by the standard theory of
DeGennes/Andrade, which was developed and successfully applied for PEG brushes.16,17 The
protein-repellent ability of PEG coatings originates from a mixture of multiple beneficial
properties: heavily hydrated chains provided by the hydrophilic characteristic of PEG
molecules (high dipole moment of ethylene oxide repeats), their random orientation and rapid
motion, large exclusion volume and reduction of surface interfacial energy. An approaching
macromolecule or cell restricts the conformational randomness of the polymer chains and
unfavorably decreases the interfacial entropy. Therefore, the adsorption of these entities is
entropically obstructed (steric-entropic effect) (Scheme 5).18,19

Scheme 4 Structure of a PLL-g-PEG monomer20 and the brush-like conformation21 of PEG chains on
negatively charged oxide-type surfaces

The graft copolymer poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) is a synthetically
improved form of PEG (see Scheme 4). The main advantage of PLL-g-PEG is its simple
(reagent-free) and stable deposition on negatively charged (e.g. glass or metal oxide) surfaces
via strong electrostatic interactions (served by the positively charged lysine segments).
Löfås as well as Österberg and co-workers demonstrated that polysaccharide coatings also made
of dextran can be as effective as PEG coatings in the reduction of protein adsorption on
biosensor transducer and polystyrene-based microarray surfaces18,19,22. The mechanism of the
protein resistance of these polysaccharide layers is supposed to be similar to those of PEGs’.
Their protein-resistant nature also relies primarily upon the hydrophilic characteristic of
polymer chains that is provided by the abundance of free hydroxyl groups. Whilst PEG and its
other derivatives tend to autooxidize16, carbohydrates can better maintain their chemical
stability23.
*
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Self-assembled monolayers are “spontaneously organized monomolecular assemblies at solid surfaces”1.

2 BACKGROUND
Scheme 5 Entropic stabilization of surfaces
functionalized by polymer chains24
In the proximity of an approaching
macromolecule, the polymer segments have
fewer degree of freedom.

One of the most advanced NSB test is the adsorption experiment with the use of blood
serum. Nevertheless, a combination of some selected proteins with varying molecular weight
(MW) and pI values can effectively model the serum conditions. BSA is a serum albumin
protein that is widely used in biochemical applications owing to its stability (MW = 66.5 kDa,
pI = 4.7 - 5.1)25,26. Fibrinogen (FGN) is a large blood plasma protein that strongly adsorbs to
hydrophobic surfaces and it is used to model the “sticky” serum proteins16 (MW = 340 kDa, pI
= 5.5 - 6.0)27,28. Lysozyme (LYZ) is a small protein, with a net positive charge at neutral pH
(PBS, pH 7.4), thus it enables to examine attractive electrostatic interactions e.g. with surfaces
functionalized by negatively charged carboxyl groups16 (MW = 14.3 kDa, pI = 11.0)27. Using
these three proteins (BSA, FGN and LYZ) enable the practical but complex analysis of proteinresistant properties of various surfaces.

2.1.3 Bioreceptor immobilization – need for an efficient immobilization
platform
Biosensor measurements with high sensitivity and reproducibility require the stable
deposition of bioreceptor molecules with a considerable density on the solid transducer surface.
Native transducer surfaces need to be equipped with biofunctional coatings, which are able to
provide suitable platform for improved bioreceptor deposition. In general, there are two ways
of bioreceptor deposition. The simplest way is the adsorption, however, non-covalent proteinsurface interactions are usually strongly influenced by the physical and chemical characteristics
of complex samples (e.g. blood, urine or waste water) or by the applied regeneration procedures
(regeneration of antibody-antigen binding). Changes in pH, ionic strength or the presence of
particular additives (detergents) can cause the desorption of adsorbed proteins. These
interferences can be overcome using covalent coupling procedures which are able to offer stably
attached layers of polymer chains29.
Although great antifouling properties can be achieved by SAM coatings16, they usually provide
only few binding sites. In order to achieve a larger number of immobilized bioreceptors and
thus a better accompanying sensitivity, a high capacity layer with three-dimensional (3D)
structure and large internal surface should be attached to the sensor surface (Scheme 3). Beyond
PEG brushes, carbohydrate-based hydrogel layers were shown to offer the best performance
8
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regarding this requirement: the branched structure of polysaccharide chains provide a far larger
amount of conjugable groups and thus a much higher concentration of immobilized bioactive
molecules can be achieved compared to the widely used linear PEGs.18,30

2.1.4 Optical and mechanical label-free biosensor techniques, their
combinations and applications
Several label-free transduction principles have been reported and proven to be suitable
for applications in pharmaceutical industry and healthcare (e.g. for point-of-care testing) and
their applications in basic research are also on the rise31,32. It is worth highlighting that besides
measuring the concentration and binding kinetics of analytes in a sample solution, label-free
biosensors have also a great analytical potential in biomaterial research. Their great surface
sensitivity provide efficient tool for studying the properties (e.g. thickness, chain conformation)
of thin biofilms both under dry and aqueous conditions.
Label-free optical biosensors measure refractive index changes originated from the
presence of analytes on the optical transducer surface. These techniques are sensing through
the so-called evanescent field that is generated when total internal reflection occurs at the
interface and the electromagnetic field has detectable, exponentially decaying intensity over the
interface (Scheme 6 A). The total internal reflection demands the light (that is propagating in
the higher refractive index medium) to meet the interface of the lower refractive index medium
at a certain incident angle.

Scheme 6 Evanescent field and guided modes generated by total internal reflections in a waveguiding
structure33,34
Illustration A33 shows the series of total internal reflections (with Θ angle of incidents) in a waveguide made of
high refractive index material (n1). The enlarged part highlights the generated evanescent field exponentially
decaying in the surrounding medium that has a lower refractive index (n2). The penetration depth (dp) is defined
as the distance from the interface at which the field intensity (E) falls to an e-1 times value of its original value
(E0). At this distance, alterations in E are still detectable.
Illustration B34 presents the waveguide modes in a planar optical waveguide (F). The field intensity distribution
profiles in case of the modes of m = 0 (red) and 1 (orange) both for TE and TM polarizations are depicted. The
TM modes penetrate deeper into the surrounding media (denoted by S and C) compared to TE modes. In case of
Optical waveguide lightmode spectroscopy (OWLS), mono-mode waveguides with zeroth order mode (m = 0) are
most commonly used.
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Measurements based on surface plasmon resonance (SPR) is a widely used technique that
applies evanescent field for sensing (for details, see Scheme 7). Surface plasmon resonance –
the phenomenon – is a charge-density oscillation that may exist at the interface of two media
with dielectric constants of opposite signs, for instance, a metal (gold) and a dielectric.35 In the
past few decades SPR has become a gold-standard among label-free biosensors.
Beside the SPR method, high sensitivity can be also achieved by another techniques employing
evanescent field, based on the waveguiding transduction principle. In these sensors, a series of
total internal reflections take place in the so-called waveguide film and as a result, waveguide
modes (propagating standing electromagnetic waves) become excited. Optical waveguide
lightmode spectroscopy (OWLS) is a traditional waveguide-based sensor that applies zeroth
order planar waveguides (see Scheme 6 B). The waveguide-based techniques have widely
demonstrated their performance in several applications, including in situ monitoring of the
construction of polyelectrolyte multilayers36–38, adsorption of biomolecules39 as well as
monitoring the adhesion of living cells40.
In addition to the OWLS technique, the recently introduced waveguide-based instruments such
as resonant waveguide grating (RWG) and grating coupled interferometry (GCI) biosensors
have shown the potentials of the measurement principle in terms of high throughput and
achieving top sensitivities32,41,42. Apart from the plentiful applications, an important limitation
of these techniques is that water, trapped in the analyte layer, cannot be detected, because all of
these devices are monitoring refractive index contrast relative to the aqueous background. This
fact means that only the “dry” mass of analyte molecules or living cells can be determined43,44

Scheme 7 SPR setup and operational
principle45
SPR scans the angle of reflected light ()
and records the particular  at which the
intensity is minimal, owing to the generated
surface plasmons in the thin gold film (light
absorbance by surface plasmons). Binding
of target molecules changes the refractive
index over the gold surface and consequently induces a shift in . The shift
correlates with the mass of target molecules
bound to the sensor surface.

Quartz crystal microbalance (QCM) is a mechanical label-free biosensor that responses
to the deposited mass of analyte molecules or cells on its surface by measuring the shift in the
quartz crystal’s resonance frequency. It is also termed as acoustic wave biosensor, because the
detection is based on generated standing acoustic waves which penetrate into the surrounding
media with perpendicular direction to the surface.* This technique is able to measure the
hydrated mass of the examined layers, since the frequency shift is sensitive to the surface-bound
water. Furthermore, viscoelastic properties of the layers can be gained by in situ monitoring of
the energy dissipation caused by the presence of soft, hydrated films on the sensor surface.
*

In effect, this measurement principle is analogous to the detection principle of evanescent field type sensors,
where the detection is allowed by a standing electromagnetic field extending over the waveguide film.
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QCM has demonstrated its potentials, especially for investigating highly hydrated layers
formed by synthetic polymers or biomaterials46–49. Fundamentals and further details of the
OWLS and QCM techniques will be introduced in Section 2.4.1 and 2.4.2.
Due to the fact that there is a lack of available individual techniques capable of probing
complex and hydrated objects at the nano-scale dimensions, the nanostructure of ultrathin layers
under aqueous condition is still poorly understood. Complementary analytical techniques afford
better insight into the structure and behavior of these hydrated ultrathin layers. The combination
of QCM data with results from optical methods is an attractive tool for characterizing the
hydration properties of thin films of biopolymers, because measuring the dry and hydrated mass
provides quantitative information about the amount of bound water inside the analyte layer50.
Several applications have been presented focusing on simultaneous QCM-SPR51,52 and QCMellipsometry (ellipsometry compatible QCM module)53–55. In spite of the expanding field of
combined label-free instruments and the advantages of waveguide-based methods over SPR
and ellipsometry, so far the realization of an instrumental combination of the OWLS or other
waveguide-based methods with a mechanical principle based technique such as QCM, is still
missing. However, the combined evaluation of data obtained from parallel QCM and OWLS
measurements can be efficiently used for the characterization of hydrated nanolayers as well
43,44,56
.

2.2 Cell adhesion and its exploration by label-free
optical biosensors
Cell adhesion is termed as the binding of a cell to a surface, extracellular matrix (ECM)
or another cell. Cell adhesion is an essential process in biology: it regulates the integration of
animal cells into tissues, plays an important role in cell communication and it also plays
governing cue in the evolvement of several diseases such as cancer.31,57–59 Without adhesion, a
program of apoptosis is initiated in most cells resulting in their death. In addition, malfunctions
of adhesion-related signal transduction pathways can lead to the growth of cancerous tumors60.
Adhesive interactions are mediated by a family of cell surface proteins, the so-called cell
adhesion molecules (CMAs). By definition CAMs are cell surface receptors whose interactions
with ligands are capable of attaching a cell to either another cell or to a matrix substrate.61
Integrins are one of the major families of cell adhesion receptors mediating multiple cell-matrix
interactions57,63. They are heterodimer transmembrane proteins which are usually classified
based on the structure of molecular interactions to their ligands.
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Scheme 8 Schematic structure of the extracellular matrix (ECM) and its interaction with cells62

Scheme 8 illustrates the interaction of cells with their extracellular surroundings. The
extracellular matrix (ECM) is the non-cellular component within all tissues and organs. ECM
is a complex meshwork of proteins and polysaccharides that provides physical scaffolding and
mechanical support to tissues and contributes to their structure and function.57,64 It has been
also proven that the mechanical characteristics of the matrix (such as stiffness and
deformability) also effect cellular behaviors65. ECM consists abundant amount of proteoglycans
(group of glycoproteins), collagen fibers and soluble multiadhesive matrix proteins which play
key role in organizing the other components of ECM and in regulating cell-ECM adhesion.57
Fibronectin is one of the most common representative of multiadhesive matrix proteins. It helps
attach cells to ECM by acting as a crosslinker between other ECM components (particularly
fibrous collagens) and cell-surface adhesion receptors such as integrins (Scheme 8). The cellbinding region of fibronectin incorporates repeated amino acid sequences which mediate its
specific binding to integrins. A special part of such repeat is the tripeptide Arg-Gly-Asp
(arginylglycylaspartic acid) sequence, the so-called RGD motif, that was found to be the
minimal molecular sequence required by several integrins for the recognition.57
Describing the adhesion of cells to the ECM briefly, integrins recognize the RGD motifs of
fibronectins and through the integrin-fibronectin (receptor-ligand) interactions, the cell’s
cytoskeleton gets connected with the ECM’s collagen fibers.
Label-free biosensors provide a unique non-invasive tool to cell biology for investigating
cell adhesion or other fundamental surface-related events of living cells such as spreading,
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migration and proliferation. Using label-free optical biosensors, cell adhesion can be monitored
with particular sensitivity as it generally leads to great refractive index alterations at the sensor
surface.31,66 These techniques provide generic, real-time, multi-parametric and kinetic
measurement not only of cell adhesion but the associated cell signaling pathways as well.
Recent advancements in biosensor instrumentations enable the combination of high-throughput
screening (HTS) and cellular assays for both biochemical interaction analysis and cellular
activity assessments of drug molecules. Such an instrumental example is the Epic® system
(Corning Inc., Corning, USA) that is based on the waveguide-type RWG measurement
principle.31,66,67
One of the most commonly used human cell line, including adhesion experiments as well, is
the HeLa, which was taken out from the malignant tumor (cervical carcinoma) of a 31 year old
female Henrietta Lacks in 195257.

2.3 Dextran
2.3.1 Structure and production
Dextran is a natural polysaccharide constructed by α-(1,6) linked anhydroglucose units
in its linear chains. The polymer chains also comprise branchings that are linked from the
backbone chains by α-(1,3) glycoside bonds (see chemical structure in Scheme 9). The degree
of branching is estimated to be 5%. The α-(1,6) bonds highly contribute both to the flexibility
and high water solubility of the dextran chains. The molecular weight of dextran can vary in a
wide range from 1 kDa up to even 2000 kDa.
Dextran is produced by a fermentation method from sucrose with Leuconostoc
mesenteroides bacterium culture. The MW of the primary dextran product is 2000 - 3000 kDa.
Dextrans with different molecular weights are obtained by hydrolyzation and subsequent
fractionation.

Scheme 9 Chemical structure of dextran
The indications m, n and k are integers, referring to the number of anhydroglucose units in the backbone (m),
branchings (n) as well as branching chains (k).

13

2 BACKGROUND

2.3.2 Applications
The intensive dextran-related studies started in the early 1940’s. Its first clinical
applications were driven by the Second World War, when dextran was mainly used as plasma
substituent in its 70 kDa form. Later on, the applications of dextran expanded to various fields,
for instance on food, shipping and pharmaceutical industry as well as analytical chemistry. In
the 50’s dextran appeared in food industry, since then it is used as a texture improving and water
conserving additive.
In the field of analytical chemistry, the main application of dextran relates to gel
permeation chromatography (GPC), where it is used in GPC columns as separating material.
The Sephadex® dextran, launched by the Swedish company Pharmacia in 1959, is the most
commonly used dextran product in chromatography68. The great successes of Pharmacia can be
traced back to the market of chromatography and this governed the company to become the
largest one in dextran production69. In the early 90’s, as a result of research conducted by Löfås
and Johnsson at Pharmacia Biosensor AB, dextran entered the field of biosensors as surface
coating material of SPR biosensor chips. The developments continued at the company Biacore
founded under the name of Pharmacia Biosensor AB and the launched dextran-coated SPR
chips spread on the market (Scheme 10)18.

Scheme 10 Image of a Biacore SPR sensor chip
(CM5 type) where the gold sensor surface is
coated with CMD
The image was downloaded from the webpage of
Biacore (General Electric Company)
(https://www.biacore.com)70.

It has been proven that dextran coatings are able to limit the NSB and it can provide
appropriate support for immobilization of bioreceptors enabling to achieve better signal/noise
ratio and thus improved sensitivity. Advanced protein- and cell-repellent ability of dextran
originate primarily from its hydrophilic characteristic and mobile chains which provide high
interfacial entropy and significant steric repulsion effect (steric-entropic contribution against
protein adsorption)10,18,71.
Dextran is able to form high capacity layers with a number of available reactive moieties along
its chains allowing to multiply the number of immobilized biomolecules compared to twodimensional (2D) bare or SAM-coated sensor surfaces (Scheme 3). Another attractive feature
of dextran is the chemical robustness that is useful to maintain layer’s stability23. These features
highly support the performance of label-free assays to meet the stringent practical requirements.
Due to its inherent biomimetic properties, biocompatibility and tailorable ECM-like
viscoelastic behaviors (such as stiffness), dextran derivatives and dextran-based hydrogels have
been introduced in tissue engineering as 3D scaffolds and used as ECM model materials72–74.
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2.3.3 Dextran derivatives and hydrogels
Historically dextran layers were first developed for functional coating of chromatographic
supports. Looking at the chemical form of dextran, the deposition generally requires the use of
dextran derivatives, amenable to couple onto the surface. Although one can find few examples,
the coupling of non-derivatized dextran presents a considerable challenge. Another reason for
the use of derivatized dextran is that further receptor immobilization needs reactive surface
moieties. Therefore, carboxymethyl-, sulpho-, or aldehydic dextrans are generally used at the
outset of grafting experiments75–78. Due to the high functionality, carboxymethyl dextran
(CMD) can be efficiently used to develop dextran-based layers on various surfaces and it
enables to introduce reactive anchor groups for the immobilization of biomolecules. CMD can
be obtained from the carboxymethylation of native dextran using monochloroacetic acid
(MCA) usually in a mixture of aqueous NaOH solution and tert-butyl alcohol79 (see reaction in
Scheme 11). Tert-butyl alcohol is used as co-solvent in order to obstruct a side reaction, the
hydrolysis of MCA. The nucleophilic substitution reaction (SN2) is conducted in alkalic
environment to maintain the production of sodium alcoholate groups on dextran, which active
centrums can subsequently attack the electrophile α-carbon atom of MCA. The resulted CMD
product – or other type of dextran derivatives as well – can be characterized by the number socalled degree of substation (DS). This value defines the average number of introduced
substitions on polymer chains referring to one anhydroglycose unit. If the DS of the conjugated
polymer is equal to one, it means that one anhydroglycose unit carries one carboxymethyl group
on average regarding the whole CMD macromolecule. As opposed to the fact that the
theoretical DS is 3, one carboxymethylation step can result in a maximum DS of around 1,
according to Huynh and co-workers. By a subsequent carboxymethylation process, DS of up to
1.5 can be finally achieved.79

Scheme 11 Carboxymethylation of dextran
In case of DS = 1 every anhydroglucose unit is derivatized by one carboxymethyl group on average.

Because of the hydrophilic and flexible characteristic of dextran chains, dextran layers
are able to present significant water uptake and swelling even up to 4-times of thickening80. By
definition, hydrogels are a class of crosslinked polymers that can absorb a large amount of water
owing to their hydrophilic nature. Hydrogels are composites of both a solid (polymer chains)
and liquid (water) phase. They can be characterized by the swelling degree that measures the
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amount (mass) of absorbed water compared to the amount of dry polymer.81 Aside from the
strict restriction of crosslinking, one can say that uncrosslinked dextran layers also show
hydrogel nature or at least hydrogel-like behavior18,82.
In the last few decades, the application of hydrogels have spread to a number of fields
including drug delivery systems83–85, biosensors (as platform layers)86–89 as well as tissue
engineering (as scaffolds)90–93. The 3D nature of hydrogel networks, the accompanying huge
internal surface as well as the large number of conjugable sites allow to accommodate orders
of magnitude larger amount of various biomolecules than in case of 2D surfaces or even brushlike coatings. Hydrogels provide a natural-like microenvironment for biomolecules that can
maintain their stability. Moreover, a particular class, the so-called “smart” or stimuli responsive
hydrogels can respond to an external stimulus by changing its particular property.81,86 The
structural similarity of hydrogels to the ECM matrix and their porous framework enable cell
transplantation and proliferation. It has been also proven that owing to the biomimetic structure,
hydrogels made of naturally derived polymers are more beneficial for cell differentiation and
migration than the ones consisting of synthetic polymers.90,91
Crosslinking, the method that links a polymer chain to another one and induce gelation, is the
fundamental technique for producing hydrogels. As several dextran-related chemistries,
crosslinking methods of dextran also originate from chromatographic applications94,95.
Epichlorohydrin (ECH)96,97, glutaraldehyde (GA)98, 1,4-butanediol diglycidyl ether (BDGE)95,
phosphorous oxychloride99, 2-chloro-1-methylpyridinium iodide (CMPJ)100,101, sodium
trimethaphosphate (STMP)102–105 are crosslinking agents which are oftentimes used to form
networks of carbohydrate molecules. While CMPJ is reactive to carboxyl groups only, STMP
and ECH react with the abundantly presenting hydroxyl groups, retaining the carboxyl
functionalities (e.g. in case of CMD) for further receptor immobilization. STMP crosslinks
carbohydrates in a phosphorylation reaction that is carried out under basic conditions103 (see
Scheme 12). The reaction mainly results in monophosphate bonds, however, some
unhydrolyzed bi-phosphate and tri-phosphate crosslinking bonds as well as some pendant
phosphate groups can be also formed.

Scheme 12 Crosslinking of CMD molecules with sodium trimetaphosphate (STMP)
The presented scheme is based on the publication of Seker as well as Lim et al. 103,105
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2.3.4 Covalent grafting to inorganic surfaces
Since Löfås and Johnsson introduced dextran coatings on SPR sensor chip surfaces18,
dextran has become a key basement layer in biosensors. There is a continuous search for
efficient surface grafting methods which provide stable, high density surface-bound dextran
layer with advanced NSB-resisting performance and immobilization capacity106. In case of a
commercial SPR biosensor chip (e.g. the Biacore CM5 chip, see Scheme 10), as far as it is
known, the carboxymethyl dextran layer (with DS of about 0.8107) provides an open structure
3D matrix that extends over the surface up to 100 nm in its hydrated state18,108. Although the
amount of surface dextran is relatively small (100 - 300 ng/cm2), the high water uptake
contributes to reach a thickness of 100 nm. The thickness, swelling behavior as well as
conformation of constructive chains depend on several parameters, for instance molecular
weight, grafting density (number of pinning points), pH and ionic strength of the covering
medium19,22,107. Österberg and co-workers assumed that the best protein-repellent ability can be
achieved by dextran layers composed of side-on attached chains presenting the so-called loop,
train and tail conformations19,22 (see Scheme 13) Touhami and co-workers also proposed a
similar structure for thin dextran layers109. Based on former studies, McLean et al. concluded
that the deposition of side-on oriented chains is in effect more probable than the formation of a
brush-like layer with end-on conformations.

Scheme 13 Proposed structure of covalently attached thin CMD layers109

As dextran layers were first developed for SPR sensors, the original grafting methods
employ thiol-based surface chemistries for introducing covalent bonds between the dextran
chains and gold surface of SPR sensor chips18,110–112. These procedures typically apply
bifunctional SAMs as linker coatings (e.g. made of 1,ω-hydroxyalkanethiol) which carry a
gold-reactive thiol group on their one side and another, dextran-reactive group on the opposite
end of the linker molecule. After the preparation of SAM coating, the grafting continues with
the incubation of functionalized surface with usually an aqueous solution of dextran or dextran
derivative (e.g. CMD).
Later on, grafting methods to silica- (glass) based transducer surfaces were also introduced in
order to fabricate dextran layers for waveguide-type optical biosensors. For these methods, the
previously developed chromatography-related grafting techniques provided foundation.
Basically, the layer fabrication starts with the silylation (also called as silanization) of substrate
surface that introduces covalently bound silane layer, ideally in a monolayer coverage. The
function of the silane-based SAM coating is the same as described above for gold surfaces:
offering coupling bridge between the inorganic surface and organic macromolecules. Among
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the various employed silane molecules, for the grafting of polysaccharides, epoxysilanes and
aminosilanes are the most popular silane agents. First Elam and co-workers82 and later the
Elender group80 described the covalent attachment of dextran to epoxysilylated silica-type
surfaces (using dextrans with MW of 2000 and 500 kDa, respectively). A main advantage of
this method is that no additional coupling reagent is required since the hydroxyl groups can
directly react with surface epoxy functions in simple aqueous reaction medium at room
temperature (RT). The highest yield can be achieved using a dextran solution at around pH 10.
However, since epoxylated surfaces are rather unstable at high pH values, some published
methods prefer nearly neutral conditions accepting a lower reaction yield and less pinning
points80. Although the epoxy groups are also reactive to carboxyls113,114, a much larger number
of free carboxyl functions can be retained compared to other linking chemistries which use the
carboxyl moieties only. In parallel with the work of Elender’s group, Polzius and co-workers
introduced the dextranized OWLS senor chip using the epoxysilylation method115. In this study,
the waveguide film made of tantalum-pentoxide was silylated with 3glycidoxypropyltrimethoxysilane (GOPS).
Efficient dextran grafting can be also achieved by aminosilane coatings. According to the
published method of Akkoyun et al., the tantalum-pentoxide waveguide surface was silylated
with 3-aminopropyltriethoxysilane (APTES) to which CMD was coupled via EDC (1-ethyl-3(3-dimethylaminopropyl)-carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide)
reagents116. The EDC/NHS linking chemistry is a widespread method originally used for the
coupling of protein molecules to other amine- or carboxyl-carrying biomolecules. According to
the expected reaction mechanism117 (see Scheme 14), the extremely reactive carbodiimide EDC
reacts with the carboxyl groups of CMD, producing O-acylisourea derivatives (EDC ester)
along the CMD chains (step 1 - 2, activation). This unstable form of activated carboxylic acid
is converted to a more stable N-hydroxysuccynimidyl ester (NHS ester) as a result of a reaction
with the NHS reagent (step 3, stabilization). In a subsequent step, the NHS ester can be easily
attacked by an amino group of the silylated surface resulting in amide bonds between the CMD
carboxyl and surface amino functions (step 4 - 5, linking). A significant benefit of this linking
chemistry is the physiological reaction conditions (aqueous medium, neutral pH, RT)).
However, the pH of the aqueous reaction medium must be strictly kept around 7 as it has a
major role in the inhibition of the hydrolysis of active intermediers. In addition, the
concentration of EDC and NHS reagents as well as their concentration ratio to the carboxyl
groups in the biomolecule solution or more specifically, in the CMD/EDC/NHS grafting
solution, are also important to be optimized.117–119 Beside the capability to employ as a grafting
method, the EDC/NHS coupling chemistry can be also used to activate the CMD layer for
biomolecule immobilization. This application has become a standard protocol in SPR18,118,120.
Covalently grafted dextran layers present great stability both regarding the maintenance of
surface-dextran covalent bonds and resistance of dextran chains to hydrolysis. As a final step
of layer fabrication, washing with salt or alkali hydroxide aqueous solutions is commonly used
to redissolve and remove non-covalently bound, entangled polymer chains from the surface. It
was shown that although the washing removes a considerable amount of adsorbed dextran, the
remained layer is very stable and even a long range exposition (1 - 3 days) to 1 M NaCl or 0.1
M NaOH solutions has no significant effect on the layer’s stability23,112.
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Scheme 14 Detailed reaction steps in the covalent grafting of CMD molecules to aminosilylated SiO2-type
substrate surfaces using EDC/NHS linking chemistry.
As it is indicated in the reaction scheme, the pH of the reaction medium has a key role in the reaction’s success
and formation of amide bonds. The scheme was drawn partially based on a published reaction scheme117. The pKa
data of NHS121 and CMD122 originate from previous publications.

The grafting techniques presented above provide ultrathin layers which are typically in
the thickness range of 0.2 - 3 nm in dry state80,123. Spin-coating is a widely used batch process
that applies centrifugal force by a rotating substrate in order to spread a liquid film on flat
substrate surfaces and produce layers in a wide thickness range.124 A typical spin-coating
process is shown in Scheme 15. The thickness mostly depends on the rotational speed and the
viscosity of the deposited precursor liquid. Typical rotational speeds reach from 1000 to 10000
rpm resulting thicknesses from a few microns down to few nanometers. In principle, a lower
rotational speed or higher viscosity results in thicker layers. Piehler as well as Linder and coworkers deposited dextran layers in a broad range of thickness using spin-coating
technique77,125. Including these publications, there are only very few shared results on the
fabrication of thicker (over 10 nm in dry state) dextran layers using spin-coating. It should be
also noted that as a best of my knowledge, layer fabrication processes based on the spin-coating
of CMD have not been published in the literature so far.
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Scheme 15 Steps of a typical spin-coating process126

In general, grafting methods of dextrans are mostly optimized empirically and the
published results are scarce and rather confusing. Surface loadings of 100 to 1000 ng/cm2 were
obtained on different substrate materials by various preparation methods80,82,127. Among the
above mentioned publications, only few describe specific technical details about the grafting
procedure which are incidentally not optimized or the surface composition is different. Despite
the favorable features of dextran layers, at present there are no commercially available dextrancovered OWLS chips for biosensor applications.
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2.4 Background of analytical techniques
In this section, various analytical techniques, including classic surface analytical
techniques and biosensors are presented, which together enables to explore the properties of
ultrathin polymer layers with increased hydration abilities under dry and aqueous conditions.

2.4.1 Optical waveguide lightmode spectroscopy (OWLS)
The label-free optical biosensor OWLS uses planar optical waveguide as transducer and
the detection of refractive index changes is based on the evanescent electromagnetic field of
guided light that is generated over the waveguide surface (see Scheme 6). The measurement
principle is illustrated in Scheme 16 and introduced as follows. An OWLS sensor chip consists
of a glass support (also called as substrate, S) that is coated with a 160 - 200 nm thick SiO2TiO2 dielectric layer, a so-called waveguide film (F), prepared by sol-gel technique. The high
refractive index (nF = 1.7 - 1.8) of the coating enables the incoupled light to propagate inside
the film via thousands of internal reflections. As a result, an exponentially decaying evanescent
field is formed with penetration depth of around 100 nm. The guided propagation of light
requires the excitation of discrete waveguide modes, which is fulfilled by an optical grating
embossed on the waveguide surface. The plane-polarized laser beam illuminates the grating
from the backside (glass support) and the beam is coupled into the waveguide film via
diffraction on the grating. However, in case of a zeroth order mono-mode waveguide
(commonly used in OWLS), the excitation of guided mode only occurs if the grating is
illuminated at two certain incident angles, the so-called incoupling angles (α). The α angles
relate to the two polarization states (transverse electric (TE) and transverse magnetic (TM)
modes) of the single mode, represented by two effective refractive indices, NTE and NTM. Using
the diffraction criterion, the effective refractive index (N) both for TE and TM modes can be
expressed as follows:

𝑁 = 𝑛0 sin𝛼 +

𝑙𝜆
Λ

(1)

where n0 is the refractive index of air, λ is the wavelength of the incident laser, Λ is the grating
constant and l is the diffraction order (for mono-mode waveguides, l = 1).39,128
As a result, the precise measurement of αTE and αTM enables to determine NTE and NTM, which
are highly sensitive to any refractive index changes over the waveguide surface. While the
incident angles of the illuminating laser are scanned by a precision goniometer, intensity of the
beams leaving at the two edges of the chip slide are measured by two separate photodiodes,
which are positioned at the two edges. In the recorded incident angle spectrum, two intensity
peaks appear at the two incoupling angles. A subtle refractive index shift in the evanescent field
(10-6 in refractive index unit) originated e.g. from the exchange of covering medium or
deposition of biomolecules, results in change of N and detune the incoupling angles. The
incoupling angles can be sequentially recorded enabling to monitor surface events in real time
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(in situ OWLS measurement). OWLS experiments are usually performed in aqueous conditions
using a specific microfluidic assemble (flow-cell and peristaltic pump) that allows to maintain
continuous flow of a solution over the waveguide surface129.

Scheme 16 Schematic illustration of OWLS measurement setup39
Laser light (with wavelength of 632.8 nm) illuminates the sensor at a certain α incident angle and penetrates into
the glass support (S) and waveguide film (F). The beam is diffracted on an optical grating embossed on the surface
of the waveguide film. The light propagates in the film via internal reflections and the interfering rays excite the
discrete mode of the waveguide. The internal reflections generate an evanescent electromagnetic field that
exponentially decays in the z direction. The guided beams are leaving the waveguide film at the two edges of the
sensor chip and light intensity is counted by two mounted photodiodes at both edges. During a running in situ
experiment, a flow-cell is mounted on the sensor chip and the analytes (biomolecules or cells) are being adsorbed
or adhered from the covering solution (C) on the chemically functionalized waveguide surface, forming a
biomolecule layer or cell coverage (adlayer, A). Refractive index change over the waveguide surface induced by
the adsorption/adhesion process results in a shift in the incoupling angle for both modes (at the bottom, see a
measured intensity graph (inset) and sensogram (mass curve) of adsorbing fibrinogen molecules).

A standard in situ OWLS experiment involves three phases: baseline, adsorption or
immobilization as well as washing phase (Scheme 16, bottom graph)39. The experiment starts
with the flow of analyte-free solution (usually a buffer or pure water) in order to condition the
surface and to achieve a stable baseline (baseline phase). In this experimental section, as the
refractive index of covering medium (nC) is known (or it can be simple measured using a
refractometer), the recorded NTE and NTM data allow to determine two parameters using the 322
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layer mode equation128, the refractive index (nF) and thickness (dF) of the waveguide film. In a
subsequent experimental step (adsorption/immobilization phase), a solution of analytes is
flowed over the sensor surface resulting in a signal shift. The shift derives from a refractive
index change in the covering medium and additionally from the deposition of biomolecules.
The experiment ends with a buffer-flow (washing phase) which is applied to remove the loosely
bound molecules from the surface and to achieve a stable final signal. The contribution of the
added biomolecule layer to the detected NTE and NTM values (adlayer, A) is considered in the
4-layer mode equation that enables to calculate the thickness and averaged refractive index of
the adlayer (dA and nA, respectively), if nF and dF were previously determined. In case of a
homogenous, isotropic and thin (dA << λ) adlayer, the equation is given as the following128:
2π
√𝑛F2 − 𝑁 2 (𝑑F + Δ𝑑F )
𝜆

π𝑚 ≅
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2
2
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where ΔdF is defined as
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In the above equations, ρ = 1 is used for TM polarization and ρ = 0 for TE polarization mode,
nS is the refractive index of glass support and m represents the mode index (in case of monomode waveguides m = 0). The above mentioned 3-layer mode-equation is a reduced version of
Eq. (2) considering that ΔdF = 0.
To sum up, by applying two modes and measuring the NTE and NTM effective refractive indices
one can simultaneously determine two parameters of the adlayer, nA and dA. This fact gives a
relevant advantage over the SPR technique, which can provide only one parameter that is
subsequently correlated with the surface mass39.
The mass increment that originates from the adlayer can be directly calculated from nA and dA
using the de Feijter’s formula130:

𝑀A =

𝑑A (𝑛A − 𝑛C )
d𝑛/d𝑐

(4)

where MA is expressed by surface or areal mass density e.g. with the dimension of ng/cm2 as
well as dn/dc represents the refractive index increment of analyte in its solution (this value can
be simply determined by refractometric measurements of analyte solutions prepared at different
concentrations), e.g. for proteins, a value of 0.182 mL/g can be generally used130.
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Applications of OWLS as specialized analytical device in environmental and food
analytics have been demonstrated131–133, however, the potential of OWLS is primarily exploited
in the field of research. OWLS has been extensively reported to be a powerful method for
investigating the behavior of biomolecules at surfaces, characterizing layers made of
proteins43,134,135 or various types of other biomolecules136,137 and synthetic polymers36,138 or
additionally, for measuring the adhesion of living mammalian cells40,129,139 and bacteria140,141.
In situ OWLS measurements not only measure the thickness, refractive index and mass of the
remaining adlayer, but the obtained data also enable to characterize the time-dependent
behavior of surface layers at the nanoscale. As the whole deposition process can be monitored,
the collected data involve kinetic information as well. Using specific kinetic models, data such
as adsorption and desorption rate constants as well as footprint area of single biomolecules
deposited on the surface can be all simultaneously extracted142,143.
The de Feijter formula is based on the experimentally determined adlayer refractive index
with the presumption of the 4-layer mode equation, that the adlayer is homogeneous and
isotropic. If the adlayer is constructed from molecules with oriented conformation, the ordered
structure results in optical anisotropy and one can experience the so-called optical birefringence
(or double reflection) in the adlayer. In case of a birefringent material, refractive index is
decomposed into ordinary (nA,o) and extraordinary refractive indices (nA,e) and the ratio of these
two optogeometrical parameters defines the sign of birefringence. Using two excited waveguide
modes, three parameters (dA, nA,o, nA,e) of a birefringent adlayer cannot be simultaneously
determined, only dA and an averaged nA can be calculated. There are only few methods (such
as polarized visible attenuated total reflection spectroscopy144) which enable to directly measure
the two optical anisotropic parameters of molecules on the surface. Nevertheless, deductions
from the OWLS results using the homogenous isotropic model can also provide a chance to
efficiently characterize the adlayer’s nanostructure in situ under aqueous conditions, even in
case of optical anisotropy145. The sensitivity of OWLS to anisotropy originates from the two
detected waveguide modes. In brief, when the TE mode propagates in the x direction (the
defined coordinates can be also seen in Scheme 16) the generated evanescent electric field has
only y vector component (parallel with the sensor surface), hence the TE mode is sensitive to
the refractive index changes in the y direction only. The TM mode has an electric field with z
vector component, enabling to sense the refractive index in the z direction (perpendicular to the
surface).145,146
It was shown by Horvath and Ramsden146 that the values of nA and dA allow to determine
whether the molecules are forming an optically isotropic adlayer or they are in an ordered
conformation that means an anisotropic case. According to the pseudo-isotropic (or also called
as quasi-isotropic) analysis, when the structure is not homogeneous and isotropic, one can
observe unrealistic nA values (if the 4-layer homogeneous isotropic mode equation is used)146.
The assumption of anisotropic structure by the calculated value of nA has been well established
for flagellin protein layers145 and for solid supported lipid bilayers147,148. The adlayer refractive
index calculated for this pseudo-isotropic case over- or underestimates the averaged refractive
index of the adlayer (nA), depending on the sign of birefringence (see Scheme 17). In case of a
negatively birefringent adlayer (nA,o > nA,e, oriented structure is parallel with the surface) an
overestimated nA can be observed, whereas underestimated nA originates from positive
birefringence (nA,o < nA,e, oriented structure is perpendicular to the surface)146. Based on these
24

2 BACKGROUND
considerations, the nA determined by OWLS measurements can be an indicator of birefringence
in the examined adlayer. The extent of under- or overestimation correlates with the extent of
anisotropy, thus highly ordered films can accompany with such a high anisotropy, that the
resulted nA is obviously unrealistic. In spite of the unrealistic nA and dA values from the 4-layer
homogenous isotropic OWLS model, valid and precise MA can be calculated based on the error
compensation of nA and dA in the de Feijter formula146.

Scheme 17 Effect of oriented structures on the adlayer refractive index measured by OWLS
Illustration A shows the case of positive birefringence (polymer chains are perpendicular to the surface), while B
represents a negatively birefringent adlayer (chains are parallel with the surface). The propagating light in the
waveguide layer and the generated evanescent field over the waveguide surface are also depicted.

2.4.2 Quartz crystal microbalance (QCM)
QCM is a label-free mechanical biosensor that applies a resonant piezoelectric quartz
crystal as transducer. A QCM chip consisted of an AT-cut quartz crystal disk* that carries planar
gold electrodes on both sides (Scheme 18). The applied AC voltage is pulsed across the crystal
via the gold electrodes, resulting in a shear mode oscillation in the crystal (piezoelectric effect)
at its fundamental resonance frequency (5 MHz). The oscillation generates a standing plane
wave (so-called acoustic wave) that propagates across the crystal bulk in a direction that is
perpendicular to the surface.149,150 Beside the acoustic wave at the fundamental resonance,
overtone waves can be also evolved. Only standing waves related to odd overtones can be
excited, described by the odd overtone frequencies (fn) as follows:
𝑓𝑛 = 𝑛

𝑣
𝑣
=𝑛
2𝑑Q
𝜆

(5)

where n is the overtone number (n = 1, 3, 5, 7 and so on), v is the velocity and λ is the wavelength
of the acoustic wave as well as dQ is the thickness of the quartz disk. The penetration depth of
the acoustic wave is dependent on the overtone number. In water at 5 MHz, the penetration
depth is approx. 250 nm, decaying with the increasing overtone numbers (see Scheme 18 C).150
The penetrating wave is sensitive both to the mass and viscoelastic properties of a deposited
*

The quartz disk was prepared by cutting from a quartz mineral at the orientation of 35.25° to the optical axis 149.
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adlayer or to the exchange of covering medium (e.g. air to water). Added mass on the surface
detunes the resonance frequencies (fn) generating detectable frequency shifts (Δfn) and inducing
a change in the decay characteristic of the penetrating wave that can be expressed by the
dissipation factor (Dn) or its shift (ΔDn) for odd overtones as well. QCM allows to
simultaneously measure both the fn and Dn parameters. Since viscoelastic properties accompany
with energy dissipation, the measured Dn signal provides direct information about the
viscoelastic behavior of molecules on the surface (Scheme 18 D).
Resonance frequencies and dissipations are usually measured by two types of readout
techniques in QCM devices (Scheme 19)150,151: (i) using impulse excitation method (also called
as ring-down method) with the measurement of the decay of the crystal’s oscillation after the
excitation was turned off, or (ii) by impedance analysis using a network analyzer that measures
the frequency spectrum of the recorded impedance.

Scheme 18 Measurement principle of QCM149,152
Illustration A shows the formation of a standing wave generated as a result of pulsing tangential deformations of
the quartz crystal by an applied AC voltage (tQ (identical to dQ) denotes the thickness of the quartz disk as well as
λ is the wavelength of the acoustic wave). B and C represents the propagation of the acoustic wave and its
penetration into the covering liquid phase. As it is indicated in figure C, the penetration depth decays if the
resonance frequency (fn) increases.149 Graphs D represent the effect of a soft material on the measured frequency
and dissipation signals in case of the ring-down type readout method used in QCM-D (downloaded from the
webpage of Qsense, www.biolinscientific.com/qsense)152.

The widely used QCM instrument with the trademark of QCM-D (also named as QCM
with dissipation monitoring), commercialized by QSense (Biolin Scientific Holding AB),
applies the ring-down method (see Scheme 18 D and Scheme 19)153,154. In this case, the driving
voltage is intermittently switched off and the amplitude of the recorded oscillation decay
(measured electric current as a function of time) is fitted using the parameters of decay time (τ)
and frequency (f), providing the dimensionless quantity of dissipation (D):
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𝐷=

𝐸dissipated
1
1
=
=
𝑄 π𝑓𝜏 2𝜋𝐸stored

(6)

where Q denotes the quality factor, Edissipated is the energy dissipated in one oscillatory cycle
and Estored is the energy stored in the oscillating system. Viscoelastic properties of an
investigated layer deposited on the sensor surface can be characterized by the measured value
of D155,156. The f and D data obtained at the fundamental resonance and odd overtones allow to
deduce the mass and viscoelastic characteristic of the resonating crystal and overlayers on top.
The analysis is based on continuum mechanical models, most commonly on the Voigt-Kelvin
model that was implemented in the QCM data analysis by Voinova and co-workers157.

Scheme 19 Comparison of readout methods applied in QCM measurements151,158
A: ring-down method158, B: impedance analysis151.

In contrast to QCM-D, QCM-I applies the impedance analysis as readout technique*. In this
case, impedance spectra (impedance or conductance vs. frequency) are recorded both for the
fundamental and odd overtone frequencies, and the spectra are fitted by resonance curves with
varying FWHM (full width at half maximum, indicated also with 2Γ) and f parameters (Scheme
19). As it has been shown with the electric circuit approach developed by Johannsmann151, the
formula ΔΓ/Δf can be associated with the viscoelastic properties of the crystal and its covering
layers. Thus, data obtained from the impedance measurement technique can be also evaluated
with a viscoelastic model. According to this approach, dissipation can be expressed with the Γ
parameter as follows:
𝐷 = 𝑄 −1 =

2𝛤
𝑓

(7)

It has been also shown that the impedance spectrum is simply retrievable from the oscillation
decay by Fourier-transformation150. As a result, the two D values obtained from the different

*

QCM-I means QCM with impedance analysis. QCM-I is also a trademark, owed by MicroVacuum Ltd.
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readout methods (QCM-D and QCM-I) are actually identical. Zhang et al. pointed that the data
recorded by a QCM-D instrument can be accurately evaluated in terms of the viscoelastic
properties by the equivalent circuit approach158 and vice versa, the data recorded with a QCMI setup can be evaluated using the Voigt-based model.
The simplest model, the so-called Sauerbrey equation gives a linear relationship between
the normalized frequency shift (Δfn/n) and deposited mass per unit area (ΔMA)159:

∆𝑀 = −𝐶

∆𝑓𝑛
𝑛

(8)

where C is the mass sensitivity constant which is dependent only on the physical properties of
the quartz crystal, n is the overtone number and Δfn refers to the frequency shift at time t (f(t =
0) - f(t)) of the given n overtone. Instead of ΔMA, hereafter the calculated mass will be indicated
with MA.
Several criteria are held necessary in order to accurately use the Sauerbrey equation: (i) the
added mass on the electrode surface is evenly distributed (uniform) and its amount is much less
than the quartz crystal itself, (ii) the mass is rigidly attached without any additional
deformations caused by the crystal oscillation, and finally, (iii) the oscillation should be
performed in vacuum (or in air).159,160 Although the assumptions are not strictly fulfilled in most
cases (primarily the last two ones), and maintaining all of them is actually unrealistic, the
relationship can be used with reasonable accuracy. However, in case of highly solvated and/or
viscoelastic adlayers – which are very common among biomaterials – the direct proportionality
is broken. In order to perform a quantitative evaluation, models which consider the viscoelastic
behavior, such as the Voinova’s equations, are required. There are also some simple qualitative
data representation methods which are useful to estimate the adequacy of Sauerbrey equation
in terms of the investigated adlayer. For instance, a significant dependence of Δfn/n on the
overtone number suggests a viscoelastic case or the magnitude of the values of ΔDn are also
good indicators.160–162
The Voinova’s viscoelastic model utilizes both the measured Δfn and ΔDn in order to
determine the thickness (dA), shear viscosity (ηA) and shear elastic modulus (μA) of the formed
adlayer (or in special cases of multiple adlayers), if the mass density of the adlayer is known
(ρA). The deposited mass can be calculated from the resulted uniform dA thickness using the
known density:

𝑀A = 𝑑A 𝜌A

(9)

The model equations and the general evaluation process are presented in Scheme 20. The data
analysis is based on an error-minimization fitting method. In brief, Δfn and ΔDn data are
computed from the model equations using given values of dA, ηA and μA parameters. The task
is to find the set of parameter values that provides the “best” Δfn and ΔDn data which overlap
the measured ones (or more precisely, which give the minimum of the error function (2)
constructed from the differences of the calculated and measured data). This analysis can be
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performed for in situ measurements as well, fitting the recorded data at each measurement
time.50,157,163

Scheme 20 Schematic representation of the viscoelastic evaluation of QCM data using the Voinova’s model
equations
In the inset figure on the left upper side, one can see the structure of the model where the QCM chip is covered by
one viscoelastic film consisted of the deposited polymer chains. The equations of the Voigt-based Voinova’s
model157 are involved in the scheme, where ρQ and dQ denote the density and thickness of the crystal, ρB and ηB
are the density and viscosity of the bulk liquid as well as ωn is the angular frequency of the oscillation at a given
n overtone. The thickness, density, shear viscosity and shear elastic modulus of the examined adlayer are
represented by dA, ρA, ηA and µA, respectively. In the calculation of the error function χ2, Δfnm and Δfnc as well as
ΔDnm and ΔDnc are the measured and computed frequencies as well as dissipations, respectively. The std values
belong to the standard deviations of the measured frequencies and dissipations at the baseline as well as k denotes
the highest overtone number.
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From an experimental point of view, QCM is a very similar technique to OWLS. Scheme
21 illustrates a QCM-I setup working under in situ mode. A flow-cell is mounted on the sensor
surface and by the sequential recording of resonance spectra (QCM-I) and simultaneous
extraction of fn and Dn data, in situ monitoring of surface events in liquid phase conditions can
be achieved. A standard in situ QCM experiment runs with the same experimental phases as in
an in situ OWLS experiment (Section 2.4.1).

Scheme 21 QCM-I measurement setup and data evaluation process
In the QCM-I instrument (A), the solution is flowed into a flow-cell (enlarged in image B) that is mounted on the
surface of the sensor chip (C). The lateral vibration of the quartz crystal generates standing acoustic waves at the
specific fundamental and overtone frequencies, and the waves penetrate into the medium over the sensor surface.
QCM-I measures the frequency spectrum of the conductance by using a network analyzer (from the measured
conductance, impedance can be thereafter obviously determined). In graph D, an obtained resonance peak is
demonstrated around the third overtone resonance frequency (f3). Two parameters are quantified by fitting the data
points: full width at half maximum (FWHM or 2Γ), proportional to the dissipation as well as resonance frequency
at the peak maximum (f3 (max) = f3). The impedance analysis is performed for each overtone at each measurement
time, and the obtained data provide the basis of calculations with the purpose of determining the surface mass
density as well as viscoelastic properties of the adlayer. Complementing the QCM-I results with mass data from
OWLS measurements is the basis of determining the hydration degree of the examined polymer layers.

QCM has become a powerful tool in the research of soft and solvated materials and
interfaces. While the measured dissipations and frequencies themselves provide qualitative
information about the solvation, the calculated mass enables to quantitatively characterize the
adlayer’s solvation. QCM and optical biosensors like OWLS or SPR are often used on the same
targets (adsorption and binding of biomolecules44,163,164, adhesion of living cells165,166), since
they are excellent complementary techniques in the measurement of solvated layers (see
Scheme 22).
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Scheme 22 Detectable mass (and thickness) of an adsorbed protein layer in
OWLS and QCM measurements43

Optical biosensor techniques are fundamentally not sensitive to coupled or trapped solvent
molecules, because they do not have distinctive contribution to the effective refractive index
compared to other solvent molecules in the bulk phase. Consequently, when the data are
corrected with the recorded baseline, the coupled solvent gets also eliminated and only the “dry”
deposited mass has detectable signal. In contrast, QCM has the great potential that it provides
information about the solvent inside the layer, as it measures all the mass that oscillates with
the crystal (and oscillates contrary to the bulk), including the deposited mass of biomolecules
and solvent molecules bound to or confined in the biomolecule adlayer. However, this
combined mass cannot be uncoupled to the mass of a dry adlayer and the mass of bound solvent
molecules. The solvating mass and solvation or hydration degree (A) can be determined by
combining the optical (e.g. MAOWLS) and mechanical (MAQCM) mass data in the following
way53,56:
QCM

𝜑A =

𝑀A

− 𝑀AOWLS

𝑀AQCM

× 100

(17)

2.4.3 Fourier-transform infrared spectroscopy (FTIR)
Infrared (IR) spectroscopy is based on the excitation of molecular bond vibrations by
electromagnetic radiation. The excitation energy is in the wavenumber range of 12500 - 10 cm1
, which belongs to the infrared section of the electromagnetic spectrum. The transmittance wavenumber spectrum is derived from the measurement of light intensity after and before
passing through the sample. The transmittance can be simply converted to absorbance spectrum
by the following expression:

𝐴(𝜆) = lg𝑇 = lg
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where A(λ) represents the absorbance spectrum, T is the transmittance as well as I0 is the
incident and I is the transmitted IR beam intensity.167
IR spectroscopy is used to detect specific functional groups of chemicals and primarily to
obtain qualitative information about the chemical composition of a specific sample. This
application is supported by the principle, that IR photons are absorbed at specific energies (i.e.
wavenumbers) which are related to vibration bands of molecular functional groups. Using a
suitable database, these characteristic wavenumbers allow to identify functional groups in the
examined sample. Modern Fourier-transform infrared spectrometers produce the spectrum in
two steps, which involve the recording of an interferogram and its conversion to a conventional
energy spectrum by a mathematical process of Fourier-transform. In case of the measurement
of solid samples, the powdered sample is usually pulverized with the powder of an IRtransparent material (usually with KBr), from which a transparent pellet is formed under
pressure.
Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) is a
sampling technique that is based on the multiple total internal reflection of IR beam passing
through an internal reflection element (IRE) the so-called ATR crystal, which is in contact with
the sample. By absorbing IR photons at specific wavelengths, the sample attenuates the incident
radiation trough the evanescent field that has been generated by the serial reflections on the
crystal surface (penetration depth: approx. 1 µm). During an ATR-FTIR measurement, the IR
beam is coupled out at the opposite end of the crystal, and the attenuated portion of the incident
radiation is determined at certain wavelengths, providing the ATR spectrum.167,168 The thin film
of interest is fabricated usually on the surface of the ATR crystal. As a result, IR spectrum of
thin films can be obtained by the ATR-FTIR method.

2.4.4 Spectroscopic ellipsometry (SE)
Ellipsometry is a non-destructive optical technique for the characterization of interfaces
and films between two media. It measures the polarization transformation that occurs when a
beam of polarized light is reflected from, or transmitted through an interface or film. The term
ellipsometry originates from the fact, that polarized light often becomes elliptical upon light
reflection.169,170 The measurement principle of ellipsometry and the basic configuration of a
spectroscopic ellipsometer can be seen is Scheme 23.
The fundamental measured quantity of ellipsometry is the complex reflectance ratio:
𝜌=

𝜒r
𝜒i

(19)

where r and i represent polarization state of the reflected (r) and incident (i) beam,
respectively. In case of a common sample, the equation can be simplified to

𝜌=

𝜒r |𝜒r | i(𝛿 −𝛿 )
=
∙ 𝑒 r i = tan𝛹 ∙ 𝑒 i𝛥
𝜒i |𝜒i |

(20)
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Here, tan is the ratio of the reflected and incident polarization states as well as Δ is the phase
difference of the reflected and incident phases (δr and δi, respectively). The two parameters, 
and Δ are called ellipsometric angles which are the independent experimentally determined
parameters of an ellipsometric measurement. In case of spectroscopic ellipsometry, the
wavelength spectrum of  and Δ is measured.169,171

Scheme 23 Measurement principle of ellipsometry170
E represents the electric field strength vector for the incident (i) or reflected (r) beam in p- or s-polarization states.
The reflection of light on the sample induces a change in the p- and s-polarization states (: incident angle).

The complex reflectance ratio is a function of the wavelength (λ) and incident angle () of the
illuminating beam as well as it is a function of sample structure and physical properties,
including the thicknesses (d) and refractive indices (i.e. dielectric functions) (n) of the
constructive layers. This relationship can be expressed for multilayered samples as follows:
𝜌 = 𝜌(𝑛̅0 , 𝑛̅1 , … , 𝑛̅𝑚+1 , 𝑑1 , 𝑑2 , … , 𝑑𝑚 , , 𝜆)

(21)

The expression incorporates m + 2 discriminated media (covering medium, layer(s) and
substrate), where the subscript 0 refers to the covering medium (environment) as well as m + 1
to the substrate, respectively.
The wanted data are obtained indirectly by the analysis of ρ using sufficient optical models. As
ρ can be calculated both from the measurement and from a theoretical optical model based on
the Maxwell-equations, one can presume that it is possible to independently reconstruct the
measured (λ) and Δ(λ) spectra with the knowledge of a set of matching sample parameters.
Based on this principle, the (λ) and Δ(λ) spectra are fitted using a regression method, where
the unknown layer parameters of the optical model equations are varied with the goal of finding
the best overlap (fit) of the measured and calculated spectra. This method requires a proposed
optical model of the sample with relatively close presumption of the sample structure and layer
parameters (a priori knowledge about the sample). The evaluation method is schematically
presented in Scheme 24.
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Scheme 24 Schematic diagram of the evaluation principle of
ellipsometry210
The wanted sample parameters (such as refractive index (n),
extinction coefficient (k), roughness and layer thickness) are
obtained by fitting the experimentally measured data (Exp. Data)
using an optical model which is able to reconstruct the and Δ
spectra.

The fitting process uses the minimization of the error function (mean squared error (MSE)) that
is expressed as follows:
𝑁

2

2

∆𝑗m − ∆𝑗c
𝛹𝑗m − 𝛹𝑗c
1
MSE = √
∑ {(
)
+
(
) }
𝑁−𝑃−1
𝜎∆m𝑗
𝜎𝛹m𝑗

(22)

𝑗=1

Here, N is the total number of data points, P is the number of fitted (unknown) parameters in
the optical model, σΔ and σ are experimental errors of the corresponding ellipsometric angles.
Subscript j denotes the particular  and Δ data at one specific wavelength. Superscripts m and
c denote the measured and calculated data, respectively.172
Spectroscopic ellipsometry measures the refractive index as a function of wavelength. Most
commonly, the refractive index spectrum is approximated by the Cauchy’s equation:
∞

𝑛(𝜆) = ∑
𝑗=0

𝐵𝑗
𝜆2𝑗

(23)

where Bj are parameter values.
The equation is usually simplified to three parameters (j = 2) defined by A, B and C:

𝑛(𝜆) = 𝐴 +

𝐵
𝐶
+
𝜆2 𝜆4

(24)

In a given fit, all the three parameters can be used as varied parameters.
Though ellipsometry is traditionally applied in the field of semiconductor technologies, it has
been also emerged in the characterization of synthetic polymers173 and biopolymers, such as
protein174,175 and carbohydrate layers77.
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2.4.5 Atomic force microscopy (AFM)
Atomic force microscopy is a member of the family of scanning probe microscopy (SPM)
techniques. It is an efficient tool for imaging various types of surfaces at the nano- and
microscale level. It can be used in the imaging of topography and measurement of nanomaterial
properties such as elasticity, adhesion, friction, electrical properties and magnetism.176 The
imaging can be performed with a resolution down to the atomic scale and forces with nano- or
pico-Newton resolution can be also measured.
Generally, AFM consists of four main elements (see Scheme 25). (i) The AFM probe is
used to directly “feel” the force between the probe and sample. The probe incorporates a sharp
tip (with a radius of curvature less than 10 nm and with a height of 5 µm) located at the end of
a typically 100 - 500 µm long microscale cantilever.177 (ii) The piezo scanner precisely controls
both the lateral as well as vertical probe and sample positions. (iii) The feedback control system
is applied to precisely adjust the probe-sample position when a scan is running. This system
establishes a continuous detection of position using an optical detection method. The detection
system includes a laser diode, a position-sensitive four-quadrant photodetector, a controller and
a feedback circuit. (iv) Additionally, the software controls the operational parameters, it can
display and analyze the data.177
During a running scan, the tip interacts with the surface and the cantilever bends through the
attractive or repulsive forces. The laser beam is focused onto the back of the cantilever and it is
reflected to the photodetector. When the cantilever bends, the laser beam deflects from its
position on the detector, thus the generated photodiode voltage is position-sensitive. This
feedback signal enables the tip to maintain a constant force or constant height over the
sample.176 AFM is usually operated in contact mode (the tip is in direct contact with the sample),
non-contact mode (the tip is held at 5 - 10 nm over the surface) or tapping mode (a combination
of contact and non-contact mode). For the scanning of biomolecule-type surfaces, tapping mode
is the most commonly used working mode. AFM is primarily used for qualitative
characterization of surfaces, nevertheless, some semi-quantitative data can be also extracted
from the captured images. Such data is the surface roughness that is usually defined as the root
mean squared average of the profile height deviations from the mean line, indicated as RRMS178.
Besides the characterization of inorganic surfaces (e.g. semiconductors and ceramics), AFM
has also demonstrated its powerful capabilities in the measurement of synthetic polymers,
polyelectrolytes179, various types of biomaterials (biopolymers, such as carbohydrates180) and
biointerfaces181 as well as tissues and cells182).
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Scheme 25 The principle of AFM measurements183–185
A: instrumentation183; B: electronmicroscopy image of an AFM probe (downloaded from www.nanoworld.com)184;
C: measurement modes represented by the used sections of the force curve that is generated when the tip interacts
with the sample185.

2.4.6 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is used to measure the composition of surfaces and thin
films. XPS is able to provide both quantitative data on the elemental composition and
qualitative data on chemical states of elements. XPS can measure all elements of the periodic
table though with strongly different sensitivities.
XPS is based on the phenomenon of photoionization. The sample is irradiated and excited
by x-ray photons (with the energy range of 150 - 15000 eV) and the generated photoelectrons
are separated according to their kinetic energies, as they are escaping the sample with different
velocities. The detector counts the number of electrons at the separation energies providing an
electron intensity - kinetic energy spectrum (XPS spectrum). During the photoionization, x-ray
photons eject electrons from the core shells, allowing to examine the electron structure of
elements. The penetration depth of x-ray photons is 1 - 10 µm, however the information depth
(~ 3 nm) of the spectroscopy is determined by the fact that photoelectrons can escape only from
the top atomic layer of the sample, providing good surface sensitivity.
Instrumentally, an XPS measurement requires an x-ray source (e.g. Al anode), an electron
energy analyzer (spectrometer), detector, vacuum system as well as electronic control and data
processing system (computer). Measurements are carried out under ultra-high vacuum (UHV)
where the pressure is below 10-9 mbar. A schematic illustration of an XPS instrument is shown
in Scheme 26.
The acquired kinetic energy spectrum can be simply converted into a binding energy spectrum
by the following equation:
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𝐸B = ℎ𝜈 − 𝐸k − 𝛷

(25)

where EB and EK refers to the excited atomic binding energy and photoelectron kinetic energy,
respectively, hν denotes the exciting photon energy (h is the Planck-constant and ν is the
frequency of radiation) as well as Φ is the work function incorporating the generated contactpotential.

Scheme 26 Schematic illustration of an XPS instrument186
This scheme illustrates a monochromator equipped instrument (the instrument applied in the thesis was not
equipped with it).

Since atomic binding energies are particularly characteristic to each element, the observed
binding energies of a peak identify the atoms. The integrated area of a peak is proportional to
the amount of the corresponding element, allowing to determine the elemental composition of
the sample (quantitative results). In addition, the observed peak energy can be shifted according
to the chemical state of the excited atom. By this chemical shift, specific oxidation states of
chemically bound atoms can be also identified (qualitative results). In combined cases, the
measured complex peak shape can be decomposed into subcomponents of different chemical
states.
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2.4.7 Characterization of surfaces by contact angle (CA) measurements
The shape of a drop of liquid deposited on the solid-vapor interface is determined by
surface tensions (γ) at the three interfaces: the solid-liquid (γSL), liquid-vapor (γLV) as well as
solid-vapor (γSV) interfaces. The contact angle (CA, ) is defined geometrically as the angle
formed by the intersection of the SL and LV interfaces. In equilibrium, the relationship between
the surface tensions can be expressed by the Young equation as follows:

𝛾SV − 𝛾SL = 𝛾LV cos𝜃

(26)

CA values can be acquired by capturing the droplet profile and applying a tangent line from the
contact point (intersection of the SL, LV and SV interfaces) along the LV interface (illustrated
in Scheme 27).
The CA is a quantitative measure of surface energetics and wetting properties of solid surfaces
by liquids.187,188 If water is used as liquid droplet (water CA measurements), the determined
CA values allow to deduce the hydrophilic/hydrophobic characteristic of surfaces: the lower is
the CA, the more hydrophilic is the surface. In case of the most common sessile drop method,
the liquid droplet is deposited onto the flat surface and the droplet profile is captured using a
digital camera. The droplet shape is usually analyzed by fitting the profile of the drop. Besides
static CA measurements, a series of captured images after drop deposition can be used to
evaluate the spreading dynamics on surfaces. Dynamic CA measurements are relevant in case
of e.g. surfaces of hydrogel-based layers which can absorb significant amount of water from
the drop.

Scheme 27 Definition of the CA of a liquid droplet on solid surfaces
The CA () can be defined by the contact point C at the three-phase boundary of the solid (S), liquid (L) and vapor
(V) phases. The corresponding interfacial energies (i.e. surface tensions, γ) are also indicated. CAs well below 90°
( << 90°) refer to high wettability, CAs well above 90° ( >> 90°) refer to low wettability.
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As it has been shown in Chapter 1, there is a huge need in the field of biosensors for
stable, reproducible and efficiently conjugable biofunctional layers with great NSB-resistant
ability. Despite dextran has become a basic protein-repellent material with high immobilization
capacity for biosensor applications, there are still no commercially available dextran-coated
SiO2-TiO2-type OWLS sensor chips, and detailed preparation methods as well as
characterizations are missing from the literature. It is also worth highlighting that the structure
of dextran-based layers especially in aqueous conditions is also poorly characterized and
understood. This lack of available data can be explained by the high-level hydration of such
layers that strongly limits the number of analytical methods appropriate for the investigations.
In the present research, my aim was to develop covalently grafted, protein- and cellrepellent carboxymethyl dextran (CMD) layers on waveguide-type (SiO2-TiO2) surfaces for
biosensor applications and cell adhesion experiments. An essential purpose of my work was the
profound characterization of the developed layers in terms of composition, structure and
structural alterations in different environmental conditions.
At the beginning of the work, the starting purpose was to adopt a CMD synthesis
procedure in order to produce CMD with the required quantity and degree of substitution for
subsequent layer fabrication experiments. Using the synthetized CMDs, two types of layer
fabrication methods on silica-based inorganic substrates were applied to obtain CMD layers
with varying thickness and mechanical properties. A major part of my work was devoted to the
preparation of ultrathin CMD layers (hereafter termed as CMD-ut layers) with a few
nanometers in thickness. To achieve this goal, my plan was to use different silylation methods
and surface chemistries for layer preparation. In addition, my aim was also to develop CMD
hydrogel layers presenting varying thickness values over 10 nm in dry conditions. For this
purpose, my plan was to develop a novel CMD layer fabrication method that relies upon the
layer preparation processes of chemical crosslinking and spin-coating (hereafter, the
abbreviation of CMD-sc is used for these layers). While the classical (bioassay-type) biosensor
measurements demand basically ultrathin layers for sensitive detections (limited penetration
depth of the evanescent field), cell-based experiments usually need thicker layers (thickness is
several 10 nm or thicker) with greater hydration abilities providing suitable mechanical support
for retaining cellular activity. Accordingly, while the CMD-ut layers were intended to use later
in classical biosensor measurements for biomolecule detection, the CMD-sc layers were
developed for cell-based biosensor experiments.
My aim was to back up the preparative methodologies by a wide range of surface
analytical techniques, which offered both compositional and structural information about the
fabricated layers in dry and aqueous conditions. In order to characterize the structure and
structural alterations of CMD-ut layers in aqueous environment and obtain kinetic data on layer
formation, the biosensor-type in situ OWLS and QCM-I measurement techniques were
employed. Parallel measurements with these two label-free methods offered to gather unique
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information about the deposited mass, thickness, hydration and viscoelastic properties as well
as preferential chain conformation also from a kinetic aspect. In order to analyze the QCM-I
data in terms of viscoelasticity, my aim was to develop an evaluation code and graphical
interface in MATLAB® programming environment. My plan was to validate the code both by
comparing its outputs with literature values and by performing reference QCM-I measurements
on well-characterized PLL-g-PEG nanolayers. My plan was also to use these measurement data
for validating the newly commercialized QCM-I device (MicroVacuum Ltd.) that was
employed in the experiments. In addition, I proposed to use the results on PLL-g-PEG layers
as comparative basis for the analysis of heavily hydrated CMD-ut layers. Since the stability of
CMD layers was a significant requirement, my plan was to test and measure the effect of the
applied washing processes.
My aim was to demonstrate the protein- and cell-repellent ability of the developed CMD
layers. For this purpose, in situ OWLS measurements were performed to obtain kinetic data on
the protein adsorption process and to determine the adsorbed amounts. In addition, the adhesion
of living cells was observed by phase contrast microscopy.
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In this chapter, synthesis, sample fabrication and measurement methods are detailed
which were developed and applied in the present work. The aim of this section is to support my
results by clear experimental descriptions and data. The chapter is divided into four subsections:
the 1st gives a list about the applied chemicals, the 2nd subsection describes the synthesis and
sample fabrication methods, the 3rd presents the technical details of measurement techniques
applied for analyzing the fabricated samples and the 4th one presents the experiments where
the fabricated samples were finally employed.

4.1 Chemicals
In the list below, chemicals used in the experimental work of the thesis are described.
-
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3-Aminopropyltriethoxisilane (APTES), obtained from Sigma-Aldrich.
Bovine serum albumin (BSA), obtained from Merck.
Chromosulfuric acid, obtained from VWR International.
Cobas Cleaner solution, obtained from Roche.
Ultrapure water. Water used in the experiments was ultrapure grade Milli-Q water with
the resistivity of 18 MΩ·cm.
Dextran T-500, obtained from Pharmacosmos A/S, Holbaek, Denmark.
Dulbecco’s Modified Eagle’s Medium, obtained from Merck.
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), obtained from
Sigma-Aldrich
Ethylenediaminetetraacetic acid (EDTA), obtained from Merck.
Fetal bovine serum (FBS), obtained from Biowest SAS (France).
Fibrinogen (FGN), obtained from Merck.
3-Glycidoxypropyl-triethoxysilane (GOPS), obtained from Sigma-Aldrich.
Hydrochloric acid, obtained from VWR International.
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), obtained from SigmaAldrich.
Hydrogen peroxide, obtained from VWR International.
L-glutamine, obtained from Merck.
Lysozyme (LYZ), obtained from Sigma-Aldrich.
Monochloroacetic acid (MCA), obtained from Thermo Fisher Scientific.
N-hydroxysuccinimide (NHS), obtained from Merck.
Paraformaldehyde, obtained from Merck.
Penicillin, obtained from Merck.
Phosphate buffered saline (PBS), obtained from Sigma-Aldrich
Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG), obtained in its powder form
from SuSoS AG, Dübendorf, Switzerland. The architecture of the copolymer was
PLL(20)-g[3.5]-PEG(2), where the molecular weight of the PLL backbone and PEG
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-

chains were 20 kDa and 2 kDa, respectively, and the grafting density [(lysinemers)/(PEG side chains)] was 3.5).
Potassium hydroxide (KOH), obtained from VWR International.
Sodium hydroxide (NaOH), obtained from VWR International.
Sodium trimethaphosphate (STMP), obtained from VWR International.
Streptomycin, obtained from Merck.
Sulfuric acid, obtained from VWR International.
tert-Butyl alcohol, obtained from VWR International.
Trypsin, obtained from Merck.
Xylene, obtained from VWR International.

4.2 Synthesis and sample preparation methods
4.2.1 Synthesis of carboxymethyl dextran (CMD)
The native dextran was carboxymethylated using a published procedure of Huynh and
co-workers79,189. In the initial synthesis experiments related to this work, the reaction was
optimized to obtain a CMD product with high DS (0.8 - 0.9). In a subsequent work, based on
former results and supported by the extensive contribution of B. Türk, the dependence of DS
on sets of selected reaction parameters was analyzed using statistical experimental design
method.190,191 The resulted empirical equation enables one to synthetize CMDs with required
DS values in the range of 0.1 - 0.45. Besides, CMDs with DS out of this range were also
synthetized. In the present work, CMDs with a relatively wide range of variety in their DS
values (0.145 - 0.6) were employed. Nevertheless, the variation in DS was considered to be
ineffective to the experiments.
The following procedure describes CMD synthesis parameters which resulted in DS
values in the range of 0.40 - 0.45. 4.0 g Dextran with 500 kDa molecular weight was slurried
in 80 mL tert-butyl alcohol and then 18 mL of 3 M aqueous NaOH solution was added. After
1 hour of dissolution time, 2 mL aqueous solution of 3.0 g MCA was added to the dextran
slurry, reaching a final water : tert-butyl alcohol volume ratio of 20 : 80 (v/v%). The MCA was
applied as the reagent of carboxymethylation (see the corresponding reaction in Scheme 11).
The reaction was conducted at 60 °C and it was terminated by precipitation in cold methanol
after 90 min reaction time. The precipitated CMD was dried under vacuum at 60 °C and the
product was dissolved in ultrapure water. The solution was then purified by dialysis (using
dialysis tubing with cutoff MW of 6000 - 8000 kDa (Spectra/Por, Spectrum Europe B.V.,
Breda, Netherlands)) against water (purified by reverse osmosis) for 20 h, subsequently against
0.01 M HCl for 6 h, and finally against ultrapure water for 24 h. The product was then
lyophilized and stored at 4 °C until used. The DS was determined by acidimetric titration using
0.05 M NaOH solution192. The efficiency of the dialysis process (amount of residual Cl-ion
originated from the used HCl solution) was checked by the modified Schöniger-method, which
is a general method for determining chlorine and other halogenids in organic compounds by
burning samples in an oxygen-filled combustion flask193.
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4.2.2 Types of substrates and sensor chips
The used substrates mainly differed in their particular compositions, dimensions and in
the subsequent methods in which they were applied. Based on the outlined aims, SiO2-type
substrate surfaces were used in layer fabrication experiments. A given substrate was selected
considering the proposed analytical and application methods. Some of the employed substrates
were specially designed for certain measurement techniques (e.g. OWLS chips). The following
list details the types and general properties (dimensions (in the format of length × width ×
height), composition) of the employed substrates (the characteristics of the OWLS and QCM
sensor chips and ATR crystal are also described here, as they were used as substrates of the
experiments. The corresponding measurement techniques are detailed in Section 4.3).
OWLS sensor chips and sliced OWLS model samples. The planar optical waveguide chip
with dimensions of 48 × 16 mm was made of a pyrolized SiO2-TiO2 sol-gel waveguide layer
on top of a glass substrate (type 2400V OWLS sensor chip, manufactured by MicroVacuum
Ltd., Budapest, Hungary). The thickness of the waveguide layer was 160 - 180 nm. To get
OWLS model samples, some OWLS chips were sliced into smaller pieces (15 × 15 mm) in
order to obtain a useful number of specimens carrying SiO2-TiO2 layer on top. These pieces
were used as model samples representing the original OWLS chips.
QCM-I sensor chips. The QCM-I sensor chips were AT-cut quartz crystals with the diameter
of 14 mm. The quartz crystal disc carried gold electrodes on both sides, providing the gold as
sensing surface of the chip. The specially designed QCM-I chips used in this work were coated
with 160 - 180 nm thick SiO2-TiO2 layer on top of the gold. The QCM-I chips were
manufactured by MicroVacuum Ltd., using the same SiO2-TiO2 layer fabrication method as
applied in the fabrication of OWLS sensors chips.
ATR crystals. The Si ATR crystals were used for ATR-FTIR measurements. The SPP 45° type
crystals with dimensions of 50 × 20 × 3 mm were manufactured by Harrick Scientific Products
Inc. (Pleasantville, USA). The 2 - 3 nm thick native SiO2 layer on the crystal’s surface enabled
to apply the same surface chemistry as designed for OWLS.
Si wafers. Standard Si wafers with crystal orientation of <100> and with 2 - 3 nm thick native
SiO2 cover on top were also used as model substrates. The used dimensions were approx. 15 ×
15 mm. Some of the Si wafers were specially prepared for AFM measurements in order to
determine the thickness of dry CMD-ut layers. These wafers were partly covered with ca. 60
nm thick gold layer that was deposited by e-beam evaporation (gold lithography).
Glass slides. Standard microscopy glass slides with dimensions of 76 × 26 mm were obtained
from Thermo Fisher Scientific.

4.2.3 Cleaning of substrate surfaces
Surface related physico-chemical processes strongly depend on local surface purity.
Therefore the application of suitable surface cleaning methods before further modifications is
strongly demanded. Three different types of cleaning methods were used depending on the type
of the given substrate.
Cleaning with piranha solution. Si wafers, glass slides and ATR crystals were cleaned by
piranha solution (3 : 1 volume mixture of 98% sulfuric acid and 30% hydrogen peroxide). The
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exposure time was 20 min which was followed by intensive washing with ultrapure water and
drying under nitrogen stream.
Cleaning with chromosulfuric acid. OWLS sensor chips and model samples were cleaned by
concentrated chromosulfuric acid with 3 min exposition time. The surfaces were then
neutralized by short dip in 1 M KOH solution and they were intensively washed with ultrapure
water and dried under nitrogen stream.
Cleaning by UV-ozone. The QCM-I sensor chips were first washed with ultrapure water,
dipped in Cobas Cleaner solution, washed again with ultrapure water and dried with nitrogen
stream. Finally, 10 min exposure in UV-ozone cleaner (MicroVacuum Ltd., Budapest,
Hungary) was applied.194

4.2.4 Silylation methods
The CMD layers were covalently attached to inorganic substrate surfaces through a thin
SAM coating of silane molecules. Two types of silane (also known as silyl) coatings were
prepared on the cleaned substrates consisted of either aminosilane or epoxysilane molecules.
The silylation process was further improved during my Ph.D. work, therefore, two different
silylation methods are presented. Both methods were used for CMD layer fabrication.
Silylation in xylene vapor phase
This method was used in the earlier phase of my Ph.D. work. The cleaned sample surfaces
were silylated using 3-aminopropyltriethoxisilane or 3-glycidoxypropyl-triethoxysilane in
refluxing xylene vapor with following the method of Haller195. The samples were treated in the
reflux of organic silane solution for 6 h. Afterwards, surfaces were washed intensively with
xylene and methanol. The samples were blown dry with nitrogen and the silane layer was
incubated at 120 °C for 2 h in vacuum.
Silylation in solvent-free vapor phase under vacuum
The silylation method in xylene vapor phase was improved with using a vacuum chamber
with controllable heating (Glass oven B-585, BÜCHI Labortechnik AG, Flawil, Switzerland).
The equipment allowed to eliminate the organic xylene vapor and to conduct the process in a
more controllable and technically simpler way in a shorter process time. The method was only
used for aminosilylation. Cleaned substrates were placed on a sample rack of the vacuum
chamber and 80 µL (also 200 µL at the first trials of these experiments) of pure 3aminopropyltriethoxysilane was placed into a glass vial that was mounted under the sample
rack. Followed by a 10 min incubation at 80 °C under vacuum (approx. 5 mbar), the samples
were kept without heating and suction for 20 min. In a subsequent step, the samples were heated
at 120 °C for 2 h in vacuum. The aminated surfaces were then taken out of the oven and stored
in vacuum desiccator until used.
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4.2.5 Fabrication of ultrathin carboxymethyl dextran layers (CMD-ut)
Two different grafting methods were used for the fabrication of CMD-ut layers,
depending on the composition of the prepared silane coatings on the substrate. While grafting
of carboxylic groups to amino moieties requires activating reagents (EDC and NHS), the epoxy
groups can directly react with the hydroxyl and carboxyl groups of CMD without the presence
of any additional activating chemicals. The experiments were carried out using the so-called
batch and flow-cell methods. The latter one means that the silylated substrate was mounted in
a flow-cell and the reagent solutions were continuously flowed over the sample surface by a
peristaltic pump. The replacement of solutions (e.g. when the washing phase started) was
performed without dismounting the substrate and flow-cell. This method was applied for in situ
OWLS and QCM-I measurements, in which the flow-cell was assembled with the device. The
batch experiments did not involve fluidics. Instead, the samples were kept in an open sample
holder and the reagent solutions were simply pipetted on the surfaces as well as washing was
performed by exchanging the solution in the holder vials.

Scheme 28 Covalent grafting of CMD to amino- and epoxysilylated surfaces
The CMD was schematically interpreted by a molecule carrying both hydroxyl and carboxyl functional groups.
The aminosilane- and EDC/NHS-based linking chemistry (1) results in amide bonds between the amino functions
and CMD molecules. The linking chemistry via epoxide groups (2) does not require additional activating reagents
and it forms both ester and ether bonds (hydroxyl groups are also reactive in this pathway).

Grafting to aminated surfaces (CMD-ut-Am layers)
In this grafting method, the aminated surfaces were incubated in CMD/EDC/NHS
aqueous grafting solution in order to covalently bind CMD molecules to the surface via
EDC/NHS-based linking reaction. The grafting solution was prepared as follows. In the first
step, lyophilized CMD was solubilized in ultrapure water (DS = 0.6, 50 mg/mL, 500 kDa) and
the solution pH was adjusted to neutral using 5 - 10 M NaOH solution. The EDC and NHS
reagents were pre-dissolved in ultrapure water and the reagent solutions (0.4 M) were added to
the CMD solution. The final concentrations in the CMD/EDC/NHS grafting solution were the
followings: [EDC] = 50 mM, [NHS] = 50 mM, [CMD] = 30 mg/mL, respectively. The aminated
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surfaces were incubated at room temperature in a special vial placed on a rocking shaker (batch
method, in case of ATR crystals and Si wafers) or the solution was pumped through the OWLS
or QCM-I flow-cell (flow-cell method, in case of OWLS or QCM-I chips). The grafting
experiments using flow-cell were performed as follows. After acquiring a stable baseline by a
flow of ultrapure water, the OWLS or QCM-I chip surface was treated with CMD/EDC/NHS
solution. In this step, a 25 min flow (with a flow rate of 1 μL/s) and a subsequent 70 min
incubation (while the flow was suspended) were applied. Afterwards, the grafting solution was
replaced by ultrapure water to wash off the unbound CMD molecules from the surface. To test
the stability of the grafted CMD layer, an additional washing phase using 0.5 M NaCl solution
for 10 min and a subsequent water flow section were also performed as a final step of the
experiment. In case of the batch method, the incubation time with the CMD/EDC/NHS solution
was 19 h, then the samples were washed extensively with ultrapure water.
Grafting to epoxylated surfaces (CMD-ut-Ep layers)
In this grafting method, the epoxysilylated surfaces were exposed to aqueous CMD
solutions (500 kDa, DS = 0.6, 50 mg/mL) with different pHs (pH 2.3, 7.0 and 10.0). The pH
adjustment was carried out by the addition of 5 - 10 M NaOH solution. The epoxy-activated
surfaces were incubated similarly to the aminosilylated surfaces: beside the batch method,
single deposition in flow-cell with simultaneous in situ monitoring was also applied (flow rate:
1 μL/s). The in situ measurements were performed by OWLS only.

4.2.6 Fabrication of spin-coated and crosslinked carboxymethyl dextran
layers (CMD-sc)
The fabrication of thick CMD layers was performed in two main steps. The first step was
the covalent grafting of thin CMD layer on aminosilylated substrate surfaces using the
EDC/NHS linking chemistry. Until this point, the process was similar to the method used for
the preparation of CMD-ut layers. The second step involved the spin-coating of a thick CMD
layer, which was cross-linked to the previously grafted thin CMD film. For better
understanding, the method can be followed step-by-step in the illustrations of Scheme 29.
Each of the aminosilylated substrates was incubated with a drop of CMD/EDC/NHS
solution that covered the sample surface. The grafting solution was prepared as detailed above
and the following concentration ratios were set in the solution: [COOH] : [EDC] : [NHS] = 6 :
1 : 1, where the reagent concentrations were adjusted to the concentration of CMD carboxylic
groups. Based on this consideration, as the concentration of CMD (DS = 0.145) was set to 50
mg/mL, the concentrations of EDC and NHS was adjusted to 7 mM. The pH of the grafting
solution was adjusted to 7 by adding 5 - 10 M NaOH to the EDC/NHS-free CMD solution.
After an overnight incubation at 4 °C, the surfaces were rinsed with ultrapure water and blown
dry with nitrogen stream.
In the following step, a slightly crosslinked CMD solution was spin-coated onto the surfaces at
various rotational speeds (1000, 2000, 4000 and 6000 rpm) (KW-4A Spin-Coater, Chemat
Scientific Inc., Los Angeles, USA). The rotation was applied for 60 s preceded by a 10 s pre-
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rotation at 500 rpm. The spin-coated solution comprised 20 mg/mL CMD, 125 mM NaOH and
50 mM STMP as crosslinking agent.
In a subsequent step, the samples were thoroughly washed in a Teflon tank. The tank was
leached by circulating liquids at high flow rate (2.5 L/min) which was maintained by a largescale peristaltic pump. The washing process involved a consecutive exchange of ultrapure water
(20 min), 0.1 M HCl (10 min) and ultrapure water (10 min) again. The circulated washing liquid
in a given phase was exchanged twice to fresh one. In the final step of the procedure, the sample
surfaces were blown dry with nitrogen.

Scheme 29 Developed method for the fabrication of spin-coated and crosslinked CMD layers (CMD-sc)
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4.2.7 Fabrication of ultrathin PLL-g-PEG layers
The PLL-g-PEG layers were prepared on cleaned SiO2-TiO2 surfaces using the flowcell method only (in situ OWLS and QCM-I). 1 mg/mL solutions of PLL-g-PEG were prepared
in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer solution where the
HEPES concentration was set to 10 mM. Before polymer addition, the pH of the buffer was
adjusted by 1 M NaOH solution to 7.4. For the experiments, the sensor surfaces were not
chemically modified, they were simply used right after the cleaning process. At first, a stable
baseline with HEPES flow maintained by a peristaltic pump was achieved (flow rate was 1 µL/s
throughout the experiment) and the PLL-g-PEG solution was subsequently flowed over the
sensor chip for 20 min. The washing was carried out with HEPES flow until a constant signal
reached.

4.3 Analytical techniques
For a better understanding, the used analytical techniques as well as parameters about
layer characteristics offered by the specific measurement methods are summarized in Table 1.
Analytical
technique

Substrate

Examined
CMD layer

Condition

Results offered by the analytical technique

ATR-FTIR

ATR crystal

CMD-ut

dry

detection of carboxyl groups

XPS

Si wafer, OWLS slice

CMD-ut, CMD-sc

dry

elemental composition, chemical states, thickness

SE

OWLS slice

CMD-sc

dry

lateral inhomogeneity, thickness, refractive index

CA meas.

OWLS slice, glass slide

CMD-ut, CMD-sc

hydrated

AFM

Si wafer, OWLS slice

CMD-ut, CMD-sc

dry

OWLS

OWLS sensor chip

CMD-ut

hydrated

QCM-I

QCM-I sensor chip

CMD-ut

hydrated

wettability, CA
topography, RRMS, thickness
refractive index, thickness, optical anisotropy, dry
surface mass
viscoelastic parameters, hydrated surface mass
and thickness

Table 1 Summary of the used characterization techniques, examined samples and particular layer
parameters offered by the measurements

4.3.1 Label-free biosensor measurements
Two types of label-free biosensor measurements, OWLS and QCM-I were applied, in
order to in situ monitor the formation of CMD-ut and PLL-g-PEG layers on SiO2-TiO2
waveguide-type surfaces. The in situ OWLS technique was also used to test the proteinrepellent ability of the fabricated CMD-ut and CMD-sc layers by measuring the adsorbed
protein mass.
Both the in situ OWLS and QCM-I measurements were carried out applying a continuous flow
of the actual solution that was driven into a microfluidic assembly (flow-cell). The sensor chip
was mounted in a septum-equipped flow-cell, and this assembly was mounted into the
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measurement head of the setup. The solution flow was maintained at 1 µL/s by a peristaltic
pump (Ismatec Reglo, Cole-Parmer GmbH, Wertheim, Germany) throughout the experiment
129
.
4.3.1.1 OWLS
For the in situ OWLS measurements, type 2400V OWLS sensor chips (MicroVacuum
Ltd., Budapest, Hungary) were used in an ASI BIOS-1 instrument (MicroVacuum Ltd.). The
properties of the applied OWLS sensor chips are detailed in Section 4.2.2. The He-Ne laser
beam (with the wavelength of 632.8 nm) was coupled into the OWLS chip and the zeroth-order
transverse electric (TE) and transverse magnetic (TM) modes were excited in the waveguide.
The coupling angles were scanned by a precision goniometer in every 14 s. The instrumental
sensitivity was 1 × 10-6 regarding the measured effective refractive indices (NTE, NTM) and 1
ng/cm2 for the surface (areal) mass density (MA). The refractive indices (nc) as well as refractive
index increments (dn/dc) of the applied solutions were measured by a precision refractometer
at 632.8 nm at the maintained temperature (25 °C) (J157 automatic refractometer, Rudolph
Research Analytical, Hackettstown, USA).
The raw OWLS data were evaluated by the isotropic homogenous 4-layer mode equations. In
the evaluation process, the following nc and dn/dc data were used (the solutions are indicated
by the given subscripts): nwater = 1.3317, nHEPES = 1.3320, nPBS = 1.3330, nCMD/EDC/NHS = 1.3380,
nCMD = 1.3390; dn/dcCMD = 0.1500 mL/g, dn/dcPLL-g-PEG = 0.1390 mL/g, dn/dcprotein = 0.1849
mL/g.
4.3.1.2 QCM-I
The applied QCM-I device was manufactured by MicroVacuum Ltd.196. The resonance
sensitivity of the instrument in liquid was 2 × 10-1 Hz, the dissipation sensitivity was 1 × 10-7
and the mass sensitivity was ≤ 1 ng/cm2, respectively. The volume of the flow-cell was approx.
40 µL. The properties of the applied QCM-I sensor chips are described in Section 4.2.2. The
QCM-I chips had a fundamental resonance frequency of 5 MHz. The resonance frequency and
dissipation shifts were recorded with time resolution of 6.2 s for each selected overtone (the
overtone numbers were n = 1, 3, 5, 7 corresponding to the frequencies of 5, 15, 25, 35 MHz,
respectively). The employed QCM-I setup and the methodology of data analysis is illustrated
in Scheme 21. The recorded QCM-I data were evaluated by the self-developed MATLAB®based code. Additionally, improving the code, a user-friendly graphical interface for data
evaluation was also developed.

4.3.2 FTIR
A Bruker Tensor 37 FTIR spectrometer was used to record the infrared (IR) spectra of
the bulk dextran and produced CMD within the spectral range of 4000 - 400 cm-1. The
comparison of these spectra was useful to identify COOH groups in the synthetized CMD. The
IR spectra were recorded in solid state (KBr pellet) using transmission measurement mode.
The ATR-FTIR technique was used to detect the presence of carboxylic groups in CMDut layers. The ATR-IR spectra were recorded with a Bruker IFS66/v spectrometer using a Si
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ATR crystal plate (SPP 45°, Harrick Scientific Products Inc. (Pleasantville, USA)). The
resolution of the recorded spectra was 2 cm-1. The Si ATR crystal was used without
modifications (reference measurement) or it was functionalized using the above described
protocols of CMD-ut layer fabrication. The CMD was grafted to the surface and subsequently
measured to identify the functionality and prove the grafting method.

4.3.3 SE
The thickness and refractive index of CMD-sc layers prepared on OWLS model surfaces
were determined by spectroscopic ellipsometry. The ellipsometric measurements were
performed using a Woollam M-2000DI rotating compensator spectroscopic ellipsometer (J.A.
Woollam Co., Inc., Lincoln, USA). All the measurements were carried out with a mounted
microfocusing equipment that focused the source light to a spot area with a diameter of 150
µm. The spectra were recorded in the wavelength range of 191 - 1689 nm at 70° incident angle
(the spectral resolution was the following: 191 - 999 nm: 1.59 nm, 999 - 1689 nm: 3.46 nm). In
case of mapping mode measurements, the Ψ and Δ spectra were recorded at certain surface
points with different lateral (x,y) coordinates, thus a map of layer optical parameters could be
obtained and the lateral homogeneity of CMD layers both in thickness and refractive index
could be evaluated. The distance between the measurement positions was 3 mm in the x
direction and 2 mm in the y direction, respectively (scanned area: 12 × 8 mm). Data acquisition
time of 5 s was used at each position. The ellipsometric data were collected and analyzed with
the CompleteEASE software (J.A. Woollam Co., Inc.).

4.3.4 AFM
The nano-scale topography of CMD-ut and CMD-sc layers was examined by AFM
technique. The AFM also allowed to determine the thickness of the dry CMD-ut layers prepared
on gold-covered Si wafers (measurement of CMD step), where the gold was used to conserve
the surface of the Si wafer. After CMD grafting, the gold layer was peeled off giving a pristine
SiO2 surface right next to the CMD-covered area.
The AFM images were recorded using two different instruments, namely a SmartSPM
1000 (AIST-NT Inc., Novato, USA) and a FlexAFM (Nanosurf GmbH, Liestal, Switzerland)
device. The SmartSPM instrument was equipped with Nanosensors PPP NCHR10 probes
(NanoWorld Holding AG, Schaffhausen, Switzerland). The probe features were the followings:
radius of curvature: < 10 nm, length: 125 µm, resonant frequency: 330 kHz, force constant: 42
N/m. For measurements conducted by the FlexAFM instrument, Tap 190GD-G type probes
were used (BudgetSensors Ltd., Sofia, Bulgaria). The probe features were the followings: radius
of curvature: < 10 nm, length: 225 µm, resonant frequency: 190 kHz, force constant: 48 N/m.
Both two AFMs were used in tapping mode to obtain topographic images. The typical scan
rates were between 0.5 and 0.1 Hz depending on the size of scanned area. The raw AFM images
were analyzed and evaluated by the Gwyddion software.
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4.3.5 XPS
The elemental composition and chemical states of the examined components both in the
CMD-ut and CMD-sc layers as well as in CMD-free aminosilane coatings were investigated by
x-ray photoelectron spectroscopy. The measurements and evaluation of the obtained spectra
were carried out by Dr. A. Sulyok. Giving a brief instrumental description, the x-ray was
emitted from an Al-anode source and the photoelectron spectra were obtained by cylindrical
mirror analyzer with retarding field (DESA 150, Staib Instruments GmbH, Munich, Germany)
providing a constant energy resolution of 1.5 eV. The ultra-high vacuum (UHV) system allowed
to achieve a vacuum of 2 × 10-9 mbar.
The detected lines of the main components were C 1s (at around 285 - 289 eV binding
energies), O 1s (531 eV), Si 2p 3/2 (100 and 103 eV for basic and oxide states, respectively),
Ti 2p 3/2 (454 eV), N 1s (401 eV), Na Auger (497 eV), P 2s (189 eV). The accurate binding
energies are influenced by the diverse chemical states of electron emitting atoms, thus
sometimes a few combined or separate lines were detected according to their origin.
The evaluation took place using a common procedure involving Shirley background subtraction
and Gaussian/Lorentzian fitting. This process was applied for each detected subcomponent to
determine the peak areas.
The quantitative results of elemental ratios were used to determine the thickness of aminosilane
and CMD layers by an evaluation method based on the assumption that the composition of
layers was stoichiometric and the detected signal decayed in depth by a known exponential
relationship. A 3 or 4 layer model (bulk substrate + 3 or 4 layers) was used in the calculations,
depending on the sample’s substrate. In this model, the two organic layers (aminosilane and
CMD) were set on top of the bulk substrate (SiO2-TiO2 or Si) with a covering carbon
contamination that can be always found on specimens. Namely, the assumed specimen structure
was the following: bulk SiO2-TiO2 or Si, (i) carbon contamination, (ii) aminosilane layer with
stoichiometric composition as well as (iii) CMD layer with stoichiometric composition. In case
of Si substrates, a SiO2 layer was also set on top of the bulk Si (iv). The sensitivity factors for
weighting the signal of elements were obtained from the literature197. The computation of layer
thicknesses was based on an iterative algorithm. Starting with a set of initial thickness values,
initial signal intensities and component ratios were first calculated. Comparing these
component ratios to the measured ones, the thickness values were varied until identical
component ratios were reached.

4.3.6 CA measurements
Water CA measurements were used to qualify the wetting characteristic of CMD-ut and
CMD-sc surfaces. The measurements were carried out by two methods.
Sessile drop measurements were performed using an instrument built in the Nanobiosensorics
Laboratory. The measurements were performed at RT, drops with volumes of approx. 3 L
were deposited on the surface and then their volumes were increased to approx. 5 μL and left
to stabilize for ca. 120 s in a closed chamber with nearly saturated atmosphere before the image
was taken. The DropSnake software was used to calculate the CA198. The mean values of the
left and right sided CAs were given and compared.
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Spreading dynamics measurements were carried out using another apparatus built up by Dr. N.
Nagy. One sample was inserted into a closed sample chamber (RH = 89 ± 2%, T = 23 ± 0.5 °C)
and the measurement was started immediately: an approx. 3 µL droplet was deposited on the
surface and its spreading was recorded with a time resolution of 2 s. The series of measurements
were evaluated by the Krüss DSA software at the Department of Physical Chemistry and
Materials Science of Budapest University of Technology and Economics (FKAT BME) using
elliptic fit.

4.3.7 Phase contrast microscopy
Phase contrast images were recorded with a Zeiss Observer.Z1 microscope (Carl Zeiss AG,
Oberkochen, Germany) in bright field mode. Microscopy images on fluorescent samples were
obtained by the same instrument using fluorescent mode. The microscopy images were
recorded and processed by the AxioVision software (Carl Zeiss AG).

4.4 Experiments on the fabricated CMD layers
4.4.1 Non-specific binding experiments
A main objective of the fabrication of CMD layers on label-free biosensor surfaces was
the development of a sensor coatings with improved protein- and cell-repellent abilities.
The protein-repellent ability of the fabricated CMD-ut and CMD-sc layers was tested by
three different protein molecules, which were selected considering their pI and MW values (see
Section 2.1.2). The chosen proteins were the followings: bovine serum albumin (BSA),
fibrinogen (FGN) and lysozyme (LYZ). In these experiments, the adsorbed amount (areal mass
density) of proteins was measured employing in situ OWLS method.
The experiments started with a surface conditioning step (flow of phosphate buffered saline
(PBS)), where the recorded stable signal sequence was used as a baseline. Afterwards, the
solution of BSA molecules dissolved in PBS (2 mg/mL) was pumped over the CMD surface at
1 µL/s flow rate for 30 min. This protein adsorption section was followed by a washing phase
using PBS flow until a stable signal reached. These 3 steps were consecutively repeated with
the solutions of the two another proteins. The concentration of each protein solution was 2
mg/mL in PBS. For clarity, the following solution flows were applied in the given order:
PBS→BSA→PBS→FGN→PBS→LYZ→PBS.
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4.4.2 Maintenance of HeLa cell culture
The HeLa cell culture was maintained by the great support of Dr. I. Székács, whose work
was essential in the whole process of cell adhesion experiments.
HeLa cells (epithelioid cervix carcinoma, obtained from Sigma Aldrich) were routinely cultured
in tissue culture polystyrene Petri dishes (Greiner Bio-One International GmbH,
Kremsmünster, Austria) kept in a humidified incubator (37.5 °C, 5% (v/v) CO2 and 97%
relative humidity (RH)). The cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented by additional components as follows: 10% fetal bovine serum (FBS),
4 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. On reaching 80%
confluence, cells were detached every 3 - 4 days using 0.05% (w/v) trypsin, 0.02% (w/v) EDTA
solution.

4.4.3 Cell adhesion experiments
Prior to cell seeding, 2.5 mL of cell-free DMEM was added to the samples (placed in a
Petri dish) in order to precondition their surface (it lasted a couple of minutes). Meantime, HeLa
cells were harvested and 250 µL of cell suspension (2.5 × 106 mL-1) was added to the samples.
The composition of the cell culture medium was the same as described in Section 4.3. After a
cell sedimentation period (ca. 10 min), the samples with added HeLa cells were moved into a
humidified incubator (37.5 °C, 5% (v/v) CO2 and 97% RH), where the incubation lasted 4 h.
The samples were examined by phase contrast microscopy and microscopy images were
recorded using 10× and 20× objective lenses.
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5.1 Characterization of ultrathin CMD layers
For the thorough characterization of the developed CMD-ut and CMD-sc layers, various
analytical methods were employed. In this section, results on the characterization of CMD-ut
coatings are presented in order to reveal layer properties both in dry and hydrated conditions.

5.1.1 Composition, thickness and topography in dry state
The composition and topography of CMD-ut layers in dry conditions were examined by
ATR-FTIR, XPS and AFM techniques. Representing the CMD-ut layers, the results described
below relate to layers fabricated on aminosilylated substrates using the EDC/NHS linking
chemistry.
The ATR-FTIR spectra in graph A of Figure 1 present peaks at 1720 - 1740 cm-1 which
can be attributed to the COOH groups of grafted CMD molecules199. This peak could be also
found in the bulk CMD, where the stretching vibrations of carboxylic C=O groups at 1740 cm1
appeared in the spectra. The IR spectra of the bulk dextran and CMD are shown in graph B of
Figure 1. The comparative spectra demonstrate the success of the carboxymethylation reaction
(CMD synthesis).

Figure 1 Detection of CMD carboxylic groups by FTIR [T1]
Graph A demonstrates an ATR-FTIR spectrum recorded on a CMD-ut layer that was covalently grafted to the
aminosilylated surface of a Si ATR crystal. The carboxylic groups could be previously detected in the bulk CMD
material as well (graph B). In the IR spectrum of bulk dextran and CMD (B), the presented peak at around 3400
cm-1 originated from the stretching of O–H bonds.
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The DS of the synthetized CMD was determined by acidimetric titration. As no Cl-ion
could be detected in the lyophilized CMD, the removal of HCl residues was effective in the
dialysis process and the determined acid content could be surely attributed to the carboxylic
moieties.
The aim of the XPS measurements was to verify the presence of the prepared layers and
determine their thickness in dry state. The XPS measurements yielded elemental ratios and
chemical states of elements on Si wafers and the evaluation provided additional data on the
thicknesses of aminosilane and CMD layers. While the specimens with aminosilane coating
contained nitrogen atoms which were presented in the aminosilane molecules only, the
epoxysilane did not contain such specific heteroatom. As a result, the heteroatom-based XPS
thickness calculation could not be applied for the samples prepared on epoxylated surfaces.
The resulted XPS spectra originated from 4 types of samples: pure Si wafers (Si), Si wafers
exposed to EDC/NHS-free CMD solution (Si/CMD, control samples), aminosilylated Si wafers
(Si/Aminosilane) as well as aminosilylated Si wafers exposed to CMD/EDC/NHS solution
(Si/Aminosilane/CMD). The direct observations were the followings.
1.) A significant N signal was observed in the samples with aminosilane pretreatment in
contrast to the negligible N (around the detection limit) in the control sample (see the inset
diagram of Figure 2). The detected N was assigned to the amino group of aminosilane. On the
other hand, the N signal was particularly weakened on CMD-coated samples. These two
findings provided the basis for the determination of the thickness of aminosilane and CMD
layers200.

Figure 2 XPS spectrum recorded on an aminosilylated Si wafer with covalently grafted CMD layer on top
[T1]
Only the essential parts of the spectrum is shown and the binding energy axis is drawn in 4 separate pieces. The
detected peaks (black lines) were decomposed into subcomponents (colored curves with filled area beneath)
according to their chemical state (the subcomponents are also indicated).
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Figure 3 Elemental compositions obtained by
XPS measurements [T1]
The shown data represent a CMD-covered Si wafer
(Si/CMD) and CMD-covered, aminosilylated Si
wafer (Si/Aminosilane/CMD)

2.) The alteration of the whole detected composition showed the change of components in
the upper 3 nm of the measured specimen. While the Si wafer with CMD coating only showed
hardly any composition change (compared with a bare Si substrate, data not shown), in case of
Si/Aminosilane samples the aminosilane treatment induced significant increase in the C, O and
N intensities and decrease in the Si signal (see Figure 20 in Section 9.1 (Appendix)), compared
with a bare Si substrate. When the CMD was bound to the surface through the aminosilane
layer, its observed composition was influenced by further increasing C and O components and
reducing N and further reducing Si component (inset diagram of Figure 2).
The calculated thicknesses of the aminosilane and CMD coatings are presented in Figure 4.
The aminosilane thickness calculated from XPS data was 2.30 nm for all samples. When only
CMD was on the surface (without aminosilane, control sample), the evaluation procedure
resulted in an average 0.07 nm for the thickness of CMD, that was attributed to slight
contamination representing physically adsorbed polysaccharide molecules. The grafting of
CMD to aminosilane coating resulted in 0.73 ± 0.10 nm thicknesses for the CMD layer (average
± std, number of samples: 6). This observation clearly proves, that the aminosilane was required
to efficiently couple the CMD to the surface of Si wafers verifying the covalent grafting of the
CMD layer.
Figure 4 Thickness of aminosilane and CMD
layers determined from XPS data [T1]
The thicknesses were determined in a parameteroptimization procedure by varying the thickness
values in the applied 4-layer model (bulk Si + 4
layer, see Section 4.3.5) and fitting the model
elemental ratios to the measured data. The range
of confidence for the calculated thicknesses is
also shown on the top of columns. The samples
and their labels are the followings: ref 1: Si wafer
covered with aminosilane, ref 2: Si wafer coated
with CMD (control sample), sample 1 and
sample 2: Si wafer covered with aminosilane and
CMD (parallel samples).
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The AFM images in Figure 5 were recorded on a CMD layer which was fabricated on an
aminosylilated Si wafer. The Si wafer had been pre-coated with gold, which was removed at
the end of the fabrication process to allow the measurement of overlayer thickness at the
remained sharp step (image A). The morphology of the CMD surface (image B) is found to be
very similar to the morphology of dextran-coated surfaces published in the work of Tasker et
al.180 (also measured by AFM technique). The high z values which appear at some points of the
surface can be attributed to surface contaminations or CMD aggregates. The calculated RRMS
was 1.1 nm. This finding verifies the expectations, since it was higher comparing to the
roughness of a native SiO2 surface on Si wafer (0.2 nm). The average thickness of the covering
layer on the substrate was 3.2 - 5.8 nm (around 4 nm on the average), determined by the
measurement of z height difference between the substrate and the CMD-covered area (graph
C). In case of the epoxy-based CMD grafting, the resulted thickness was in the same range.
Due to the fact that the gold was deposited on the bare substrate, the determined thickness data
belong to the sum of CMD and silane layers, implying a dry CMD layer with thickness less
than 4 nm. This result is in good agreement with the XPS data, which provided 3.0 nm (2.30
nm aminosilane + 0.73 nm CMD) for the total thickness.
The applied surface analytical techniques could detect the deposited aminosilane and
CMD layer on the substrates, the measurements on reference samples affirmed the covalent
grafting of CMD as well as the thickness of the dry CMD layer was determined to be around 1
nm.

Figure 5 AFM images captured on CMD-ut surface with aminosilane undercoating [T1]
A. AFM image taken on a 10 × 8 µm (in x and y lateral dimensions) area of a Si wafer partially covered with CMD.
The gold lithography allowed to establish a sharp step between the substrate and CMD-covered area. The gold
cover was deposited just on the one half of the sample, thus the substrate surface was not accessible for aminosilane
and CMD molecules. Peeling off the gold, an aminosilane- and CMD-free SiO2 surface could be acquired. B. The
0.5 × 0.5 µm AFM image revealed the topography of the CMD surface. The z height values of graph C were
measured along the profile line of image A, providing a height cross-section of the sample.
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Considering the thickness values measured by AFM and XPS techniques, it is important to
highlight that during the measurement, the specimens were kept in dry state. Under this
condition, the CMD chains were likely to collapse and spread on the surface resulting in a very
thin covering layer. However, with respect to the applications, CMD layers are realistically
used in aqueous environment that means the layers are in a hydrated state. It is noted that in
hydrating environments CMD is able to swell up to even its multiple extent. Consequently,
exploring the characteristics of CMD-ut layers in aqueous environment was desirable, for which
in situ OWLS and QCM-I techniques could be effectively applied. The related results are
presented in the forthcoming section.

5.1.2 Wetting properties
Figure 6 shows water drops on aminosilane and CMD-ut samples which were used to
determine water CA values for the corresponding surfaces. The presented measurements were
performed on the same OWLS model specimen: the CMD-ut layer was grafted to the
aminosilane coating that is represented by image A. The advancing CA values on the
aminosilane were varied in the range of 65 - 80° and significantly decreased to 20 - 40° after
the grafting of CMD-ut layer occurred, demonstrating the presence and hydrophilic
characteristic of the prepared CMD-ut layer (image B). Regarding CMD-based coatings, only
very few data are available in the literature. Michel and co-workers measured 33 - 41° for
covalently grafted CMD layers on aminated polytetrafluorethylene (PTFE) surfaces201
corresponding well with the herein presented results. The thickness of those layers were 5 nm
(determined by XPS depth analysis) that was commeasurable to the fabricated CMD-ut layers.
According to another study, 12° was measured for the CA of dextran coatings on epoxy-covered
fluorinated ethylene-propylene (FEP) surfaces23. This value is also close to the presented range,
however, it should be noted that both the measured broad CA range and deviation of literature
data demonstrate a considerable uncertainty in the CA measurements on such hydrated layers.

Figure 6 Water CA values on aminosilane (A) and CMD-ut (B) surfaces
The two images correspond to the same OWLS model specimen that was coated first by aminosilane to which the
CMD was subsequently grafted (Aminosilane/CMD-ut). Compared to the aminosilylated surface, the CMD
significantly decreased the CA.
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5.1.3 Surface chemistry- and pH-dependent nanostructure revealed by
optical anisotropy analysis
The optical properties and mass of CMD-ut layers during their formation were measured
by in situ OWLS technique. In the present section, the results of these experiments are detailed,
allowing to examine the nanostructure of CMD-ut layers in aqueous conditions.
The OWLS experiments were carried out on amino- and epoxysilylated surfaces using
different grafting conditions where the pH of grafting solutions was varied (see varying pHs in
Table 2). The raw optical data of the OWLS measurements were the transverse electric and
transverse magnetic effective refractive indices (NTE, NTM). The evaluation of these data by the
classical homogenous isotropic 4-layer mode equations provided two parameters at each
measurement time, the apparent average refractive index (nA) and optical thickness (dA) of the
CMD adlayer130,146 (described in Section 2.4.1). The resulted nA and dA enabled to determine
the areal mass density of deposited CMD molecules at the full experimental timescale.
An in situ measurement carried out on epoxysilylated surface is presented in Figure 7. The
stability of the grafted CMD layer is demonstrated by the stable baseline achieved in the
washing section. In a separate experiment, the stability was tested by an additional washing
phase using 0.5 M aqueous NaCl solution (see Figure 7 D). As it is obvious from the mass
graph, even a concentrated NaCl solution did not have significant effect on the deposited CMD
layer. The efficiency of grafting was measured by differential values which were obtained as
differences of baseline points recorded at the beginning and at the end of the measurement. The
calculated difference values of the effective refractive indices (ΔNTE, ΔNTM) as well as mass
and thickness are detailed in Table 2. The shown table contains all the data obtained from the
measurements with different conditions. The mass and thickness difference values as well as
apparent refractive index of the remained (steadily grafted) CMD adlayer are hereafter indicated
by MA,r, dA,r and nA,r, respectively.
pH

ΔNTE × 10-4

ΔNTM × 10-4

MA,r (ng/cm2)

nA,r

dA,r (nm)

dA,r,est (nm)

Am

7.0

3.7

3.8

139

1.67

0.6

1.1 - 7.4

Ep1

2.3

2.2

2.5

94

1.52

0.8

0.8 - 5.0

Ep2

7.0

7.5

5.1

260

2.21

0.4

2.1 - 13.8

Ep3

10.0

6.8

5.2

228

2.10

0.5

1.8 - 12.1

Table 2 Summary of OWLS results on the grafting of CMD-ut layers at different grafting conditions (pH,
surface chemistry) [T1]
The compositions of grafting solutions were the followings (Am: aminated, Ep: epoxysilylated surfaces): in case
of Am: [CMD] = 30 mg/mL (500 kDa, DS = 0.6), [EDC] = [NHS] = 50 mM; in case of Ep: [CMD] = 50 mg/mL
(500 kDa, DS = 0.6).
ΔNTE and ΔNTM represent the change in the transverse electric and transverse magnetic effective refractive indices
before and after CMD grafting. MA,r refers to the remained areal mass density of the CMD adlayer at the end of
the washing section. The nA,r and dA,r values (calculated average refractive index and optical thickness of CMD-ut
layer after the washing) were derived from the model computations, while the estimated thickness of the CMD-ut
layer, dA,r,est was calculated assuming a realistic refractive index range for CMD-ut layer (nA,est = 1.36 - 1.52). The
data were obtained with 10% error of measurement reproducibility.

60

5 RESULTS AND DISCUSSION

Figure 7 OWLS sensograms of an in situ CMD grafting experiment [T1]
The graph headers represent the type of solution which was pumped into the OWLS flow-cell. The experiment
was performed at pH 10.0 on an epoxysilylated sensor surface (concentration of the CMD solution: 50 mg/ml (500
kDa, DS = 0.6)). The CMD surface mass density (MA, graph C) was calculated from the measured NTE and NTM
effective refractive index data (A, B) using the homogeneous isotropic 4-layer optical model. The effectiveness of
the grafting was characterized by the difference of baselines recorded at the beginning and at the end of the
measurement (see indicated values in the graphs). The remained CMD molecules irreversibly attached to the
surface as no significant signal change could be observed, neither after a long washing time nor after washing with
0.5 M aqueous solution of NaCl (D).

The characterization of ultrathin hydrated dextran layers is particularly complicated due
to the limitation of the current available optical techniques. The layers are able to swell in
aqueous environment77, generating low refractive index contrast against the covering aqueous
medium which case is difficult to manage in the evaluation. Nevertheless, employing the quasiisotropic analysis, nA could be utilized to evaluate the anisotropic characteristics and thus the
nanostructure of the CMD adlayers throughout the grafting experiment (detailed previously in
Section 2.4.1). The results showed overestimated nA with values of 1.52 - 2.21 (see Table 2),
indicating significant negative birefringence in the layers (nA,o > nA,e). The magnitude of
overestimation correlates with the extent of anisotropy146, enabling to deduce time-dependent
structural changes in the CMD layer.
The realistic refractive index of hydrated CMD-ut layers should be similar to published
literature values of dextran layers (ndextran(bulk) = 1.36 - 1.5277). Using these data, an estimated
refractive index range for the CMD layer can be introduced: nA,est ≈ 1.36 - 1.52. The
overestimated nA data suggested that dA was underestimated. Rearranging the de Feijter formula
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(Eq. (4)) using nA,est values and based on the fact that MA is a plausible mass (nA-dA errorcompensation), realistic (estimated) thickness data can be obtained by the following expression:

𝑑A,est =

𝑛w + (d𝑛/d𝑐)𝑀A
𝑛A,est

(27)

where nw is the refractive index of water (fix substituted values were the followings: dn/dc =
0.15 mL/g, nw = 1.3317).
According to the anisotropy analysis, the unrealistically high nA values derived from CMD
chains with a flat conformation oriented parallel with the surface (train conformation). If the
value of nA had been lower, more CMD chains would have been perpendicular to the surface
and a more hydrated brush-like structure would be plausible. To understand the conformational
alterations and layer formation mechanism for the whole deposition experiment, nA vs. MA
hysteresis curves were also created, involving time as an implicit parameter202–205. This special
type of data representation enabled to track the grafting experiment by analyzing the changes
of nA generated by every added or removed CMD mass unit. The curves (shown in Figure 8)
include both the grafting (G) and washing (W) experimental phases and they represent all the
examined experimental conditions. The dashed arrows are indicating the direction of
experiment in time and furthermore, the inset drawings are presenting the assumed chain
conformations at the corresponding phases. Based on the difference in shape and values of the
curves, the structure of the grafted CMD layers significantly depended on the applied surface
chemistry (type of silane coating) and pH.
The EDC/NHS-based linking reaction was employed to covalently graft CMD molecules
through their carboxyl groups to surface attached amino moieties resulting in amide bonds.
Coupling the carboxyl and hydroxyl groups through epoxysilane was also used to graft CMD
chains to the surface. According to the expected reaction pathways, the epoxide and CMD
carboxyl groups were coupled via ester bonds, while the reaction between the epoxides and
CMD hydroxyls formed ether bonds. Although the epoxide groups are able to react with both
CMD hydroxyls and carboxyls, the reactivity of epoxides to carboxyls is higher due to the more
nucleophilic characteristic of the carboxylic oxygen atoms.
It was found that the pH of the CMD solution significantly influenced the structure of CMD
layers on epoxysilylated OWLS sensor surfaces. In neutral and basic conditions (pH 10.0 and
7.0), the CMD chains laid on the surface (high nA values). When the CMD grafting was in
progress, nA values were further increased which originated from the deposition of CMD
molecules with a dominant orientation parallel with the surface. Reaching the washing section,
as it can be suggested by the sudden change of nA, first the less associated brush-like molecules
were desorbed. During the second part of the washing process, some parallel oriented CMD
chains were also washed off, however at a slower rate and in a moderate amount.
Another CMD layer formation mechanism occurred at pH 2.3, where the proportion of lain
down molecules was smaller. This observation is based on the nA value of 1.52 which was
closer to the realistic refractive index of the hydrated CMD layer. As the grafting proceeded,
the deposition of loops was predominant, as presented by the grafting section in Figure 8. At
the end of the grafting phase, nA ≈ 1.30 was observed, allowing to deduce a randomly oriented
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layer without noticeable anisotropy (nA,e ≈ nA,o). However, these molecules were easily
removed in the subsequent washing process, whilst several lain down chains remained on the
surface at the end of the washing. Additionally, pH-dependence could be also observed
considering the value of grafted CMD mass (MA,r), which was 2.4-fold lower compared to the
mass value acquired at pH 7 (see Table 2).
Regarding epoxy-functionalized surfaces, the dependence of CMD structure upon pH is
supposed to originate from the pH-dependent efficiency (yield) of the epoxidecarboxyl/hydroxyl reaction. It was revealed that the increment in the deposited mass was
accompanied by an increment in nA and it was a function of the pH. At acidic condition (aqueous
CMD solution without pH adjustment), the smallest amount of CMD was deposited on the
surface, because the high hydrogen ion concentration did not favor the epoxidecarboxyl/hydroxyl linking reaction and it was supposed to have negative effect on the reaction
yield113. However, the relatively low values of nA suggested that a smaller amount of deposited
CMD molecules lead to a vertically more extended layer. Under neutral and basic conditions,
the remaining mass was high and the CMD molecules showed parallel orientation to the surface.
In this way, owing to the more efficient grafting to epoxide groups, the CMD molecules were
able to connect to the surface by more pinning points along their chains that subsequently
resulted in a flat layer with only a small amount of loops.

Figure 8 Apparent refractive index of CMD layer as a function of deposited CMD areal mass density,
obtained from in situ OWLS grafting experiments at different experimental conditions [T1]
The shown arrows indicate the direction of experiments in time (regarding the arrows, mark G refers to the grafting,
W to the washing phase). In the inset table, Am refers to the aminosilylated, Ep to the epoxysilylated surfaces. The
changes in the CMD layer structure during its formation was schematically drawn. As the refractive index ellipsoid
(a diagram intended to illustrate the orientation and relative magnitude of refractive indices in a birefringent
medium) demonstrates at the top left corner, the overestimated nA values suggested a negatively birefringent CMD
layer (nA,o > nA,e).
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The hysteresis curves of aminated surfaces (pH 7.0) had similar shape as those recorded
on epoxy-functionalized surfaces at neutral and basic pH values. However, the grafting resulted
in a more extended layer, presented by the smaller increase of nA (Figure 8). Comparing the
MA,r and nA,r values, the aminated surfaces had an intermediate structure, similar to a structure
between the two pH extremes observed on epoxylated surfaces (pH 2.3 and pH 10.0). The
results suggested that the CMD was linked to the aminated surface by less pinning points under
the applied grafting condition compared to the epoxylated surface at pH 10.0, however, more
than at pH 2.3. In the work of Monchaux and co-workers112, similar differences were published
with respect to the structure of covalently attached CMD layers on aminated surfaces,
correlating well with the herein presented results.
As a brief overview on the OWLS results, the measurements performed under aqueous
conditions resulted in overestimated (unrealistically high) nA values referring to negative
birefringence in the CMD adlayer. It was demonstrated that the layer formation accompanied
with a continuous change in the layer’s anisotropy and thus its nanostructure. Moreover, the
conformational alterations varied depending on the grafting conditions. It can be concluded that
the grafted amount and nanostructure of CMD-ut layers significantly depended on the
composition of silane subcoating, the corresponding linking chemistry as well as pH of the
grafting solution. On average dA = 0.6 nm thickness was determined for the CMD-ut layers
(Table 2). It was confirmed that the classical model used in the OWLS evaluation was not
suitable to determine the realistic thickness and refractive index under aqueous conditions.
While the model overestimated the nA, the corresponding CMD layer thickness was necessarily
underestimated. This observation was well demonstrated by the estimated realistic thickness
ranges (dA,r,est) shown in Table 2. Comparing with the thickness of the dry layer (XPS, AFM),
the dA,r,est (OWLS) values demonstrated significant swelling in aqueous environment, which
can be attributed to the substantial hydration ability of CMD chains. Based on these
observations, the quantitative characterization of hydration and hydration-related
conformational alterations was considered to be a key point in understanding the properties of
CMD-ut layers.
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5.1.4 Viscoelastic and hydration properties. Comparison with PLL-g-PEG
In this section, results obtained from in situ QCM-I measurements are presented to reveal
the viscoelastic and hydration properties of CMD-ut layers prepared on aminosilylated surfaces.
The QCM-I results were supported by OWLS data and the combination of the two technique
provided special tool to characterize the hydration characteristic of CMD-ut layers (for the
proposed concept, see Scheme 30 below). The QCM-I data were obtained by a recently
commercialized QCM-I instrument and they were evaluated using a self-developed evaluation
code. Therefore, to validate the raw and evaluated data, the related results on ultrathin PLL-gPEG layers are also interpreted: the PLL-g-PEG was used as a reference material for
comparison and validation.

Scheme 30 Schematic representation of the applied measurement and data evaluation methodology for the
investigation of the nanostructure of heavily hydrated ultrathin polymer layers [T2]
The parallel QCM-I and OWLS measurements were performed on chemically identical sensor surfaces and the
formation of CMD-ut and PLL-g-PEG nanolayers was in situ monitored. Evaluating the raw measurement data,
wet mass and viscoelastic parameters (QCM-I) as well as dry mass and anisotropy-related parameters (OWLS)
could be obtained and finally combined (composite results) to investigate the conformational alterations in terms
of hydration and viscosity. The detailed evaluation methodology regarding the combined analysis of optical
anisotropy and viscoelasticity will be presented in Section 5.1.5.
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5.1.4.1 Qualitative analysis of frequency and dissipation data
Figure 9 presents the raw data curves obtained from in situ QCM-I measurements both
for CMD-ut and PLL-g-PEG layers. The normalized frequency shift (Δfn/n) (Figure 9 A, B)
and dissipation shift (ΔD) (A, B) curves are shown for the overtones n = 3, 5, 7. Due to the fact
that the fundamental frequency (n = 1) is sensitive to the environmental noise161, the
fundamental resonance data were neglected and only Δf and ΔD data for the overtones n > 1
were presented.
Similarly to in situ OWLS, in situ QCM-I also allowed to investigate the whole layer
formation progress. As the presented plots in Figure 9 indicate, there are considerable
differences in the behavior of CMD and PLL-g-PEG layers. Whilst a significant amount of
CMD molecules was washed out of the layer, most of the adsorbed PLL-g-PEG molecules
remained irreversibly on the surface (graph A, small change in Δfn/n as a function of time). As
it is demonstrated by the large shift of ΔD (graphs C and D), the washing strongly affected the
viscoelastic properties. Comparing the washed and unwashed states, the relatively large ΔD
difference suggested that removal of a small number of loosely bound chains induced an
observable alteration in the layer’s viscoelasticity. In the case of CMD, the rinsing effect was
more obvious. The CMD layer formed until the end of phase 2 (see figure headers) generated a
frequency shift that was more than two-folds compared to PLL-g-PEG. However, 80% of the
frequency shift was retrieved in the washing section by desorption, and the dissipation of the
remained layer become ΔD3 = 4.8 × 10-6 from 60 × 10-6. The latter value relates to an extremely
dissipative unwashed state (at the same time ΔD3 = 2.5 × 10-6 was measured for the unwashed
PLL-g-PEG layer). Therefore, it is supposed that the CMD layer provided a soft coverage,
mostly constructed by loosely bound chains. Afterwards, these entangled chains could quickly
desorb and a thin, less dissipative film remained.
Graphs E and F confirm the remarkable effect of washing. Along the given curves, one can
track the variation of ΔD as a function of Δf at the full experimental timescale. The significant
bend in the CMD curve of graph F originates from the peak observed in the Δf and ΔD graphs
(B, D) during the washing section when intense desorption of loosely captured chains occurred.
The analysis of this observation supported by OWLS data will be demonstrated in Section
5.1.5.
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Figure 9 Frequency and dissipation shifts measured on PLL-g-PEG and CMD-ut layers. The
corresponding model fits are also presented. [T2]
A, B, C, D. Normalized frequency (A, B) and dissipation (C, D) shift curves measured as a function of time by in
situ QCM-I on the deposition of PLL-g-PEG (A, C) and CMD-ut layers (B, D) onto SiO2-TiO2 surfaces. The data
are plotted for the overtones n = 3, 5, 7 (see legend in graph A, which is also related to graph B, C and D). The
experiments were performed in three consecutive steps, indicated by the given numbers in graph headers: the
polymer-free solution was first driven through the flow-cell to have a stable baseline (1); then the solvent was
exchanged to polymer solution (2), which was flowed until it was replaced by the solvent (3) in order to wash
away the loosely adsorbed polymer chains.
The model fits of the measured normalized frequency and dissipation shifts for the overtones 3, 5 and 7 are also
shown. The quality of fit was quantified for the entire fitted time interval by the mean squared error (MSE) number.
In case of the shown fits, MSE = 117 and 22 could be reached for PLL-g-PEG and CMD measurements,
respectively.
E, F. Dissipation shift against normalized frequency shift curves for PLL-g-PEG (E) and CMD-ut layers (F). The
arrows show the direction of the experiment in time, while the numbers indicate the specific experimental sections
as explained above (1: baseline, 2: deposition, 3: washing). The red curve in plot E is enlarged from plot F.
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The data in Table 3 were read from the end point of the corresponding curves in graph
A, B, C and D in Figure 9, and they summarize the Δfn/n and ΔDn values for the irreversibly
attached layers. The data were analyzed to decide about the adequacy of the Sauerbrey equation
in the evaluation. This analysis was supported by the following data representation methods.
At the first glance, the comparison of Δfn/n can be rather suggestive161, as a significant
dependence of Δfn/n on the overtone number implies a viscoelastic case. Additionally, the
magnitude of ΔDn can be also a good indicator and it has been shown that there is a critical ΔDn
number, 2 × 10-6, which determines the upper limit when the layer can be still treated as
rigid160,162.
According to the presented results, the Δfn/n values followed only a small dependence on the
overtone number. This observation suggests that the Sauerbrey equation should be adequate
and the layers are rigid. However, significant viscoelastic behavior was found particularly in
case of CMD, indicated by the values of ΔDn (> 2 × 10-6). For PLL-g-PEG, the ΔDn values (≈
2 × 10-6) were around the critical number160,162. Since the ΔD values suggested a viscoelastic
case, the developed evaluation code was used to determine the hydrated thickness (dA), mass
(MAQCM,V), shear viscosity (ηA) and shear elastic modulus (µA) of the adlayers using the
Voinova’s Voigt-based model.

Δfn/n (Hz)

ΔDn ×

10-6

PLL-g-PEG

CMD

n=3

-32.5 ± 3.7

-15.7 ± 1.6

n=5

-30.6 ± 4.3

-14.7 ± 1.6

n=7

-29.2 ± 4.8

-14.3 ± 1.9

n=3

1.80 ± 0.95

3.68 ± 1.46

n=5

2.12 ± 0.90

2.28 ± 0.79

n=7

2.17 ± 0.68

1.73 ± 0.49

Table 3 Normalized frequency and dissipation
shifts for PLL-g-PEG and CMD layers at the
overtones of n = 3, 5, 7 [T2]
The data are presented as averaged values ± standard
deviation calculated from 3 parallel experiments
both for PLL-g-PEG and CMD.
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5.1.4.2 Developed evaluation program for viscoelastic analysis
The developed MATLAB code is constructed by two main functions. The core function
(VoigtModel) involves the model equations and the equation of the error function (2) (for
details, see Scheme 20 in Section 2.4.2). While the model equations calculate the frequency
and dissipation shifts at a certain set of parameters, the core function calls the measured
frequency and dissipation shift data. The squared difference of the calculated and measured
data is computed by the 2 equation. The fminsearch inbuilt MATLAB function, (located in an
outer function (QCMevaluation)), calls the core function and performs the minimization of the
error function by changing the value of the fitted parameters.
Running the code needs code-related background knowledge and the original code cannot be
run on systems without an installed version of MATLAB. A user-friendly application with
graphical interface was also developed, which can be used on systems without installed
MATLAB package. Scheme 32 (Section 9.2, Appendix) illustrates the graphical interface and
demonstrates its operation.
For code validation, two methods were used. Raw Δf and ΔD data measured on PEG
layers were extracted from the publication of Dutta et al.161 and evaluation by the developed
program using the extracted Δf and ΔD as input data was performed. The results of the fit
(shown in Table 4) demonstrate good accuracy with the published data.
Δfn/n (Hz)

ΔDn

dA (nm)

MAQCM,V (ng/cm2)

ηA (mPa·s)

µA (MPa)

n=3

n=5

n=7

n=3

n=5

n=7

Ref.161

-53.5

-43.4

-37.5

13.2

11.3

9.8

17.78

1778

1.40

0.125

Fit to Ref.

-56.7

-42.8

-37.3

13.6

11.1

9.0

17.21

1721

1.70

0.119

Table 4 Code validation by model fitting to reference values
The data from the 1st row (Ref.) originate from the publication of Dutta and co-workers, who measured the
adsorption of thiol-tagged PEG molecules on gold surface using QCM-D technique. Their measured Δfn/n and
ΔDn values were fitted using the developed code and the resulted layer properties were compared with the
published data. The Δfn/n and ΔDn values were read at the end of the measurement. Based on the published details,
1200 kg/m3 layer density was used in the calculations. The resulted parameters of the polymer adlayer were the
followings: dA: thickness, MAQCM,V: areal mass density, ηA: shear viscosity, µA: shear elastic modulus.
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5.1.4.3 Results from the viscoelastic analysis
The results obtained from fitting the measured Δf and ΔD data are shown in Table 5 and
the fits can be seen in Figure 9. The time-dependent areal mass densities are shown in graphs
A and B of Figure 10 (the data in the table relates to the end point of the experiment and
represent the remained stable layer). The proposed schematic structure of the attached layers
are also drawn (G, H). For running the fit – in addition to the collected Δf and ΔD data – the
effective density of the adlayer that relates to the hydrated state (ρA) was also required by the
Voinova’s Voigt-based viscoelastic model. In case of heavily hydrated polymer layers, the
density is supposed to be close to the density of water. Using this approximation, 1000 kg/m3
was used as ρA both for CMD and PLL-g-PEG56. The mass and viscoelastic data determined by
the fits are presented in Figure 10. It should be noted that during the polymer deposition section
of the experiment, the resulted data should be carefully considered, because the bulk parameters
(viscosity and density) were different and unknown than as they were used in the model. This
could be especially true in case of the CMD experiments, where a solution with high
concentration (50 mg/mL) was applied.
While OWLS measures only the deposited mass of a polymer layer without bound or
trapped solvent molecules („dry” OWLS mass, MAOWLS), QCM measures the solvated mass of
polymer chains („wet” QCM Voigt mass, MAQCM,V). Comparing the evaluated mass data (Table
5), it can be concluded that there was a significant difference between the PLL-g-PEG and
CMD-ut layers in the grafted amount of polymer chains both with and without associated water
molecules.
The dry and wet masses are illustrated in Figure 10 (A, B). Here, one can see the obvious
difference between the dry and wet mass curves, which is indicated by Mw (mass of bound
water) for the remained layer. These mass data could be used to calculate the hydration degree
(φA) by Eq. (17). Both the PLL-g-PEG and CMD layers presented remarkable water content,
providing the hydration degree values of φA = 56% and 89%, respectively. Note that according
to the literature, usual hydration values of PLL-g-PEG layers are in the range of 72 84%56,206,207. The data also demonstrate that although the dry mass of CMD was lower than the
mass of PLL-g-PEG, the hydrated mass of CMD significantly exceeded the hydrated mass of
PLL-g-PEG, due to the extreme hydration of CMD chains. This observation, that the Sauerbrey
(MAQCM,S3) and Voigt mass of CMD differed to such extent, obviously verified the application
of the viscoelastic model in data analysis. Based on the method of Müller and co-workers56, the
number of associated water molecules per one monomer unit of the polymer (NH2O/monomer) was
also calculated. For the resulted data, see Table 5.
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Figure 10  QCM-I measurement results on the formation of PLL-g-PEG and CMD-ut nanolayers.
Determination of the mass of bound/trapped water by complementing the QCM-I mass data with OWLS
results. [T2]
The evaluation was performed by the Voinova’s Voigt-based viscoelastic model using the developed evaluation
code.
A, B. Areal mass density data obtained from in situ QCM-I (solid black line) and OWLS (solid red line) on PLLg-PEG (A) and CMD-ut layers (B). In the headers, the numbers indicate the corresponding experimental sections
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(detailed in Figure 9). Two types of QCM-I mass curves are plotted, represented by thicker lines (mass data
calculated by the Voigt-based model) as well as thinner lines (3rd overtone Sauerbrey mass (S3)). In case of the
CMD plot (B), the data of the fitted Voigt mass were smoothed by adjacent-averaging method using a 10-point
averaging window. The dashed line underneath is an extension of the baseline. In the deposition section of CMD
experiment, the calculated Voigt mass was too high for a proper interpretation, therefore only mass values up to
3200 ng/cm2 are shown. The amount of bound/trapped water in the polymer layers are indicated by Mw and the
highlighted mass difference.
C, D. Full mass (dashed red) and thickness (solid black curves) plots. The mass and thickness are simply
proportional by the factor of ρA (Eq. (9)), hence their curves have the same shape. The layer density was fixed at
1000 kg/m3.
E, F. Shear viscosity (black) and shear elastic modulus (red) plots of PLL-g-PEG and CMD-ut layers.
G, H. The drawings demonstrate the assumed final structure of the formed polymer layers (besides the polymer
chains, the bound/trapped water molecules are also indicated).

Measured
PLL-g-PEG

Reference *
CMD

PLL-g-PEG (a) or PEG (b)

PLL-g-D (c), D (d), CMC (e)

MAOWLS (ng/cm2)

274 ± 36

124 ± 23

268 ± 14 [206 (a)], 198 ± 12 [56 (a)]

-

MAQCM,S3

575 ± 66

277 ± 28

-

-

MAQCM,V (ng/cm2)

618 ± 36

1102 ± 487

690 [206 (a)], 1241 ± 63 [56 (a)]

φA (%)

56

89

72 [206 (a)], 83 [207 (a)], 84 [56 (a)]

57 [206 (c)], 60 - 70 [208 (c)]

NH2O/monomer

4

71

7 [206 (a)], 14 [56 (a)]

14 [206 (c)], 15 - 30 [208 (c)]

ρA (kg/m3)

1000

1000

1000 [56 (a)]

1000 [123 (d)]

nA

1.58 ± 0.04

1.66 ± 0.22

-

-

dAOWLS (nm)

2.1 ± 0.1

0.9 ± 0.5

-

-

dAQCM,S3

5.8 ± 0.7

2.8 ± 0.3

(ng/cm2)

(nm)

-

11.0 ± 4.9

5.9

ηA (mPa·s)

3.71 ± 1.22

1.43 ± 0.27

1.7 [207 (a)], 1.4 [161 (b)]

0.50 ± 0.26 [123 (d)]

µA (MPa)

0.80 ± 0.46

0.03 ± 0.01

0.10 [206 (a)], 0.125 [161 (b)]

0.1 - 0.2 [162 (e)]

(nm)

8.5 ± 0.4

-

6.2 ± 0.4

dAQCM,V

[138 (a)],

-

[207 (a)]

-

Table 5 Summary and literature review of parallel OWLS and QCM-I measurement results obtained on
PLL-g-PEG and CMD layers [T2]
The data are presented as averaged values ± standard deviations calculated from 3 repeated experiments both for
PLL-g-PEG and CMD polymers as well as for OWLS and QCM-I measurements. The presented data correspond
to the remained and steadily attached layers achieved at the end of the experiment. The superscripted indications
set the following remarks: *some referred data were not measured concretely on PLL-g-PEG and CMD polymers,
see details as follows: a measured on PEG, b measured on PLL-g-D (D as dextran), c measured on dextran, d
measured on carboxymethyl cellulose (CMC).
Legend: MAOWLS: areal mass density measured by OWLS; MAQCM,S3, MAQCM,V: areal mass density measured by
QCM-I and evaluated by the Sauerbrey equation as well as by the Voigt-based model, respectively; φA: hydration
degree; NH2O/monomer: number of bound water molecules per one monomer unit of the polymer chain; ρA: density of
the hydrated polymer adlayer; nA, dAOWLS: refractive index and optical thickness of the adlayer determined by
OWLS; dAQCM,S3, dAQCM,V: adlayer thickness evaluated by the Sauerbrey equation as well as by the Voigt-based
model, respectively; ηA, µA: shear viscosity and shear elastic modulus of the polymer adlayer evaluated by the
Voigt-based model.
The references are indicated by the numbers shown in the superscripts.
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5.1.5 Time-dependent conformational alterations in terms of hydration and
viscoelasticity
To achieve a better insight regarding the time-dependent conformational alterations of
heavily hydrated CMD-ut nanolayers, a novel OWLS-QCM combined data analyzing
methodology was developed. The evaluation methodology is based on the quasi-isotropic
analysis of OWLS data (nA) combined with derivative QCM-related quantities like hydration
degree and viscosity. In this respect, the analysis merges the methods presented in Section 5.1.3
and Section 5.1.4. The methodology and its application with respect to CMD-ut layers
(prepared on aminosilylated surface) are introduced through the composite graphs of Figure 11
as follows.
Graph A of Figure 11 presents both the nA and A parameters of CMD layer at the entire
experimental timescale. Besides the unrealistic nA values, the realistic refractive index nA,est of
the hydrated CMD layer is also shown. Herein, compared to the previously given nA,est (Section
5.1.3) data, time-dependent nA,est values with higher accuracy are presented: the calculation of
nA,est was based on the known refractive index of dry bulk dextran (1.52, that is a plausible
estimation for the n of CMD) and the determined time-dependent A values.
As it has been shown in Section 5.1.3 and as it is confirmed by the values of graph A, the 4layer mode equation model provided overestimated (unrealistically high) nA during the whole
CMD grafting experiment. The overestimation of nA was also expressed in the underestimated
values of optical thickness (dAOWLS) originated from OWLS data as well. Graph B of Figure
11 demonstrates the difference to the hydrated QCM thickness (dAQCM,V) at each measurement
point.
Figure 11 C and D represent composite OWLS-QCM graphs which involve time as implicit
parameter, similarly to Figure 8 (Section 5.1.3). Owing to this data interpretation, one can track
the effect of polymer deposition as well as washing on the layer structure via hydration and
viscosity. The devised layer structures relating to certain phases of the layer formation are
illustrated by the figures of α, β and γ.

73

5 RESULTS AND DISCUSSION

Figure 11 Revealed conformational changes in CMD-ut layers in terms of hydration and viscoelastic
properties based on combined OWLS-QCM data evaluation [T2]
The illustrations on the top demonstrate the devised conformational changes in the formed CMD layer, relating to
certain experimental phases (times) which are indicated in the corresponding data graphs by α, β and γ,
respectively. The numbers in the headers indicate the experimental sections detailed in Figure 9.
Graph A and B represent the adlayer refractive index (nA) and hydration (A) as well as mechanical and optical
thickness data (dAOWLS and dAQCM,V) obtained at the whole experimental timescale. While nA was calculated from
OWLS measurement data only, A was compiled from OWLS and QCM-I mass data. Graph B shows the hydrated
thickness data of graph D in Figure 10. The values of nA and dAOWLS were calculated from OWLS measurements
using the isotropic homogenous 4-layer mode equations. The presented nA,est values were in the range of 1.33 1.36 and provided a practical boundary for the isotropic-anisotropic transition (shown in graph A and C).
Graph C was compiled from the nA and A data of graph A. In the inset of graph C, the refractive index ellipsoid
demonstrates the observed negative birefringence in the adlayer (nA,o > nA,e). Graph D combines the magnitude of
anisotropy (nA) with layer viscosity (ηA; from QCM-I), where the latter quantity was independently determined
from QCM-I.
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The deduced progress of CMD layer formation is interpreted as follows. Right after the inflow
of CMD solution, a thick, heavily hydrated (A ≈ 97%) and viscous (ηA ≈ 1.52 mPa∙s vs. ηwater
= 1 mPa∙s) layer was formed and stabilized (illustrated by α). The increased magnitude of
anisotropy (nA = 1.49 vs. nA,est = 1.34) suggests a dominant chain conformation parallel with
surface complemented with few perpendicular loops and attached random coils.
However, in the forthcoming washing phase, a remarkable and fast change occurred in the layer
structure (nA = 1.49 → 1.84) induced by the removal of loosely bound chains mainly with
perpendicular and random coil conformations. As a result, a layer with prevalently lain down
chains and with a much lower ratio of extending loops was formed (at ca. 50 min, indicated by
β).
Nevertheless, it was revealed that β and its corresponding structure was only an intermediate
phase of the washing section. In the curve of A, an unexpected bend appeared around β (see
graph C, transiently increasing A values), and β was followed by a continuous decrease of A,
decrease of nA as well as increase of ηA (D), presenting an opposite direction to the preceding
tendency. The bend corresponds to the ascending A data indicated by β in graph A.
Furthermore, this curve shape originated from the peak that appeared both in the ΔDn as well
as Δfn/n graphs, and it could be also observed as a bend in the ΔD3 - Δf3/3 graph, respectively
(Figure 11 D, F). Whilst the phenomenon around β could not be perceived by the raw effective
refractive index and calculated OWLS mass data, it could be revealed by the anisotropy
analysis. Based on the above considerations, it is strongly supported that after the rapid
displacement of weakly bound CMD molecules, a conformational rearrangement started in the
layer structure, accompanying with a moderate loss of mass and involving the extension of lain
down chains to perpendicularly oriented loops (descending nA). The rearrangement was
accompanied with a transient rehydration of the layer (see the small bend in A curve, graph
C), followed by a recommencing water loss that must have governed by the detachment of
heavily hydrated CMD chains, which were in the bottom half of the layer and got uncovered
during the washing (after β, moderate decrease in MAOWLS while massive decrease in A). The
proposed final structure consisted of more extended chains with less hydration is also backed
up by the observed rise in layer viscosity (graph D).
The fact that the massive decreasing tendency of nA could be still observed when the surface
amount of both the CMD chains and trapped water were stable (only small level of mass loss),
strongly confirms the conformational rearrangement hypothesis. It is also concluded that
despite the emergence of extending loops, the lain down chains were still dominating in the
remained structure (γ), demonstrated by the relatively high nA values (1.55 > 1.36 = nA,est,
significant negative birefringence).
As it is supported by all the analyzed data (nA, dA, MAOWLS, A, ηA) and due to the fact
that the particular traces of the conformational rearrangement could be independently detected
by OWLS and QCM-I measurements, the presented layer formation mechanism is based on
plausible considerations. It is worth highlighting that without the quasi-isotropic analysis, the
conformational rearrangement could not have been observed by the OWLS technique (the raw
QCM-I data were however sensitive). It is also noted that the background of the revealed
phenomena should be further analyzed due to the complexity (hydrated state, viscoelastic
behavior) and nano-scale dimensions of the examined CMD-ut layers.
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5.1.6 Summary of results presented in Section 5.1
In Section 5.1, results obtained on the characterization of ultrathin, covalently grafted
CMD layers were presented. The layers were measured both in their dry and hydrated states
using various surface analytical techniques. Based on XPS measurements, the thickness of
CMD-ut layer was determined to be 0.73 nm, which was in good agreement with AFM results.
Supported by two main observations, it was shown that the CMD-ut layer was covalently
grafted to the surface. These observations were the followings: (i) the thickness of CMD-ut
layer on Si substrates without silane coating (control sample) was one order of magnitude lower
(0.07 nm) than in case of using silylated substrate for grafting, (ii) and it was also proven that
the CMD molecules formed stable layer which could not be washed off even by a concentrated
solution of NaCl.
Based on the quasi-isotropic analysis of in situ OWLS data, it was revealed that the
nanostructure, namely the orientation of CMD molecules is dependent on the applied surface
chemistry and pH of the grafting solution. On epoxysilylated surfaces, it was found that the
dominant chain conformation of CMD molecules is parallel with the surface under neutral and
basic conditions, while under acidic conditions the layer is consisted of a significantly larger
number of extending loops with perpendicular orientation to the surface. In case of
aminosilylated surfaces at neutral pH, the nanostructure was found to be between the two
extremes observed on epoxylated surfaces.
The viscoelastic properties as well as hydrated thickness and mass of CMD-ut layers were
measured by a newly commercialized QCM-I instrument and the data were evaluated by a selfdeveloped program. Measuring PLL-g-PEG nanolayers, the data obtained by this new
instrument and evaluated by the self-developed evaluation program were successfully
validated. As a result of the combined analysis of in situ OWLS and QCM-I measurement data,
the hydration degree of CMD-ut layers was determined, resulting the considerable value of
89%.
Also in this section, a new OWLS-QCM data evaluation methodology was presented that is
based on the quasi-isotropic analysis of OWLS data in terms of layer hydration and viscosity.
This methodology could be applied for the kinetic analysis of structural alterations in hydrated
nanolayers. It was found that the washing of CMD-ut layer induces a conformational
rearrangement with consecutive increasing and decreasing hydration degrees, resulting in a
final structure consisting of mostly lain down chains and moderate number of perpendicularly
oriented loops.
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5.2 Characterization of spin-coated CMD layers
Herein, results on the characterization of spin-coated and crosslinked CMD-sc layers are
presented. The layers were used in further applications (see results later), therefore, the
thorough analysis of layer properties was strongly required.

5.2.1 Thickness, composition and topography
The CMD-sc layers were prepared employing various spin-coating rotational speeds in
order to control the thickness of the deposited layers. Thickness maps were obtained by
mapping mode spectroscopic ellipsometry measurements. Ellipsometric optical model was
developed in order to evaluate the measured Ψ and Δ spectra and determine the thickness of dry
CMD-sc layers. Ellipsometry was found incapable for the measurement of CMD-ut films,
because the very thin CMD layer could not be reliably separated from the substrate. However,
over around a thickness of 5 - 10 nm (measurement data are not shown), the spectra could be
effectively evaluated and the thickness and refractive index of CMD layers could be
determined. Scheme 31 illustrates the applied optical model that considers the proposed sample
structure.

Scheme 31 Optical model developed for the ellipsometric characterization of CMD-sc layers [T3]
Scheme A shows the schematic structure of a typical sample and B represents the used refractive index
approximating model. For simplification, the aminosilane layer was not involved due to its negligible thickness.
The fitted layer parameters (C) are also presented. The given symbols belong to the following parameters:
thickness (d), A and B parameters of the Cauchy’s equation (Cauchy A, B) and inhomogeneity degree (δ). The
optical parameters of BK7 glass were originated from the database of CompleteEASE program209.

The Ψ and Δ spectra were fitted in the wavelength range of 450 - 900 nm for each
measurement. In the optical model, the refractive index of different layers were fitted by the
three-parameter Cauchy’s equation (Eq. (24)). The parameters of the BK7 glass substrate were
kept fixed for each sample. The developed optical model hypothesized linear inhomogeneity of
the refractive index in the depth of the SiO2-TiO2 waveguide layer (gradient layer model). This
hypothesis was supported by the expectation that the density of the top part of the waveguide
was decreased due to the applied several cleaning cycles with the use of chromosulfuric acid.
The waveguide layer was divided into 5 slices in which the Cauchy A parameter was a linear
function of depth. The fitted inhomogeneity degree (δ) presented the percentage of the
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difference of A between the bottom and the top of SiO2-TiO2 layer. Additionally, parameter B
was also fitted while keeping C at zero. The use of δ as fit parameter significantly enhanced the
fit quality and, in addition, its resulting value was always negative. These observations support
well the above hypothesis regarding the waveguide layer to be inhomogeneous in its depth. In
the analysis of 12 samples, the δ was found to be -1.8 ± 0.6%. (average ± std).
The wavelength dependence of the refractive index of bulk CMD, represented by the
Cauchy B parameter, was determined by the evaluation of measurements performed on spincoated thick CMD layers using gold substrate (the samples were not washed). The gold was
used as substrate, because it provided high optical contrast and high sensitivity in the
measurement of layers with low refractive index value. The fitted spectra and experimental
details can be seen in Figure 12. The resulted dispersion was found to be BCMD = 4.5 × 10-3 ±
7.4 × 10-4 (average ± std; based on the analysis of 4 samples). In the analysis, CCMD was set to
zero as its effect on the fit was negligible. This value was used as fix parameter for the further
analysis of CMD-sc layers prepared on aminosilylated SiO2-TiO2 surfaces, unless a
significantly more accurate fit required the parameter to be used as additional variable. While
keeping BCMD fixed, the Cauchy A and the thickness of CMD-sc layers were fitted (see optical
model in Scheme 31).

Figure 12 Ellipsometric spectra of a spin-coated CMD layer used for the determination of refractive index
dispersion of the bulk CMD (Cauchy B parameter)
Ψ (―) and Δ (―) spectra (A) measured on a CMD layer spin-coated at 3000 rpm rotational speed on top of a gold
substrate. The dispersion parameter was determined by fitting the measured spectra. The refractive index
dispersion function can be seen in graph B. On part A of the figure, the solid lines refer to the measured spectra,
the dashed lines to the fitted curves. The measurement was performed at the incident angle range of 45 - 70° (with
an angle shift of 5°) and in the wavelength range of 210 - 1000 nm. The plotted spectra were recorded at 55°. The
applied optical model was based on considering the following structure: BK7/Cr2O3/Au/CMD. The varied
parameters were the CMD thickness, A and B Cauchy parameters as well as extinction coefficient of the CMD
layer. MSE value of the presented fit: 39.
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In Figure 13, a thickness and refractive index map measured on an unwashed CMD-sc sample
is presented (C, D). The resulted CMD-sc thickness values obtained from the ellipsometric
analysis are shown in Figure 14. The bar chart represents both the unwashed layer and the
remained layer after washing, prepared at varying rotational speeds. The error bars on top of
the columns are indicating the minimal and maximal layer thickness values, observed on the
maps of 3 parallel samples. As it was expected, the rotational speed had significant effect on
the thickness of unwashed CMD layers and the tendency of thickness change as a function of
rotational speed also followed the expectations. However, the washing process considerably
affected the CMD layer, and the spin-coated layer lost more than 80% of its thickness. The
effect of different rotational speeds on the remained layer thickness was not obvious. It can be
concluded, that although the thickness of unwashed layers could be controlled by the rotational
speed in a wide thickness range (100 - 200 nm), the thickness of the washed layers always
remained in the range of 10 - 50 nm.

Figure 13 Ellipsometric spectra as well as thickness and refractive index maps obtained on unwashed
CMD-sc layer
Ψ (―) and Δ (―) spectra measured for the determination of thickness and refractive index of CMD-sc layer on
SiO2-TiO2 substrate (OWLS model sample) (A). The solid lines refer to the measured spectra, the dashed black
lines to the fitted curves (MSE = 1.9). The spectra were recorded at the center point (x = 0 cm, y = 0 cm) of the
sample. The layer was prepared at spin-coating rotational speed of 6000 rpm. Details of the optical model are also
shown (B), indicating the resulted parameter values at the center point. The corresponding fit can be checked in
graph A (parameters: thickness (d), A, B and C parameters of the Cauchy’s equation as well as inhomogeneity
degree (δ)).
Graph C and D present the thickness (dCMD) and refractive index (nCMD, 632.8 nm) map of CMD layer. The refractive
index was calculated from the Cauchy’s equation at wavelength of 632.8 nm. Each map contains 25 measured
points with different positions.
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The literature of spin-coated dextran layers is fairly poor. Linder et al. presented a wide range
of thickness values (approx. 5 - 1800 nm) of spin-coated native and uncrosslinked dextran
layers125. In that work, the concentration range of the applied solutions was 25 - 200 mg/mL.
The adjusted rotational speeds (1000 - 4000 rpm) were similar in my experiments, however,
the solutions in the published work were prepared from 66 kDa molecular weight dextran,
which was different to the molecular weight of the CMD used in the work of the present thesis
(500 kDa). In my experiments, both the molecular weight of dextran and the crosslinking
reaction should substantially affect the viscosity of the applied precursor solution, significantly
determining the properties of the spin-coated layer. Therefore, the results from the above
publication are hardly comparable to the obtained data.

Figure 14  CMD-sc layer thickness as
a function of applied spin-coating
rotational speeds
The top values of the upper (light orange
colored) columns at each rotational
speed represent the thickness of the
unwashed CMD layers. The height of
the orange columns underneath belongs
to the thickness of the remained layers
after washing. Each column height
represents thickness values averaged
from data obtained at the 9 central
measurement positions of 3 parallel
samples (aggregately 27 points). The
error bars on the columns represent the
minimum and maximum values of the
determined thicknesses (out of the 27
points) at the corresponding rotational
speeds.

The elemental composition of CMD-sc layers was determined by XPS. The main goal of
the XPS measurements was the detection of phosphorous originating from crosslinked moieties.
Since only the STMP crosslinker molecules contained P atoms among the possible compounds,
a detected P signal could be obviously attributed to STMP. However – as it has been
demonstrated above – the washing remarkably influenced the thickness of CMD-sc layers,
meaning that a significant amount of STMP did not crosslink the CMD. Nevertheless, unreacted
STMPs were supposedly removed from the layer in the intensive washing cycle. According to
these considerations, it was relevant to verify that whether the detected P signal of washed
CMD-sc layers originated from chemically incorporated crosslinks, or the signal derived from
weakly bound STMP residues.
The bar chart of Figure 15 presents elemental compositions which were calculated assuming
homogeneous layer composition. Three different (and separate) CMD-sc specimens were
investigated, including an unwashed specimen (a), a specimen washed with ultrapure water
only (short partial washing, b) as well as a specimen washed with ultrapure water, 0.1 M HCl
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solution and ultrapure water again (complete washing, c). The increased level of N signal in the
washed samples was due to the decreased thickness of CMD layer. The large amount of Na in
the unwashed sample (a) can be attributed mainly to the used NaOH in the crosslinker solution,
however, the Na content of the STMP could also somewhat contribute to that. As the atomic
ratios of Na suggest, the washing with ultrapure water itself could not remove the entire amount
of Na and a considerable Na content remained in the layer (b). Nevertheless, the remained Na
could be significantly removed by a subsequent washing with HCl solution (c), indicated by the
measured Na signal that was just around the detection level (0.1% atomic percent). At the same
time, though a huge amount of P was washed out of the CMD layer by water (b), the remained
P content did not change after washing with HCl solution (c).

Figure 15 Elemental composition of CMD-sc layers measured by XPS
The presented data correspond to three differently washed samples. The 1st group of data (a) relates to a sample
that was unwashed, the 2nd (b) relates to a sample that was washed by ultrapure water only (short partial washing)
as well as the data of the 3rd group (c) were collected on a sample that was exposed to the full washing procedure
including washing with 0.1 M HCl and an additional washing phase of ultrapure water (complete washing).
According to the given colors, the columns correspond to the atomic ratios of nitrogen (N), sodium (Na) and
phosphorous (P). The top values of each column are also indicated in the chart.

The remained Na-ions were presumably attracted to the negatively charged carboxylic groups
and, when the HCl in the washing solution exchanged the Na-ions to H-ions, the Na content
significantly decreased. This removal process of Na clearly proves that the Na-ions could be
removed almost completely from the CMD layer. In the same manner, the simple aqueous
washing could also remove the weakly bound residues of STMP salt, however, the remained
content could not be eliminated neither by a harsh washing process. These considerations
confirm that the P content corresponded to covalently bound crosslinker molecules. The 0.2 ±
0.1 - 0.4 ± 0.1% P content is supposed to correspond to an approx. 5% crosslinking degree. This
suggests that on average every 20th anhydroglucose unit was crosslinked by one STMP
molecule.
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The AFM measurements (see Figure 16) indicated that both the washed and unwashed
samples are very smooth with RRMS value of around 0.5.

Figure 16 AFM images of CMD-sc surfaces
Topographic images captured by tapping mode measurements on 5 × 5 µm (A) as well as 1 × 1 µm (B) scanned
areas. The corresponding RRMS surface roughness values are the followings: 0.50 nm (A) and 0.39 nm (B).

5.2.2 Wetting properties
Similarly to the presented CA measurements in Section 5.1.2, Figure 17 shows the
resulted CAs on aminosilane and CMD-sc surfaces. The CMD-sc layer was prepared on an
aminosilane-coated OWLS model specimen. The advancing CAs of CMD-sc surfaces varied in
the range of 10 - 30°. It was observed that after the deposition, the shape of the drops
significantly varied in time. To analyze this phenomenon, dynamic measurements were
additionally performed on CMD-sc surfaces. A typical result of these measurements is
presented in graph C of Figure 17. It is shown that the relaxation of the CA is evident and the
CA shows remarkable decrease in time due to the water absorption of the CMD layer which is
a typical property of hydrogels.
On the other hand, it is also highlighted that CA measurements of such layers should be
performed and evaluated carefully: the determined CA is strongly dependent on the
measurement parameters, such as the elapsed time after drop deposition. In case of CMD-ut
layers, such dynamic characteristic could not be detected, verifying the different structure
(presence of crosslinks, thickness) of the two types of CMD layers.
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Figure 17 Water CAs on aminosilane and CMD-sc surfaces
Image A was captured on an aminosilylated glass slide and B corresponds to an CMD-sc-coated OWLS model
specimen. Graph C presents the alteration in CA data measured as a function of time, demonstrating the dynamic
wetting behavior of CMD-sc layers.

5.2.3 Summary of results presented in Section 5.2
In Section 5.2, results on the characterization of spin-coated and STMP-crosslinked CMD
layers were presented. The CMD-sc layers were intended to be thicker than the CMD-ut layers
and they were also intended to carry the properties of chemical hydrogels in order to provide
appropriate support for cell adhesion experiments and further applications in cell-based
biosensor measurements. The layers were characterized under dry conditions by various surface
analytical techniques, including SE, XPS and AFM.
For the evaluation of SE data, the optical model of CMD-coated samples was developed. To
have a reliable model, the refractive index dispersion of refractive index (Cauchy B parameter)
of the bulk CMD was determined by performing separate, high-sensitivity measurements on
gold substrate.
Using the optical model developed for the evaluation of SE measurements, it was shown that
the thickness of unwashed CMD-sc layers was in the range of 100 - 200 nm, depending on the
applied spin-coating rotational speed. However, the thickness of washed CMD-sc layers was
found to be independent on the rotational speed and it was determined to be in the range of 10
- 50 nm. Based on XPS measurements performed on CMD-sc samples which were exposed to
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different washing intensities, it was proven that the detectable P content in the thoroughly
washed samples relates to covalent phosphate bonds, representing a crosslinking degree of 5%.
In addition, the hydrogel nature of CMD-sc layers were well demonstrated by dynamic CA
measurements showing that the layers can absorb a large amount of water inducing significant
time-dependent change in the CA values.

5.3 Protein- and cell-repellent ability of CMD layers
A principle of the applications of CMD coatings in the field of biosensors and cell
adhesion research is the ability to impede the adsorption of various serum proteins and adhesion
of living cells. To demonstrate these features of the developed layers, protein adsorption and
cell adhesion experiments were performed on CMD-ut- and CMD-sc-covered specimens. The
related outcomes are presented in this section.
The results of NSB experiments can be seen in Figure 18 that presents typical OWLS
adsorption curves of BSA, FGN and LYZ proteins measured on CMD-ut (A) and CMD-sc
surfaces (B). The adsorption process was characterized by the amount of adsorbed proteins
(areal mass density values, Mprotein). In addition, Table 6 summarizes the data which were
obtained from parallel adsorption measurements. Compared to the reference (control) curves
measured on bare SiO2-TiO2 surfaces, the CMD layers clearly suppressed the adsorption of
each applied protein. The increased amount of adsorbed LYZ can be explained by the elevated
attraction of positively charged protein molecules (pI = 11.0) to negatively charged CMD chains
(pKa ≈ 3)122 in the applied buffer medium (pH 7.4). Nevertheless, the CMD showed an
improved resistance to the NSB even in these conditions.

Figure 18 Typical measurement results of NSB experiments performed on CMD-ut and CMD-sc layers
The adsorption of BSA, FGN and LYZ proteins was in situ monitored by OWLS. The given curve colors define
the used proteins as well as line styles define the applied surfaces. The solid lines are indicating the adsorption
experiments performed on CMD-covered surfaces, the dashed lines are relating to the experiments performed on
bare substrates (SiO2-TiO2 surface). The applied solution flows (PBS → Protein solution → PBS) are indicated in
the header of each graph.
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Based on the data of Table 6, it can be also concluded that on average there was a slight
difference in the protein-repellent ability between the CMD-ut and CMD-sc surfaces, showing
that the CMD-ut layers presented better resistance to the NSB.
CMD-ut

CMD-sc

SiO2-TiO2 (control)

MBSA (ng/cm2)

4±2

6±3

83 ± 5

MFGN

(ng/cm2)

1±1

7±3

227 ± 53

MLYZ

(ng/cm2)

11 ± 1

23 ± 2

169 ± 11

Table 6  Resulted NSB data obtained on CMD-ut, CMD-sc and SiO2-TiO2 (control) surfaces
The data are given as average value ± standard deviation/√n, where n is the number of repeated measurements (n
was 3 or 4).

The adhesion of living HeLa cells on CMD-sc surfaces was observed by phase contrast
microscopy. According to the microscopy images of Figure 19, the CMD indicated high-level
cell repulsion characteristic. The cells could not adhere to the CMD surface, they retained their
typical spherical shape that can be typically observed in culture medium without adhesion.

Figure 19 Phase contrast microscopy images about an adhesion test performed with HeLa cells on CMDsc-coated and uncoated glass slide surfaces
Image A was taken on a sample that was partially covered with CMD-sc layer. The CMD-covered part and
uncovered part of the glass substrate are indicated by the labels. The edge of CMD layer is indicated by the shown
arrow. The cells could not adhere to the CMD layer, they were congregated on the glass surface, where they started
adhering (demonstrated by the enlarged image (B)). Image A and image B were taken after 4 and 6 hours of
incubation in cell culture.
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In the present thesis, the development of ultrathin (CMD-ut) and spin-coated (CMD-sc)
carboxymethyl dextran layers was demonstrated. The composition, structure as well as proteinand cell repellent-ability of the developed heavily hydrated coatings were characterized by
various analytical methods. While the CMD-ut layers were developed to use later in classical
biosensor measurements for biomolecule detection, the CMD-sc layers were developed for
future cell-based biosensor experiments.
All the layer preparation experiments were performed using CMD stock material that was
synthetized according to the adapted method described in Section 4.2.1. The synthetized CMDs
were characterized by FTIR and acidimetric titration which were successfully used to detect the
presence of carboxylic groups and determine the degree of carboxymethylation (DS).
For the fabrication of CMD-ut layers, two different surface chemistries were applied,
including CMD grafting to aminosilane coating using EDC/NHS linking chemistry with the
formation of amide bonds (CMD-ut-Am layers) as well as direct grafting to epoxysilane
coatings forming ester and ether bonds (CMD-ut-Ep layers). The layer fabrications were
performed on oxide-based surfaces, including the SiO2-TiO2-type waveguide surface of OWLS
biosensor chips and SiO2 surface of standard Si substrates.
The CMD-ut coatings were analyzed in their dry state using ATR-FTIR, XPS as well AFM
techniques. The ATR-FTIR and XPS measurements proved the presence of CMD layer on Si
substrates by detecting the signal of carboxylic groups and obtaining the elemental composition
of the specimen surfaces. The topography of CMD surfaces was analyzed by AFM
measurements and the surface roughness (RRMS) was determined to be 1.1 nm. According to the
results of XPS depth analysis, the separate thickness of aminosilane and CMD layers was 2.30
nm and 0.73 nm, respectively, correlating well with the AFM result that provided 4 nm as a
collective thickness of the aminosilane and CMD layers. Control XPS measurements performed
on unsilylated Si substrates resulted in one order of magnitude lower CMD thickness (0.07 nm)
than on silylated surfaces, demonstrating the success of covalent grafting. Water CA
measurements showed that the grafting of CMD-ut layer on aminosilylated surface
accompanies with significant decrease in the CA data (65 - 80° → 20 - 40°), proving the
presence and hydrophilic characteristic of CMD-ut coatings.
Since even the uncrosslinked CMD layers behave like hydrogels and due to the fact that
the high water content and swelling ability are essential properties determining several
applications, the characterization of CMD-ut layers under aqueous conditions was of high
importance. In the corresponding experiments, the formation of CMD-ut layers was in situ
monitored by OWLS and QCM-I measurements, allowing to collect kinetic data about the CMD
grafting process.

87

6 SUMMARY
The in situ grafting experiments proved that the CMD molecules form stable coating on the
SiO2-TiO2 waveguide surface. The deposited layer could not be washed even by a concentrated
solution of NaCl, confirming that the chains were covalently grafted to the surface.
Revealed by the analysis of deviations between the OWLS apparent layer refractive index data
and realistic CMD refractive index values (quasi-isotropic analysis), it was found that there is
the possibility to tune the nanostructure of CMD-ut layers both by the composition of the silane
coating and the pH of CMD grafting solution. In case of CMD-ut-Ep coatings, the OWLS
measurements revealed that the layer structure was strongly pH-dependent: while the dominant
chain conformation was parallel with the surface in neutral and basic conditions, at acidic pH,
the structure was found more open with larger number of loops perpendicular to the surface. In
case of CMD-ut-Am layers, an intermediate structure was observed which could be
characterized by a structure that was between the two pH extremes of CMD-ut-Ep layers. The
pH-dependent nanostructure of CMD-ut-Ep layers was explained by the varying efficiency of
the grafting reaction at different pH values resulting in a significant variation in the number of
surface grafting points.
The QCM measurements were performed by a newly commercialized QCM-I instrument
equipped with SiO2-TiO2-coated sensor chips. The QCM-I chips covered by waveguide
material enabled to perform parallel in situ OWLS-QCM measurements. To analyze the
obtained QCM-I data in terms of viscoelasticity and to calculate the realistic hydrated CMD
mass, an evaluation code developed in MATLAB environment and associated user interface
were also introduced. Reference measurements on the well-documented, electrostatically
deposited PLL-g-PEG nanolayers were used both for instrumental and code validation as well
as for providing comparative foundation of the new results on CMD-ut layers. The obtained
data were validated by a thorough comparative analysis based on literature values (measured
mainly by QCM-D), verifying the developed evaluation program as well. The parallel OWLSQCM measurements with the application of the evaluation program provided viscoelastic and
hydration-related parameters such as shear viscosity (1.43 ± 0.27 mPa∙s), shear elastic modulus
(0.03 ± 0.01 MPa), hydrated thickness (11.0 ± 4.9 nm) as well as hydration degree values for
the CMD-ut-Am layers. It is worth highlighting that regarding the CMD layers such data are
unprecedented in the literature. It was found that compared to PLL-g-PEG layers, although a
smaller amount of CMD molecules were deposited on the sensor surface, the extreme hydration
of CMD-ut layers (φA = 89%) resulted in a significantly higher wet mass (in case of PLL-gPEG, φA = 59%).
The developed OWLS-QCM data analysis methodology (quasi-isotropic analysis supported by
QCM data) was successfully applied for revealing the time-dependent nanostructure and
formation mechanism of CMD-ut-Am layers in terms of hydration and viscosity. According to
the results, the washing induced remarkable conformational rearrangement in the layer,
involving the slight extension of chains from lain down conformations to loops as well as
consecutive decreasing and increasing levels of layer hydration. The resulted final structure was
composed of predominantly lain down chains with moderate number of perpendicular loop
conformations.
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Besides the ultrathin coatings, CMD-based chemical hydrogel layers with increased
thickness values (CMD-sc) were also prepared using a novel CMD layer fabrication
methodology. The developed methodology is based on the spin-coating and chemical
crosslinking of CMD molecules. The STMP applied as crosslinking agent enabled to form
CMD-based chemical hydrogel layers on OWLS and glass substrate surfaces. To control the
thickness, the layers were prepared using different spin-coating rotational speeds. The CMD-sc
layers were thoroughly characterized under dry conditions by SE, XPS and AFM
measurements. For the evaluation of the recorded SE spectra, an ellipsometric optical model
was developed considering the structure as well as optical properties of the examined samples.
As a part of the comprehensive SE analysis, the parameter describing the wavelength dispersion
of the bulk CMD refractive index (Cauchy B parameter) was also determined (B = 4.5 × 10-3 ±
7.4 × 10-4). According to the SE results, whilst the thickness of the unwashed layers was well
controlled by the applied rotational speeds in the range of 100 - 200 nm, and the thickness
followed the expected tendency, the thickness values of washed, stably remained layers at
different rotational speeds were found to be uniform (values between 10 and 50 nm). According
to the CA measurements, the CMD-sc layers lowered the CA of water droplets form 65 - 80°
(aminosilylated surface) to the range of 10 - 30°.
The effect of the intensive washing phase applied as a final step of layer fabrication process
was analyzed by XPS. The XPS analysis also enabled to estimate the crosslinking degree in
CMD-sc layers. It was proven that the detected P atoms in the washed specimens originated
from covalently bound crosslinks, and based on the determined P content, the crosslinking
degree was estimated to be 5%. Additionally, dynamic CA measurements revealed that the
layers can absorb a large amount of water inducing a pronounced change in the CA values. This
finding confirms the hydrogel nature of CMD-sc layers.
The in situ OWLS-monitored protein adsorption experiments, performed using bovine
serum albumin, fibrinogen and lysozyme protein molecules, showed that the CMD coatings
suppressed the amount of adsorbed proteins by more than one order of magnitude compared to
protein amounts measured on uncoated OWLS chip surfaces (control measurements). The
increased amount of adsorbed LYZ could be attributed to the elevated attraction of positively
charged protein molecules to CMD chains under the applied experimental conditions (nearly
neutral pH). It was also shown that the CMD-ut coatings presented more efficient NSB
resistance than the CMD-sc coatings, however, only a slight difference was observed.
Based on cell adhesion experiments monitored by phase contrast microscopy, the cell-repellent
ability of CMD-sc layers was also demonstrated.
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7.1 Theses in English
I.

The nanostructure of ultrathin carboxymethyl dextran (CMD-ut) layers covalently grafted
onto silylated SiO2-TiO2-based surfaces was characterized by in situ optical waveguide
lightmode spectroscopy (OWLS) measurements and the data were evaluated by the quasiisotropic optical model. Analyzing the deviations of the determined apparent layer
refractive indices from the realistic values, I found that the nanostructure of CMD-ut layers
is dependent on the chemical composition of the applied silane coating and the pH of
grafting solution. In case of epoxysilylated surfaces, the layer structure was found to be
strongly pH-dependent, which was explained by the pH-dependence of the grafting
reaction’s efficiency. While the dominant chain conformation was parallel with the surface
under neutral and basic conditions, at acidic pH the structure was found to have larger
number of chains with orientation perpendicular to the surface and have therefore a more
open structure. In case of the aminosilylated surfaces at neutral pH, an intermediate
structure of the above two extremes was observed. [T1]

II. Based on parallel OWLS and viscoelasticity-sensitive quartz crystal microbalance (QCM)
measurements, I presented data on the hydration ability, hydrated thickness, shear viscosity
and shear elastic modulus of CMD-ut layers for the first time. The layers were prepared on
aminosilylated SiO2-TiO2-based waveguide-type surfaces and the QCM measurements
were performed by a new impedance measuring QCM-I instrument. The data obtained by
this QCM-I instrument and the used evaluation code were validated by employing selfassembled poly(L-lysine)-graft-poly(ethylene glycol) layers as reference material. I found
that the CMD-ut layers have great hydration abilities demonstrated by the determined
hydration degree of 89%. [T2][T4]
III. a. I developed a novel OWLS-QCM combined data analysis methodology for the kinetic
evaluation of nanostructural alterations in ultrathin hydrated polymer layers based on the
quasi-isotropic analysis of OWLS data in terms of hydration degree and viscosity. [T2]
b. Based on the developed methodology, I found that the aqueous washing of CMD-ut
layers prepared on aminosilylated surfaces induces the conformational rearrangement of
CMD chains that results in significant alterations in layer hydration and viscosity. I proved
that the resulted structure at the end of the washing was composed of predominantly lain
down chains with a moderate number of loop conformations perpendicular to the surface.
[T2]
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IV. For the first time in the literature, I presented spectroscopic ellipsometry (SE) measurement
results on CMD layers spin-coated onto waveguide-type (SiO2-TiO2-based) surfaces.
Based on separate, high-sensitivity SE measurements performed on spin-coated CMD
layers on gold substrates, I determined the parameter describing the wavelength dispersion
of the bulk CMD refractive index for the first time. Supported by the developed optical
model and calculated dispersion parameter value, the thickness of CMD layers spin-coated
at various rotational speeds were determined by SE measurements. [T3]
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7.2 Theses in Hungarian (tézispontok magyarul)
I.

Szililezett SiO2-TiO2 felületekre kovalensen rögzített ultravékony karboximetil-dextrán
rétegek (CMD-ut) nanoszerkezetének vizsgálatára optikai hullámvezető fénymódus
spektroszkópiás (OWLS) méréseket végeztem, és a mért OWLS adatok kiértékelésére
kvázi-izotróp optikai modellt alkalmaztam. A nyert látszólagos rétegtörésmutató adatok
reális törésmutató értékektől vett eltéréseit elemezve megállapítottam, hogy a CMD-ut
rétegek nanoszerkezetét az alkalmazott szilán bevonat kémiai összetétele és a CMD
molekulák rögzítéséhez használt oldat pH-ja egyaránt befolyásolja. Az epoxiszililezett
felületeken rögzített CMD rétegek esetén a nanoszerkezet erős pH-függését mutattam ki,
melyet a rögzítési reakció hatékonyságának pH-érzékenységével magyaráztam. Míg
semleges és lúgos körülmények között a felülettel párhuzamosan orientált láncokat
találtam dominánsnak, addig savas pH-n nagyobb számú felületre merőleges
konformációjú láncból álló és ezáltal nyitottabb szerkezetű réteget állapítottam meg.
Aminoszilán felületeken semleges körülmények között az előbbi szélső esetekhez képest
egy köztes CMD rétegszerkezetet határoztam meg. [T1]

II. OWLS és a viszkoelasztikus tulajdonságokra érzékeny kvarckristály mikromérleg (QCM)
módszerekkel végzett párhuzamos mérések eredményeként elsőként közöltem CMD-ut
rétegek hidratációs képességére, hidratált rétegvastagságára, valamint nyírási
viszkozitására és nyírási rugalmassági modulusára vonatkozó adatokat. A CMD-ut
rétegeket aminoszililezett SiO2-TiO2-alapú hullámvezető felületeken alakítottam ki, és a
rétegeken végzett QCM méréseket egy új típusú, impedancia mérési elvet alkalmazó QCMI műszerrel hajtottam végre. A QCM-I műszerrel mért adatokat, valamint a kiértékeléshez
használt saját-fejlesztésű kódot poli-L-lizin-polietilén-glikol kopolimer (PLL-g-PEG)
rétegeken végzett referencia mérésekkel validáltam. Megmutattam, hogy a CMD-ut
rétegek jelentős, 89%-os hidratációs fokkal jellemzett vízmegkötési képességgel
rendelkeznek. [T2][T4]
III. a. Új, OWLS és QCM mérési eredményeket kombináló adatelemzési módszert
fejlesztettem ki ultravékony, hidratált polimer rétegek nanoszerkezetében bekövetkező
változásainak kinetikai vizsgálatára. A módszer az OWLS mérésekből kvázi-izotróp
optikai modellel nyert törésmutató adatok, valamint a rétegre meghatározott hidratációs
fok és viszkozitás paraméterek együttes elemzésén alapul. [T2]
b. A fejlesztett kiértékelési módszert alkalmazva igazoltam, hogy az aminoszililezett
felületen kialakított CMD-ut rétegek vizes mosása a rétegszerkezet átrendeződésével jár,
amely jelentős változást eredményez a réteg hidratációs állapotában és viszkozitásában.
Bebizonyítottam, hogy a mosás végén kialakult réteg túlnyomóan elfekvő láncokból álló
szerkezetet vesz fel, amely kisszámú felületre merőleges orientációjú hurok
konformációval rendelkezik. [T2]
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IV. Az irodalomban elsőként prezentáltam olyan spektroszkópiai ellipszometriás (SE) mérési
eredményeket, melyek hullámvezető típusú (SiO2-TiO2-alapú) felületeken forgótárcsás
rétegleválasztással előállított CMD rétegeken történtek. Elsőként határoztam meg a tömbi
CMD törésmutatójának hullámhosszfüggését jellemző diszperziós paramétert, melyhez
arany hordozón végrehajtott nagyérzékenységű SE mérések adatait használtam fel. A
kiértékeléshez fejlesztett optikai modellre, valamint a mért diszperziós paraméterre
támaszkodva SE mérésekkel meghatároztam különböző pörgetési fordulatszám beállítások
mellett leválasztott CMD rétegek vastagságát. [T3]
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9.1 XPS spectra
Our XPS measurement equipment detects the signal from a macroscopic area (spot with
a diameter of about 5 mm) and it observes an average composition over this area. The detected
intensity was exponentially weakening with the depth. The applied evaluation model assumed
a laterally homogeneous distribution of the composition. The layer thickness values were within
the range of the inelastic mean free paths of the detected photoelectrons and it was enabled to
apply an evaluation model in which the thickness of each layer with different compositions can
be determined200. The followings could be concluded (supplementing the results detailed in
Section 5.1.1).
1.) The measured carbon 1s signal was decomposed into 4 chemical states: carboxyl
(COOH) and amid (N–C=O); carbonyl (C=O) and double oxygen bond (O–C–O); single
oxygen bond (O–C); normal carbon atoms with sigma C–C bonds and C–H bonds only. Though
the stoichiometry is known both for the aminosilane and CMD layers, the quantity of the carbon
components was not used to direct thickness calculations, because any possible contaminations
presenting on the Si wafer surface cannot be clearly separated. The following qualitative
statement can be concluded from the decomposition: the presence of the CMD layer
significantly increased the ratio of the C atoms in the C–O state and those in the carbonyl state
(O–C–O).
2.) The spectra of the Si/CMD (CMD on Si wafer without covalent grafting), Si/Aminosilane
(aminosilane on Si wafer) and Si/Aminosilane/CMD samples are shown in the comparative
graph of Figure 20. The CMD layer on top of the oxidized Si wafer appears in the spectrum by
the visible carbon signal, however, the spectrum is dominated by the Si and O content of the
bulk oxidized Si wafer. The aminosilane layer resulted in a significant N signal originating from
amino groups and it resulted in an increased C as well as reduced Si and O signals. It can be
also seen in Figure 20 that the grafting of CMD layer significantly weakened the detected N
signal.
3.) Although the Si signal was found in all specimens, the distinction of the pure Si (100 eV)
and oxide Si (104 eV) peaks clearly showed the increasing thickness of the coatings on Si wafer.
In case of the clean Si wafer, the dominant part of Si was in pure state. As the aminosilane was
bound to the surface Si atom with oxide bonds, the presence of the oxide peak increased in the
spectrum, and consequently it attenuated the pure Si signal.
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Figure 20 XPS spectra of three different samples: aminosilane-coated Si wafer (Si/Aminosilane), CMDcoated Si wafer (Si/CMD) as well as Si wafer with covalently grafted CMD layer (Si/Aminosilane/CMD)
Only the essential parts of the spectra are shown and the binding energy axis is drawn in 4 separate pieces.

9.2 QCM evaluation program
This section briefly describes the operation of the self-developed MATALB-based
program used for the evaluation of QCM-I measurement data. Scheme 32 illustrates the
program’s graphical interface.
The input settings can be done on the left boxes of the interface. The top left box provide
settings for the parameters of the quartz crystal, bulk liquid and formed layer. Numerical value
for all the shown parameters should be given.
In the “Fit settings” box, the conditions of fitting process can be determined. Here, one can
select the harmonics (available harmonics are n = 1, 3, 5, 7) of frequencies and dissipations
used for the calculations. Unselected harmonics will be discarded. The standard deviations of
the selected harmonics can be given in two optional ways (using a pop-up list): they can be
calculated from a selected interval of the measured data (the interval can be selected in a popup figure) or using given values. For fit calculations (performed by the Nelder-Mead simplex
method), all the varied fit parameters (thickness, viscosity, modulus) are needed to get initial
values, which can be given in three optional methods using a pop-up list (the methods are not
detailed here). Also in this box, if required, one can use data smoothing (performed by the
moving average smoothing method).
In the “Input data settings” box, the dimension of time used in the input datasheet (measured
data) can be set and the time interval intended for the evaluation can be selected. The input data
should be given in XLSX file format containing time, frequency and dissipation data in different
columns where each row belongs to one measurement time with the corresponding frequency
and dissipation values.
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In the “Output data settings” box, a specific measurement name can be given that will be used
as the name of output data and figure files. The destination directory for saving output files can
be also selected.
The evaluation process can be executed by pressing the blue “Start fit” button. The evaluation
starts with the selection of input datasheet using a pop-up window of the file explorer.
The resulted graphs are shown in the right “Results” box of the interface. In the subbox “Quality
of fit”, one can check the MSE value, the fitted and measured Δfn/n and ΔDn curves as well as
2 that represents the quality of fit as a function of measurement time. In the subbox “Fitted
layer parameters”, the graphs of resulted thickness, areal mass density, viscosity and modulus
are shown. All the plotted graphs as well as their datasheets are automatically saved into JPEG
and XLSX files, respectively.
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Scheme 32 Graphical interface of the developed QCM data evaluation program
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