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Abstract

Biofunctional coatings are key elements of biosensors regulating interactions
between the sensing surface and analytes as well as matrix components of the
sample. These coatings can improve sensing capabilities both by amplifying the
target signal and attenuating interfering signals originating from surface fouling
(non-specific binding). Considering the tested materials so far, hydrogel-based
layers have been verified to be among the most effective layers in improving
biochip performance. The polysaccharide dextran can be efficiently used to form
hydrogel layers displaying extended three-dimensional structure on biosensor
surfaces. Owing to their high water content and flexible structure, dextran coat-
ings present advanced antifouling abilities, which can be exploited in classic
bioanalytical measurements as well as in the development of cell-on-a-chip
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type biosensors. However, in spite of the numerous applications, the deep
characterization of dextran layers has been missing from the literature. This phe-
nomenon can be attributed to the challenging analysis of few nanometer-thick
layers with high water content. The lack of available data is more pronounced
regarding the layer behaviors under aqueous conditions. In this chapter we pres-
ent various surface analytical methods (including biosensor-type techniques)
suitable for the complex characterization of hydrogel coatings whose thickness
ranges from few to several ten nanometers. As a case study, we focus on the
analysis of carboxymethyl dextran (CMD) layers developed for waveguide-
based label-free optical biosensor applications. Examination methodologies both
under dry and aqueous conditions as well as testing of antifouling abilities are
also presented.

Keywords
Dextran - Hydrogel - Label-free biosensor - OWLS - QCM - Ellipsometry - Non-
specific binding

8.1 Introduction

The role of biofunctional coatings is the modification of solid supports (substrates)
by thin films (thickness is usually below 1 pm) of synthetic or naturally derived
materials using various types of surface chemistries. Generally, the aim of modifica-
tion is to maintain the desired and controlled interaction between the support and
the biological system (Knoll 2013). In the field of biosensors, although biofunc-
tional coatings are usually not defined as special sensor elements, they are of high
importance in exploiting specific and detectable signals from biosensor response
(Chandra 2016; Chandra et al. 2017). These coatings or so-called interface chemis-
tries make the sensitization of the transducer surface by biorecognition elements
possible. The role of biosensor coatings is more significant when the detection is
based on a label-free method. Label-free biosensors measure signals generated only
by the physical presence of analytes (targets). Due to this detection principle, all
kinds of sample components present in the detectable field (mainly on the sensor
surface) can produce signal which is therefore interfered by the non-targets as well.
This type of interference is called biofouling or more specifically non-specific bind-
ing (NSB). As a result of the fact that protein molecules are main components of
biological samples and they can adsorb to various surfaces, the NSB signal origi-
nates primarily from proteins. Additionally, as the adhesion of mammalian cells is
mediated by surface-protein interactions, adsorbed proteins promote the biofouling
of surfaces by cells and cell clusters. The essential aim of using well-designed bio-
functional coatings on biosensor surfaces is the minimization of biofouling by a
protein- and cell-repellent layer and furthermore the amplification of the target-
related specific signal. It has been shown that the thermodynamically unfavorable
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water exclusion in case of heavily hydrated coatings made of hydrogels signifi-
cantly contributes to the protein-repellent abilities (Tanaka et al. 2013).

Hydrogels are hydrophilic polymers which are able to absorb large amount of
water. Hydrogels have found applications in a number of fields including drug
delivery systems (Sivakumaran et al. 2011; Secret et al. 2014; Liu et al. 2016), tissue
engineering (Balakrishnan and Banerjee 2011; Zhang and Khademhosseini 2017;
Liu et al. 2017; Xu et al. 2018) or biosensors (Mateescu et al. 2012; Lian et al. 2016;
Peppas and Van Blarcom 2016; Tavakoli and Tang 2017). Hydrogel-based coatings
are key elements of biosensors. The widespread application of hydrogels in biosen-
sor design originates from surface plasmon resonance (SPR)-based biochip devel-
opments. The layers are designed to modify the physicochemical properties of the
sensor transducer surface, which is originally not biocompatible, promotes the non-
specific adsorption of proteins, and has reduced specific surface area (low immobi-
lization capacity). The large number of conjugable sites provided by the 3D polymer
network allows to accommodate huge amount of various biomolecules. Hydrogels
provide a natural-like wet microenvironment for biomolecules enabling to maintain
their stability. The structural similarity to the extracellular matrix (ECM), the porous
framework, and — mainly in case of naturally derived polymers — the biomimetic
characteristic all provide great benefits for cell survival, proliferation, and migration
(Balakrishnan and Banerjee 2011; Liu et al. 2017).

The naturally derived polysaccharide dextran can be used to form high capacity
hydrogel layers on biosensor chip surfaces improving measurement sensitivity.
Also, conjugated with suitable anchor molecules, dextran can provide a mechanical
support and ECM-mimicking microenvironment for living cells. Dextran is con-
structed of a-(1,6) linked anhydroglucose units in its linear chains. Its flexible
branches (providing ca. 5% branching degree) are linked by o-(1,3) glycoside
bonds. The dextran chemical structure can be seen in Fig. 8.1A. Using dextran lay-
ers on biosensor surfaces has been proven to be an efficient strategy to limit the
NSB, increase the number of immobilized bioreceptors, and achieve higher signal-
to-noise ratio, resulting in better sensitivity. The advanced antifouling ability of
dextran mainly originates from its hydrophilic nature and flexible chains. The free
motion of mobile chains plays a key role in generating high interfacial entropy and
thus steric repulsion that has a determinate contribution (steric-entropic effect)
against protein adsorption (Lo6fas and Johnsson 1990; McArthur et al. 2000; Massia
et al. 2000).

Dextran layers present remarkable water absorption and swelling, resulting in
even four times of increase in their thickness (Elender et al. 1996; Pichler et al.
1999). Originally, the term hydrogel is used for crosslinked polymers; however,
without sticking to the pure definition, one can point that even layers made of
uncrosslinked dextran present hydrogel properties or at least hydrogel-like behavior
(Elam et al. 1984; Loféas and Johnsson 1990).

Owing to the biocompatibility, biomimetic characteristic, and ECM-like visco-
elastic properties, hydrogels made of dextran derivatives are effectively used in tis-
sue engineering as scaffolds and ECM model components (Ferreira et al. 2004; Lee
et al. 2008; Cutiongco et al. 2014).
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Fig. 8.1 (A) Chemical structure of dextran. The subscriptions m, n, and k indicate the number of
anhydroglucose units in the backbone (i), branches (), and branched chains (k). [Reprinted with
permission from (Saftics 2018)]. (B) Reaction schemes of covalent grafting to amino- and epoxys-
ilylated surfaces. While using aminosilane coating (1), EDC and NHS reagents are required, and
the grafting chemistry results in amide bonds between the surface amino groups and CMD mole-
cules. The grafting chemistry of using epoxide groups (2) can be performed without additional
reagents, and it can form both ester and ether bonds between CMD and the surface. [Adapted with
permission from (Saftics et al. 2016), copyright 2016 Elsevier]

Combining the achievements of biosensors and tissue engineering, label-free
biosensors endowed with dextran-based hydrogel coatings are unique tools for
revealing the surface-related events of cell clusters or even single cells, such as cell-
cell or substrate-cell adhesion, spreading, migration, proliferation, and signaling. In
spite of the number of advantageous properties and verified applications, dextran
layers — mainly their structure — are poorly characterized, and descriptions about
their fabrication methods are insufficient. The few available details about these
coatings can be derived from the fact that the characterization of ultrathin, nanome-
ters thick, and heavily hydrated polymer layers is still difficult and challenging,
even with using the currently available modern surface analytical techniques.
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To reveal the properties and dynamic behavior of such coatings, the deployment of
various measurement techniques is in demand. Besides the classical bioanalytical
applications, label-free biosensors and their unique surface sensitivity can be effi-
ciently used to explore the structure and hydration of deposited polymer chains on
sensing surfaces.

In this book chapter, we focus on the characterization of CMD hydrogel layers
developed for various waveguide-based optical biosensor applications, such as for
the analysis of controlled adhesion of living single cells and cell clusters. Due to the
proposed future applications, the detailed analysis of the developed layers was
highly demanded. We present our analytical methodologies applied for the charac-
terization of layers both under dry and hydrated conditions. Regarding the different
layer properties examined, our work covers the composition, topography, thickness,
and wettability of the coatings. To reveal the hydration behavior and nanostructure
in aqueous environment, both optical and mechanical biosensor techniques were
employed. The analysis of the layers antifouling abilities is also presented.

8.2  Fabrication of Carboxymethyl Dextran Layers

Methods providing the surface grafting of stable dextran-based hydrogel layers with
sufficient surface amount and thickness as well as with great antifouling ability and
immobilization capacity are still under intensive research (Zhang and Horvath
2003). Generally, the fabrication of dextran layers is primarily empirically opti-
mized, the published methods do not describe specific technical details, and the
shared procedures are confusing in several cases.

Regarding the first biosensor applications, dextran layers were developed for
SPR type sensors, therefore the original grafting methods apply thiol-based surface
chemistries to attach dextran chains onto the gold surface of SPR chips (L6fas and
Johnsson 1990; Lofas et al. 1993, 1995; Monchaux and Vermette 2007). Grafting
methods to silica (glass) type surfaces are also available and can be used to func-
tionalize waveguide-based optical transducers with dextran layers. These chemis-
tries are mainly based on the silylation of the substrate resulting in a covalently
bound silane film. This silane self-assembled monolayer (SAM) provides active
functions for the covalent attachment of polysaccharide molecules. The most com-
mon silane reagents are epoxy- and aminosilanes (e.g., 3-glycidoxypropyltriethoxy
silane (GOPS) and 3-aminopropyltriethoxysilane (APTES)). While CMD can
directly react with epoxide groups both through its hydroxyl and carboxyl func-
tions, the coupling of CMD via surface amino groups needs additional reagents,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide  hydrochloride ~(EDC) and
N-hydroxysuccinimide (NHS) (Akkoyun and Bilitewski 2002). The EDC/NHS-
based linking method is widely used, originally when protein molecules are intended
to be coupled to other amine- or carboxyl-bearing surfaces or biomolecules. These
grafting techniques are generally result in ultrathin layers whose thickness is typi-
cally in the range of 0.2-3.0 nm under dry conditions (Elender et al. 1996; Kuhner
and Sackmann 1996). Thicker layers of polymers (thickness over 10-100 nm) can
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be achieved by the spin-coating method that is based on the spreading of a polymer
solution on flat surfaces while the substrate is rotated. However, there are only very
few available methods on the fabrication of dextran-based coatings using spin-
coating, and they avoid detailing the stability of the layers. Specifically, procedures
based on the combination of spin-coating and crosslinking in dextran layer fabrica-
tion have not been published so far, only examples for simple spin-coating of dex-
tran can be found (Piehler et al. 1999; Linder et al. 2005).

In this study, we present the characterization of two different types of CMD lay-
ers varying in their thickness and presence of chemical crosslinks. We developed
ultrathin (hereafter CMD-ut layers) as well as thicker (10-100 nm) CMD layers, in
the latter case using spin-coating technique with adding crosslinking agent to the
coating solution (hereafter CMD-sc layers). For the fabrication of CMD-ut layers,
aminosilane- (CMD-ut-Am layers) and epoxysilane-based (CMD-ut-Ep layer) cou-
pling chemistries were both applied (see Fig. 8.1B). The layers were prepared on
Si0,-TiO, waveguide type substrates and Si model wafers. The deposition of CMD
layers onto the silylated substrate was performed using batch and flow-cell meth-
ods. The fabrication of CMD-sc coatings involved the grafting of a CMD-ut layer
onto an aminosilylated substrate and then the spin-coating of CMD solution that
contained sodium trimetaphosphate (STMP) as a crosslinker. Regarding both the
prepared CMD-ut and CMD-sc layers, the samples were intensively washed to gain
their stable form. Detailed fabrication methods of these layers can be found in our
previous publications (Saftics et al. 2016, 2017, 2018).

8.3  CMD Layer Characterization
8.3.1 Surface Analytical Techniques

Various surface analytical techniques were used to characterize the developed CMD
layers, including attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR), x-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), spectroscopic ellipsometry (SE), contact angle (CA) measurements, optical
waveguide lightmode spectroscopy (OWLS), quartz crystal microbalance with
impedance measurement (QCM-I), as well as phase contrast microscopy. A list of
the used analytical techniques as well as specific layer parameters offered by the
measurement methods are summarized in Table 8.1. In the following sections, the
applied characterization methods and their results are presented.

8.3.2 Composition, Thickness, and Topography of Ultrathin
CMD Layers in Dry State: Characterization by ATR-FTIR,
XPS, and AFM Measurements

Under dry conditions, the CMD-ut layers were characterized using ATR-FTIR,
XPS, and AFM techniques. ATR-FTIR spectroscopy can be used to measure the
infrared spectrum of thin layers deposited on the surface of an internal reflection
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Table 8.1 Summary of the applied characterization techniques and the specific layer parameters
obtained as measurement results

Analytical technique | Condition | Offered results

ATR-FTIR Dry Detection of carboxyl groups

XPS Dry Elemental composition, chemical states, thickness

SE Dry Lateral inhomogeneity, thickness, refractive index

AFM Dry Topography, surface roughness, thickness

CA meas. Hydrated | Wettability, CA

OWLS Hydrated | Refractive index, thickness, optical anisotropy, dry surface
mass, protein-repellent ability

QCM-I Hydrated | Viscoelastic parameters, hydrated surface mass, and
thickness

Phase contrast Hydrated | Cell-repellent ability

Mmicroscopy

Adapted with permission from (Saftics 2018)

element the so-called ATR crystal. The sample layer absorbs infrared photons at
certain wavelengths and attenuates the incident radiation through the evanescent
field that is generated by the series of reflections on the crystal-layer interface.
Graph A in Fig. 8.2 shows an ATR-FTIR spectrum of a CMD-ut-Am layer. The
peaks at 1720-1740 cm™! correspond to the characteristic stretching vibration of the
carboxylic C=0 groups of the grafted CMD (Zhang et al. 2005). This peak is also
present in the bulk CMD at 1740 cm™! (spectrum is not shown but can be found in
our related paper (Saftics et al. 2016)).

XPS is used to measure the elemental composition of surfaces and thin layers by
detecting the kinetic energy of photoelectrons ejected from the sample as a result of
x-ray irradiation.

The goal of XPS measurements was the detection of CMD layers (by measuring
changes in the elemental compositions and chemical states of elements) and deter-
mination of the thickness of CMD and silane layers under dry conditions. In con-
trast to aminosilane, epoxysilane does not contain distinctive heteroatom like N, and
therefore the heteroatom-based thickness calculations could not be performed in
case of CMD layers prepared with epoxysilane undercoating. Four types of sample
wafers were measured to characterize the CMD-ut-Am layers, including bare Si,
aminosilylated Si (Si/aminosilane), Si covered with CMD without aminosilane
undercoating (Si/CMD, control sample), as well as aminosilylated Si covered with
CMD (Si/aminosilane/CMD). Elemental compositions obtained on the examined
samples can be seen in Fig. 8.2 B. In case of samples which were modified with
aminosilane, a significant N signal could be observed. The Si/aminosilane/CMD
samples presented particularly weakened signal of N, which was attributed to the
covering effect of the CMD overlayer. Using the model that assumes an exponen-
tially decaying probability of escaping a photoelectron with depth, the N signal
provided the basis of determining the thickness of aminosilane and CMD layers
(Riviere and Myhra 1998).
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Fig. 8.2 Results on the characterization of CMD-ut layers under dry conditions. [Adapted with
permission from (Saftics et al. 2016), copyright 2016 Elsevier]

(A) ATR-FTIR spectrum recorded on CMD-coated ATR crystal. The CMD-ut layer was grafted to
the aminosilylated surface

(B) Elemental compositions of a CMD layer prepared without (sample Si/CMD) and with (sam-
ple Si/aminosilane/CMD) aminosilane undercoating

(C) AFM images about the surface of a CMD-ut-Am layer. C/a. The sample was prepared by gold
lithography, resulting in a surface partially covered by the aminosilane/CMD coating, allowing to
have a bare SiO, surface on the other half of the sample (10 x 10 pm image). C/b. 0.5 x 0.5 pm
image representing the topography of CMD surface. Surface roughness RMS (root mean square)
value of 1.1 nm was obtained, larger than the roughness value of native SiO, surface (0.2 nm), as
expected. C/c. Height (z) profile of the aminosilane/CMD coating presented in image C/a

The thickness of the aminosilane layer was determined to be 2.30 nm. In case
of control CMD samples, when the CMD was deposited onto a bare Si wafer
without aminosilane, 0.07 nm was determined as the average thickness of CMD
layer that means a weak partial coverage. This low value usually relates to slight



8 Dextran-based Hydrogel Layers for Biosensors 147

contaminations representing only some physically adsorbed CMD molecules.
Nevertheless, grafting the CMD to aminosilane precoating provided 0.73 = 0.10 nm
CMD layer thickness (average + std., number of examined samples: six). According
to this result, the aminosilane contributed to the efficient coupling of CMD to the
surface that verifies the covalent grafting of CMD layer (Saftics et al. 2016).

AFM is a scanning probe microscopy technique that can be used for imaging
surfaces at the nano- and micrometer level and for semiquantitative characterization
of surfaces (e.g., measurement of surface roughness). Figure 8.2C presents AFM
images captured on a CMD-ut-Am layer. The partly covered CMD sample was
prepared using gold lithography. As a result, only the one-half of the Si wafer was
coated with gold. After aminosilane and CMD grafting, the gold was removed
allowing to achieve a sharp step between the aminosilane/CMD layer and uncoated
Si (image C/a-b). Measuring the step heights, 3.2-5.8 nm (around 4 nm on the aver-
age) was determined for the total thickness of the covering layer (graph C/c). The
resulting thickness of epoxysilane/CMD layers was in the same range. As the deter-
mined thickness corresponds to the combined thickness of the CMD and silane
layer, the thickness of dry CMD coating itself should be below 4 nm. These findings
are in good accordance with XPS measurements, which resulted in ca. 3.0 nm for
the total thickness (2.30 nm aminosilane + 0.73 nm CMD) (Saftics et al. 2016).

It is worth highlighting that during the XPS and AFM measurements, the sam-
ples were kept in dry conditions. In this state, the CMD chains collapse and lie down
on the surface forming a dense, very thin film. However, considering their real
applications, CMD layers are applied in aqueous environments where they are in
hydrated state. It is noted that in hydrating environments, CMD is able to swell up
to even its multiple extent. Therefore, the characterization of CMD layers in their
hydrated state is of high demand. For these examinations, in situ OWLS and QCM-I
techniques were applied.

8.3.3 Nanostructure of Ultrathin CMD Layers Under Aqueous
Conditions: Characterization by OWLS

Waveguide-based label-free optical biosensors detect refractive index changes
occurring over the transducer surface. The sensing is performed by the evanescent
field that is generated when the light inside the waveguide layer (that has the higher
refractive index) is propagating by total internal reflections. The intensity of the
reflected light, when meeting with the lower refractive index medium at the inter-
face, extends over the interface into the medium generating an exponentially decay-
ing (evanescent) electromagnetic field. Optical waveguide lightmode spectroscopy
(OWLYS) is a traditional setup of waveguide type biosensors. OWLS employs planar
waveguides made of SiO,-TiO, waveguide material where a zeroth-order wave-
guide mode (i.e., propagating standing electromagnetic wave) with two polarization
states (transverse electric (TE) and transverse magnetic (TM) polarizations) is
excited. The measurement of effective refractive index corresponding to the TE and
TM waveguide modes enables one to determine the refractive index (n,) and
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thickness (d,) of the examined adlayer using the 4-layer mode equations as evalua-
tion model. The adlayer surface mass density (M,, with a common dimension of
ng/cm?) can be calculated from the previously determined n, and d, utilizing the de
Feijter’s formula (De Feijter et al. 1978):

d (n —n)
M, ="t < 8.1
A dn/dc @1

where dn/dc is the refractive index increment of the analyte in its solution. In case
of, e.g., proteins, a value of 0.182 mL/g is used (De Feijter et al. 1978). Regarding
the calculation of n, and d, by the 4-layer mode equations, the classical and most
commonly used model assumes a homogeneous and isotropic adlayer. In case of
ordered adlayer structures, the optical anisotropy results in optical birefringence.
When a material is birefringent, its apparent average refractive index can be decom-
posed into ordinary (n,,) and extraordinary refractive indices (,,), and their ratio
refers to the sign of birefringence. With the application of two waveguide modes,
only d, and the averaged n, can be determined. However, it is still possible to char-
acterize the ordered structure of the adlayer using the homogenous and isotropic
model (Kovacs et al. 2013). Horvath and Ramsden pointed out (Horvath and
Ramsden 2007) that the values of n, and d, can be used to decide whether the layer
is optically isotropic or it has an ordered and anisotropic structure. Applying the
4-layer homogenous and isotropic model in case of an adlayer structure that is
anisotropic (quasi-isotropic analysis), unrealistic n, is observed meaning that the
resulting n, over- or underestimates the realistic (expected) adlayer n, (Horvath and
Ramsden 2007) (see Fig. 8.3A). When the adlayer is negatively birefringent (con-
formation of oriented molecules parallel with the surface) overestimated 7,
(nao > na.), whereas the adlayer is positively birefringent (conformation of oriented
molecules perpendicular to the surface) underestimated n, can be detected
(nao < na.) (Horvath and Ramsden 2007). As a result, the observed n, is an indica-
tor of adlayer birefringence. Also, the value of under- or overestimation is in rela-
tionship with the extent of anisotropy. Even in case of unrealistic n, and d,, the
surface mass density can be still precisely determined owing to the error compensa-
tion of the de Feijter formula (Horvath and Ramsden 2007).

The in situ OWLS measurements were performed using a microfluidic assembly
(flow-cell) that was mounted into the measurement head of the OWLS setup, and it
was applied to maintain a continuous flow of solutions over the inserted sensor chip
surface (Orgovan et al. 2014). The CMD grafting experiments monitored by OWLS
were carried out on amino- and epoxysilylated Si0,-TiO, type sensor surfaces using
different grafting solution pHs. The measured raw optical data (effective refractive
indices of TE and TM modes (Nrg, Nry) were evaluated by the homogenous isotro-
pic 4-layer mode equations, providing the optical thickness (d,) and apparent aver-
age refractive index (n,) of the CMD-ut layer (De Feijter et al. 1978; Horvath and
Ramsden 2007) and enabling to calculate the deposited surface mass density by the
de Feijter formula.
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Fig. 8.3 OWLS measurement results obtained on the formation of CMD-ut layers. [Adapted with
permission from (Saftics 2018) and from (Saftics et al. 2016), copyright 2016 Elsevier]

(A) Dependence of adlayer refractive index on different layer structures. In case of polymer chains
perpendicular to the surface (C/a), positive birefringence, in case of chains parallel with the sur-
face (C/b), negative birefringence can be observed by OWLS. The light propagating in the wave-
guide layer and its generated evanescent field over the surface are also shown

(B) Surface mass density (M,) sensogram recorded during the deposition of CMD layer on an
epoxysilylated OWLS sensor surface. The headers indicate the solutions flowed over the sample
surface using a flow-cell

(C) Refractive index of CMD-ut layer as a function of deposited surface mass density. The curves
represent different experimental conditions revealing the dependence of CMD layer structure dur-
ing its formation on the applied silane precoating and pH of the grafting solution. The time-related
direction of the measurements is indicated by the dashed arrows (G indicates the grafting, W the
washing section of experiments). The inset table represents the different experimental conditions
(Am, aminosilylated; Ep, epoxysilylated surfaces). The schemes above the curves illustrate the
alteration of CMD layer nanostructure at the different experimental phases
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Figure 8.3B The resulting mass curve of an in situ OWLS experiment revealing
the kinetics of the formation of CMD-ut layer on an epoxysilylated OWLS chip
surface. The stable signal that reached in the washing phase demonstrates the stabil-
ity of the covalently grafted CMD layer. The surface mass of the CMD layer as well
as the grafting efficiency was measured as the difference of mass values between the
baseline and the end of the washing section

Our results revealing the alterations in the layers nanostructure throughout the
grafting experiment as a function of deposited mass are presented in Fig. 8.3C. The
conformation of CMD chains and thus the nanostructure was correlated with n,
values. As the realistic refractive index of hydrated dextran layers should be in the
range of 1.36—1.52 (Piehler et al. 1999) (according to literature values), the obtained
na = 1.52-2.21 values are clearly overestimated indicating a significant negative
birefringence. Based on the quasi-isotropic analysis, the unrealistically high n, val-
ues originate from mainly lying down CMD chains parallel with the surface. The n,
vs. M, hysteresis curves of Fig. 8.3C help to understand the nanostructural altera-
tions and layer formation mechanism by tracking the change of n, originating from
each added or removed CMD mass unit (Horvath et al. 2008, 2015; Escorihuela
et al. 2015; Lee et al. 2015). The shown curves represent both the grafting (G) and
washing (W) sections. The direction of the experiment is indicated by the dashed
arrows, and the illustrations correspond to the supposed layer nanostructure at the
given experimental section. We found that the nanostructure and amount (mass) of
CMD layers significantly varied depending on the applied grafting conditions: the
pH of grafting solution and grafting chemistry (type of silane coating).

Based on the high n, values, it was observed that under neutral and alkalic condi-
tions (pH 7.0 and 10.0), the conformation of CMD chains was dominantly parallel
with the surface. Regarding the formation process, n, was increasing during the
grafting section and when the washing section started, n, further increased indicat-
ing that first the weakly bound brush-like molecules were removed from the surface.
Subsequently, in the washing section, CMD chains with lain down orientation were
also desorbed; however the rate of their removal and the removed amount was
smaller. The mechanism of CMD layer formation was significantly different at
pH 2.3. In this case, the relative amount of lain down molecules was smaller which
was supported by the 1, values (1.52) close to the realistic CMD refractive index. In
the grafting section, the deposition of loops was predominant, and as a result,
na =~ 1.30 was calculated at the end of the grafting phase. This refers to a layer com-
posed of randomly oriented chains.

Nevertheless, the chains extending toward the solution were easily removed in
the subsequent washing process, and finally, chains mainly with lain down confor-
mations remained on the surface. The dependence of the CMD layer structure upon
the pH on epoxysilylated surfaces is supposed to derive from the pH-dependent
yield of the grafting reaction (reaction between epoxide and carboxyl/hydroxyl
functions).
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In case of the experiments performed on aminosilylated surfaces (pH 7.0), the
shape of n, vs. M, curves was similar to those measured on epoxylated surfaces
under neutral and basic conditions. However, as the increase of n, was smaller, a
more extended layer was assumed. This result obtained on the aminated surface
suggested that compared to layers prepared on epoxylated surfaces at pH 7.0 and
10.0, the CMD was attached via smaller number of surface grafting points.

8.3.4 \Viscoelastic Properties of Ultrathin CMD Layers:
Characterization by QCM

We applied the QCM technique to reveal the viscoelastic properties of hydrated
CMD-ut layers throughout the whole layer formation event. QCM is a label-free
biosensor that applies mechanical transduction principle for sensing and for charac-
terizing thin coatings. A QCM sensor chip is composed of a resonant piezoelectric
quartz crystal disk contacted on its both sides with planar gold electrodes. The AC
voltage applied on the electrodes generates shear oscillation in the piezoelectric
crystal at its fundamental resonance frequency (5 MHz) and also at overtone fre-
quencies. The oscillation results in a standing plane wave! (also known as acoustic
wave), which vertically propagates through the crystal and penetrates into the
medium over the crystal surface (Ferreira et al. 2009; Johannsmann 2015). As added
mass on the sensor surface detunes the resonance frequencies (f,, where n is the
overtone number), QCM can measure the mass of deposited layers by recording the
shift in the quartz crystal” resonance frequencies (Af,). When the added mass is not
rigid and it has significant viscoelasticity (which is common in case of soft and
hydrated biomaterial films (Ismail et al. 1996; Marx 2003; Laos et al. 2006; Kittle
et al. 2011)), it also changes the decay characteristic of the penetrating wave. The
decay characteristic is in connection with the energy dissipation of the oscillation
that can be quantified by the dissipation factor (D, or AD,, measured for fundamen-
tal and each overtone frequency as well), and it can provide results on the adlayer
viscoelastic properties. Moreover, QCM is also sensitive to the mass of solvent mol-
ecules coupled to the adlayer enabling to measure the hydrated mass. As viscoelas-
tic properties and hydration cannot be measured by optical methods, these features
make QCM unique among the surface analytical techniques.

Two models are mostly used for evaluating the measured Af, and AD, data. The
simplest model, the Sauerbrey equation does not take dissipation (and viscoelastic-
ity) into account and presumes that the surface mass density (M,) is a linear func-
tion of the measured normalized frequency shift (Af,/n) (Sauerbrey 1959):

A,

AM = —-C2n (8.2)
n

'This principle is analogous to the measurement principle of evanescent field applying sensors,
where a standing electromagnetic field over the waveguide layer is generated allowing to sense
analytes.
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where C refers to the mass sensitivity constant that depends on the quartz crystal
physical properties.

In case of highly solvated adlayers presenting viscoelastic properties, the
Sauerbrey equation is not valid. The quantitative evaluation requires to consider the
layer viscoelastic behavior and continuum mechanical models, most commonly the
Voigt-Kelvin model should be used. The most commonly applied implementation
of this viscoelastic model was published by Voinova and co-workers, and it is usu-
ally referred as Voinova’s equations (Voinova et al. 1999). The data evaluation is
based on the simultaneous error-minimizing fit of the measured Af, and AD, data
with the model equations. The fit results in the thickness (d},), shear viscosity (77,),
as well as shear elastic modulus (u,) of the formed adlayer, supposing a known
layer mass density (p,) (Voinova et al. 1999; Hook et al. 2001; Stengel et al. 2005).
In case of layers made of heavily hydrated polymers, such as CMD, an approxima-
tion of 1000 kg/m? can be used for the value of p, (Miiller et al. 2005).

We used the QCM-I method (MicroVacuum Ltd., Budapest, Hungary) that
employs impedance analysis for reading out frequency and dissipation data (QCM-I
denotes QCM with impedance analysis). Similarly to OWLS, the in situ setup
applies a flow-cell assembled in the measurement head and mounted on the sensor
surface. The continuous (real-time) monitoring of surface events is achieved by the
sequential measurement of impedance spectra enabling to obtain f, and D, data
simultaneously at each measurement time. The in situ QCM experiments were per-
formed with the same solution flow sections as in case of OWLS. The data analysis
(model fit) was carried out using a home-developed evaluation program.

Our results obtained from in situ QCM-I measurements on the formation of
CMD-ut-Am layers are shown in Fig. 8.4. The analysis of Af,/n and AD, data (graph
A and B) can provide useful qualitative information about the layer. While the envi-
ronmental noise can significantly disturb the penetrating acoustic wave at the fun-
damental resonance frequency (Dutta and Belfort 2007) (n = 1), only data for
overtones n > 1 (n =3, 5, 7) were considered. As it can be seen from the significant
shifts in Af,/n and AD, data, large amount of CMD was deposited in the grafting
section; however, the washing strongly affected the layer and a large amount of
CMD was washed off. Besides the CMD amount, the viscoelastic properties also
changed in the washing section indicated by the dissipation, which turned from a
strongly dissipative state (AD; = 60 x 107) to less dissipative (4.8 x 1079). It can be
assumed that a soft CMD layer formed during the grafting section; however, the
loosely bound chains desorbed, and a thin CMD coverage remained. The adequacy
of the application of Sauerbrey equation for evaluation was checked based on the
magnitude of AD, data. If AD, exceeds the critical value of 2 x 1079, the layer can-
not be treated to be rigid, and the Sauerbrey relationship is not valid (Vogt et al.
2004; Liu et al. 2011). The large values of AD, (AD; = 4.8 x 107°) indicated a vis-
coelastic case; therefore Voinova’s equations implemented in our home-developed
code were used for the evaluation and quantification of layer properties. Af, and
AD, data obtained from fitting the measured curves are shown in Fig. 8.4, and as it
can be seen, good fit quality could be achieved. The thickness (d,2™V), surface
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Fig. 8.4 QCM-I results measured on the formation of CMD-ut-Am nanolayers. [Adapted with
permission from (Saftics et al. 2018), copyright 2018 Springer Nature Publishing AG, used under
CCBY 4.0]

(A, B) Normalized frequency shift (A) and dissipation shift (B) data measured by QCM-I over the
time of CMD-ut-Am layer formation on SiO,-TiO, surfaces. The data correspond to the overtones
n=3,5,7. The in situ monitored experiments were carried out in three consecutive phases of solu-
tion flows as follows (shown by the header numbers): flow of polymer-free water to reach a stable
baseline (1), polymer solution flow (2), and water flow applied to wash the weakly adsorbed mol-
ecules. Fitted curves of the measured Af,/n and AD, data using the Voigt-based viscoelastic model
are also shown

(C) Full thickness and mass plots indicated by solid black as well as dashed red curves, respec-
tively. The mass was simply proportional with the thickness by the value of layer density
(pa = 1000 kg/m*)

(D) Shear viscosity (black) and shear elastic modulus (red) curves calculated using the Voigt-based
model

(E) Surface mass density measured by OWLS (solid red line) and QCM-I (solid black line). The
thicker black line indicates the mass calculated by the Voigt-based model, the thinner black line
refers to the third overtone mass calculated by the Sauerbrey equation. M, indicates the mass of
coupled water

(F) The illustration represents the final structure of the formed CMD-ut-Am layer together with
coupled water molecules
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Table 8.2 Summary of parallel OWLS and QCM-I results measured on CMD-ut layers: main
physical properties and their comparison with literature values

Measured References
CMD PLL-g-D¢, D¢, CMC®
MOV (ng/em?) 124 £ 23 -
M\MS3 (ng/ecm?) 277 +28 -
MM (ng/cm?) 1102 + 487 -
@A (%) 89 57¢ (Nalam et al. 2013), 60-70¢ (Perrino 2009)
N 1.66 +0.22 -
d,OV (nm) 09+0.5 -
dQMS3 (nm) 2.8+0.3 -
d,0MY (nm) 11.0+49 -
na (mPa-s) 1.43+£0.27 0.50 + 0.26 (Kuhner and Sackmann 1996)
1a (MPa) 0.03 £0.01 0.1-0.2¢ (Liu et al. 2011)

The data are presented as averaged values + standard deviations calculated from three repeated
experiments. The data represent the remained and stably grafted layers reached at the end of wash-
ing section. The superscript indications refer to the following: *, the reference data correspond to
different polymers; *, obtained on PLL-g-D (D as dextran); ¢, on dextran (D); as well as 9, on car-
boxymethyl cellulose (CMC)

MOV, surface mass density recorded by OWLS; M QMS3 M ,QEMY 'gurface mass density recorded
by QCM-I and evaluated using the Sauerbrey model or Voigt-based model, respectively; @, hydra-
tion degree; ny, dOV'S, refractive index, as well as optical thickness of CMD adlayer obtained by
OWLS; d\QMS3 d,QCMV thickness of CMD adlayer obtained by QCM-I and evaluated using the
Sauerbrey equation or Voigt-based model, respectively; 74, f4, shear viscosity and shear elastic
modulus of CMD adlayer, calculated using the Voigt-based model. References are designated as
shown

Adapted with permission from (Saftics et al. 2018), copyright 2018 Springer Nature Publishing
AG, used under CC BY 4.0

mass density (M 2™Y), and viscoelastic data (174, p,) calculated by the fits are
shown in Fig. 8.4. The resulting data representing the remained stable layer after
washing are presented in Table 8.2. Herein, literature data about similar layers are
also shown to provide a basis for comparison (Saftics et al. 2018).

8.3.5 Hydration Properties of Ultrathin CMD Layers: Combining
QCM and OWLS Results

As a consequence of the lack of individual analytical techniques capable of mea-
suring heavily hydrated objects at the nanometer scale, the nanostructure and
dynamic behavior of ultrathin layers in aqueous environment is still poorly charac-
terized. A main limitation of the optical techniques is that water molecules,
coupled to the layer, cannot be distinguished from the aqueous background (bulk
phase), and therefore they do not provide change in the refractive index signal.
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Fig. 8.5 Scheme about the methodology applied for exploring the formation as well as hydration
and nanostructure of ultrathin CMD layers using parallel in situ OWLS and QCM-I measurements.
We used chemically identical substrate surfaces in both measurement techniques. [Adapted with
permission from (Saftics et al. 2018), copyright 2018 Springer Nature Publishing AG]

Consequently, only the “dry” mass of an analyte layer can be measured (H60k
et al. 2002; Voros 2004). In contrast to OWLS, QCM is sensitive to solvent mole-
cules coupled to the layer, since it measures all the masses oscillating with the
crystal. This combined “wet” mass cannot be uncoupled to the mass of dry adlayer
and mass of bound solvent molecules. However, the combination of OWLS and
QCM provides a special tool to determine the hydration degree of nanolayers (@)
by utilizing both the optical (“dry” OWLS mass, M,°"5) and mechanical
(“wet” QCM-I Voigt mass, M,°“M) mass data (Hook et al. 2001, 2002; Vorss 2004,
Miiller et al. 2005). A scheme of the combined evaluation methodology is shown
in Fig. 8.5.

The dry and wet surface mass density values as a function of time measured dur-
ing the formation of a CMD-ut-Am layer are plotted in Fig. 8.4E (specific mass data
corresponding to the remained stable layer are shown in Table 8.2). The difference
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between the dry and wet mass, highlighted by M,,.,, refers to the mass of water
molecules coupled to the CMD layer. The hydration degree (@) of the stable layer
was determined to be 89%. An assumed structure of the remained stable layer
including coupled water molecules is also shown (F).

The combination of OWLS and QCM-I data also enabled us to characterize the
layer nanostructure in terms of hydration and viscosity (see Fig. 8.5). We found that
the conformational rearrangement during the washing accompanied with significant
change in the layer hydration and viscosity. For more details see our related publica-
tion (Saftics et al. 2018).

8.3.6 Thickness and Composition of Spin-Coated
and Crosslinked CMD Layers: Characterization
by Ellipsometry and XPS

Spectroscopic ellipsometry is an optical technique that measures the polarization
state of light reflected from the sample in order to measure the optical properties and
thickness of the constituting layers. The wavelength spectra of the so-called ellipso-
metric angles (¥ and A, characterizing the polarization state) are evaluated based on
the fit of an adequate optical model, which is a function of the structure and physical
parameters of the sample.

Ellipsometry could be effectively used to characterize the CMD-sc layers and
determine their thickness and refractive index. It is important to emphasize that the
thickness of these layers was over 10 nm. Below this value, in case of few nanome-
ters thick CMD-ut coatings, CMD could not be separated from the substrate, and
therefore, reliable layer parameters could not be determined. In order to control the
thickness, the CMD-sc layers were fabricated with applying different spin-coating
rotational speeds. Mapping mode spectroscopic ellipsometry measurements were
performed to obtain thickness and refractive index maps about the examined sam-
ples. We developed an ellipsometric optical model that could be effectively used for
the evaluation of the measured ¥ and A spectra with the main goal of determining
the thickness of dry CMD-sc layers.

The calculations were performed in the 450-900 nm wavelength range. The
refractive indices corresponding to the different layers were modeled using the
Cauchy’s equation. Fitted ¥ and A spectra of a measured CMD-sc sample (A) and
evaluation results (C, D, and E) can be seen in Fig. 8.6, where details of the used
optical model developed for the specific evaluations are also shown (B). The model
presumes vertically inhomogeneous (gradient) refractive index in the SiO,-TiO,
waveguide layer which was divided into five slices with increasing refractive indi-
ces in depth. This presumption was based on the expectation that the density of the
layer from the bottom to the top was decreased by the standard acidic cleaning
applied on the OWLS sensor chips. The wavelength dependence of CMD refractive
index characterized by the B parameter was determined in separate measurements.
For these measurements, the CMD layers were spin-coated on gold substrates,
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Fig.8.6 Ellipsometry results obtained on CMD-sc layers. [Adapted with permission from (Saftics
2018) and from (Saftics et al. 2019), copyright 2019 American Chemical Society]

(A) ¥ and A spectra recorded on a CMD-sc layer that was prepared on an OWLS model substrate.
The measured and fitted spectra are indicated by the solid and dashed lines, respectively
(MSE = 1.9). The spectra correspond to the center of the measured sample (applied spin-coating
rotational speed: 6000 rpm)

(B) Optical model and results obtained from the fit that is presented in graph A (the shown param-
eters are the following: d, thickness; A, B, C, parameters of Cauchy’s equation; vertical inhomoge-
neity degree of the layer ())

(C, D) Lateral maps about thickness (dcyp) and refractive index (ricup, 6325 nm) Of the CMD layer.
The refractive index was calculated using the Cauchy’s equation at the wavelength of 632.8 nm
(E) Thickness of CMD-sc layers depending on the applied rotational speeds. The yellow-colored
(top) columns refer to the thickness of CMD layers as prepared (unwashed). The orange (bottom)
columns refer to the thickness of CMD layers remaining after the washing

where improved optical contrast and sensitivity could be achieved. As a result,
Beoyp = 4.5 x 1072 = 7.4 x 10~ was found (average = std., four analyzed samples)
(Saftics et al. 2017).

Graphs C and D show the evaluated thickness and refractive index maps of an
unwashed CMD-sc sample. The thickness values depending on the spin-coating
rotational speeds both for unwashed and washed samples are presented in bar chart
E. The rotational speed significantly affected the unwashed CMD layer thickness,
and the effect followed the expected tendency. However, the effect of varying
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rotational speeds on the thickness of remained layers was not obvious. It was
observed that the washing removed 80% of the CMD thickness resulting in
10-50 nm thickness for the remained layers (Saftics et al. 2019).

XPS was used to determine the elemental composition of CMD-sc layers with
the main goal of phosphorous (P) detection in order to determine the crosslinking
degree. Due to the fact that STMP crosslinker molecules were the only P-containing
compounds, the determination of P could be used to detect the presence of cross-
links and measure their relative amount. As a result, the determined 0.2-0.4 + 0.1%
P content should correspond to an approx. 5% crosslinking degree (Saftics et al.
2019).

8.3.7 Wetting Properties of Spin-Coated and Crosslinked CMD
Layers Characterized by Contact Angle Measurements

Measuring the CA of water droplets deposited on surfaces can be used to character-
ize the wettability and hydrophilic-hydrophobic nature (energetics) of a surface.
Due to the fact that hydrogels can absorb a large amount of water, dynamic CA
measurements are useful in demonstrating the hydrogel nature of the examined
layer.

Figure 8.7 presents the results of CA measurements on CMD-sc surfaces.
Compared to the aminosilane-coated surface (A), the CMD-sc layer (B) signifi-
cantly affected the CA, resulting in CAs in the range of 10-30° (with respect to
multiple samples). According to our observations, the drop shape remarkably varied
in time after deposition on CMD-sc surface. The phenomenon was analyzed by
dynamic CA measurements, and a typical outcome is shown in graph C. It was
found that the CA continuously decreased until relaxation. The drop in CA can be
attributed to a significant water uptake which characteristic is typical for hydrogels.

Fig. 8.7 Water CAs
measured on a CMD-sc
sample. [Adapted with
permission from (Saftics
et al. 2019), copyright
2019 American Chemical
Society]
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It should be noted that such dynamic behavior was not detected for CMD-ut layers,
which is an obvious verification of the difference (thickness, crosslinking) between
the developed CMD-ut and CMD-sc layers (Saftics et al. 2019).

8.3.8 Protein- and Cell-Repellent Ability Characterized by OWLS
and Phase Contrast Microscopy

A primary goal of the fabrication of CMD layers on SiO,-TiO,-type optical biosen-
sor surfaces was the development of biofunctional sensor coatings with advanced
antifouling abilities.

We applied the in situ OWLS method to characterize the protein-repellent (NSB-
resistant) ability of CMD-ut and CMD-sc layers by measuring the amount (surface
mass density) of adsorbed proteins. In these experiments, three different protein
molecules with varying isoelectric point (pI) and molecular weight values were
tested, including bovine serum albumin (BSA), fibrinogen (FGN), and lysozyme
(LYZ). Typical adsorption curves measured on CMD-ut and CMD-sc surfaces are
shown in Fig. 8.8A/a and A/b, respectively. Compared to the control measurements
performed on bare SiO,-TiO, surfaces, it is obvious that the CMD layers suppressed
the adsorbed amount of each protein. The slightly higher deposited mass values of
LYZ can be attributed to the attraction of positively charged LYZ (pI = 11.0) to the
negatively charged CMD molecules (pK, =~ 3) (Sidobre et al. 2002) in the used buf-
fer environment (phosphate-buffered saline (PBS), pH 7.4) (Saftics et al. 2019).

The cell-repellent ability of CMD layers was tested by adhesion experiments
using living HeLa cells, and the adhesion was observed by phase contrast micros-
copy. As shown in Fig. 8.8B, the presence of CMD provided considerable resistance
against cell adhesion.

8.4  Summary

In this chapter, we have presented the surface analytical methodologies we applied
to reveal the properties of our developed thin CMD layers. The proposed biosensor
applications, for which the CMD layers were fabricated, demand to understand the
layer structure and behavior in aqueous environment. Although the number of appli-
cable techniques is very limited and there is no such method that could provide a
full layer characterization, we demonstrated that using a collection of highly sensi-
tive surface analytical techniques, several characteristics can be understood. It has
been shown that the OWLS and QCM methods are capable to provide unique struc-
tural and mechanical data about heavily hydrated nanolayers. The presented mea-
surement and data analysis methodologies are proposed to facilitate the analysis of
biosensor coatings or other hydrated thin coatings used in various fields.
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Fig. 8.8 Protein- and cell-repellent ability of CMD layers. [Adapted with permission from
(Saftics 2018) and (Saftics et al. 2019), copyright 2019 American Chemical Society]

(A) Adsorbed mass of BSA, FGN, and LYZ proteins in situ monitored by OWLS. Graph A/a and
A/b represent measurements performed on CMD-ut and CMD-sc layers, respectively. The differ-
ent curve colors designate the specific proteins. While the solid curves were obtained on CMD-
covered surfaces, the dashed ones indicate measurements carried out on unmodified SiO,-TiO,
substrate surfaces. The experimental phases are shown by the graph headers

(B) Image B/a corresponds to a sample partially coated with CMD-sc layer as indicated by the
dashed line. While cells did not adhere on CMD surface, they could adhere on glass (see image B/b
taken on glass surface). The images were captured after 4 (B/a) and 6 (B/b) hours of incubation in
cell culture
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