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Abstract

The thermoresponsive Poly(N-isopropylacrylamide) (PNIPAm) is widely utilized in
hydrogels and surface modification, enabling controlled drug release, cell sheet engineering,
and tissue engineering. Due to its lower critical solution temperature near 32 °C, close to body
temperature, PNIPAm shows promise in adjusting the physiochemical properties of
biomaterial surfaces. Nonetheless, existing methods to create PNIP Am-modified surfaces are
often inefficient or costly and lack bioactivity, limiting their use as stimuli-responsive
substrates regulating cell activities. A novel approach is explored here, integrating semi-
synthetic glycosaminoglycans (GAGs) to facilitate the cost-effective fabrication of bioactive
PNIPAm-containing polyelectrolyte multilayers (PEMs) using the layer-by-layer (LbL)
technique. This involves the sequential adsorption of oppositely charged polyelectrolytes
(PELs). The study investigates the PEM assembly using PNIPAm-containing PELs by
conjugating PNIPAm with the polyanion cellulose sulphate (CS). CS, which resembles GAGs
with excellent bioactivity, is used to mimic surface coatings using native GAGs to enhance
bioactivity. In the framework of this research, two new synthetic pathways to prepare
PNIP Am-grafted-cellulose sulphate (PCS) as a polyanion are developed, differing in the
degree of substitution of PNIPAm and amount of sulphate groups. These variations aim to
achieve both thermoresponsive and bioactive PEMs via the LbL technique. Lower sulphated
PCS 1 (DS 0.41) and higher sulphated PCS 2 (DS 0.93) are used to investigate their ability to
form PEMs with various polycations (chitosan, CHI, quaternized chitosan, QCHI, or poly-L-
lysine, PLL). The resulting behavior, structure, stability, and surface properties of the PEMs
strongly correlate with the sulfation degree, polycation type, and presence of PNIPAm.
Notably, the highly sulphated PCS 2 effectively surpasses the steric hindrance of PNIPAm,
enabling greater adsorption of both polycations and forming more stable PEMs compared to
the less sulphated PCS 1 after exposure to pH 7.4. Moreover, the smaller molecule PLL tends
to form more intertwined PEMs than the larger QCHI, significantly affecting surface
properties. The surface characterization study is further linked to the toxicity and
biocompatibility of the PEMs with cells from three different germ layers. The PEMs combined
with PLL exhibit higher toxicity to 3T3, HepG2, and HaCaT cells, particularly when paired
with PCS1, while the combination of QCHI and PCS2 demonstrates excellent biocompatibility,
promoting cell adhesion and proliferation over 7 days. Immunofluorescence staining of the
cytoskeleton and focal adhesions of 3T3 cells supports these findings regarding the superior

biocompatibility and enhanced cell adhesion of QCHI and PCS 2. In summary, this thesis



introduces newly developed thermoresponsive coatings capable of modulating surface
properties and enhancing bioactivity by incorporating PNIPAm-modified CS, a semi-
synthetic GAG. These coatings hold immense potential as cell culture substrates for delivering

growth factors, cell production, and as bioactive wound dressings for tissue regeneration.



Zusammenfassung

Das thermoresponsive Polymer Poly(N-isopropylacrylamid) (PNIPAm) findet breite
Anwendung in Hydrogelen und bei der Oberflichenmodifizierung und ermdoglicht die
kontrollierte Freisetzung von Medikamenten, die Herstellung von Zellschichten und die
Gewebeziichtung. Aufgrund seiner niedrigen kritischen Losungstemperatur von etwa 32 °C,
die nahe der Korpertemperatur liegt, hat PNIPAm das Potenzial, die physikochemischen
Eigenschaften von Biomaterialoberflichen zu verdndern. Bestehende Methoden zur
Herstellung von PNIPAm-modifizierten Oberflichen sind jedoch oft ineffizient oder
kostspielig und weisen eine geringe Bioaktivitit auf, was ihre Verwendung als stimulierende
Substrate zur Regulierung zelluldrer Aktivititen einschriankt. In dieser Arbeit wird ein
neuartiger Ansatz untersucht, der halbsynthetische Glykosaminoglykane (GAGs) einbezieht,
um die kostengiinstige Herstellung von bioaktiven PNIPAm-haltigen Polyelektrolyt-
Multischichten (PEMs) mit Hilfe der Layer-by-Layer-Technik (LbL) zu erméglichen. Dies
beinhaltet die sequentielle Adsorption von entgegengesetzt geladenen Polyelektrolyten (PEL).
In der Studie wird der Aufbau von PEMs mit PNIPAm-haltigen PELs durch Konjugation von
PNIPAm mit dem Polyanion Cellulosesulfat (CS) untersucht. CS, das den GAGs &hnlich ist
und eine ausgezeichnete Bioaktivitat aufweist, wird verwendet, um
Oberflachenbeschichtungen mit nativen GAGs nachzuahmen und die Bioaktivitit erheblich
zu verbessern. Im Rahmen dieser Forschungsarbeit werden zweineue synthetische Verfahren
zur Herstellung von PNIPAm-gepfropftem Cellulosesulfat (PCS) als Polyanion entwickelt,
wobei sich die Verfahren durch den Grad der Substitution von PNIPAm und die Menge der
Sulfatgruppen unterscheiden. Diese Variationen zielen darauf ab, mit Hilfe der LbL-Technik
sowohl thermoresponsive als auch bioaktive PEMs herzustellen. Weniger sulfatierte PCS 1
(DS 0,41) und starker sulfatierte PCS 2 (DS 0,93) werden verwendet, um ihre Fahigkeit zur
Bildung von PEMs mit verschiedenen Polymeren (Chitosan, CHI, quarternisiertes Chitosan,
QCHI oder Poly-L-Lysin, PLL) zu untersuchen. Das daraus resultierende Verhalten, die
Struktur, die Stabilitit und die Oberflicheneigenschaften der PEM stehen in engem
Zusammenhang mit dem Grad der Sulfatierung, dem Typ des Polykations und der
Anwesenheit von PNIPAm. Am Auffalligsten war die Beobachtung, dass das stark sulfatierte
PCS 2 das sterische Hindernis von PNIPAm wirksam iiberwindet, eine starkere Adsorption
von Polymeren ermoglicht und stabilere PEMs bildet als das weniger sulfatierte PCS 1,
nachdem die Multischichten dem pH-Wert 7,4 ausgesetzt wurden. Dariiber hinaus neigt das
kleinere Molekiil PLL dazu, mehr ineinander verschlungene PEMs zu bilden als das grofere

QCHLI, was die Oberflacheneigenschaften erheblich beeinflusst. Die
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Oberflachencharakterisierung steht in einem weiteren Zusammenhang mit der Toxizitdt und
Biokompatibilitit der PEMs mit Zellen aus drei verschiedenen Keimblattern. Die mit PLL
kombinierten PEMs zeigen eine hohere Toxizitat gegeniiber 3T3-, HepG2- und HaCaT-Zellen,
insbesondere in Kombination mit PCS1, wihrend die Kombination aus QCHI und PCS2 eine
ausgezeichnete Biokompatibilitdit aufweist und die Zelladhésion und -proliferation iiber 7
Tage fordert. Die Immunfluoreszenzfarbung des Zytoskeletts und der fokalen Adhéasionen
von 3T3-Zellen unterstiitzt diese Ergebnisse hinsichtlich der iiberlegenen Biokompatibilitat
und der verbesserten Zelladhésion von QCHI und PCS 2. Zusammenfassend werden in dieser
Arbeit neu entwickelte thermoresponsive Beschichtungen vorgestellt, die in der Lage sind,
die Oberflacheneigenschaften zu modulieren und die Bioaktivitdt durch die Integration von
PNIPAm-modifiziertem CS, einem halbsynthetischen GAG, zu verbessern. Diese
Beschichtungen haben ein enormes Potenzial als Zellkultursubstrate fiir die Bereitstellung
von Wachstumsfaktoren, die Zellproduktion und als bioaktive Wundauflagen fiir die

Geweberegeneration.



1. Introduction

The treatment of severe medical conditions, especially regarding organ failure, damaged
tissues after accidents, or other medical related shortcomings of patients is based on the
application of biomaterials. Hudecki et al. followed the definition of the “Biomaterials” journal
and described a biomaterial as “substance that has been engineered to take form, which, alone
or as part of a complex system, is used to direct, by control of interactions with components
of living systems, the course of any therapeutic or diagnostic procedure"’. In the past decades,
the number of applicable and applied biomaterials has rapidly increased? Hence, this field
greatly impacted the area of biomedical research. The development of synthetic or biological
materials, the development of new and more fitting structures for the area of application in
living systems or the enhancement of biocompatibility and degradability of biomaterials
employs research facilities and groups all over the world. In this section, the reader is provided

with the basic knowledge for the understanding of this doctoral dissertation.

1.1.Regenerative medicine and tissue engineering

As described above, an enormous number of biomaterials are part of medical treatments.
A wide variety of biomaterials (and medical devices), from sutures to close wounds, to stents
to widen narrowed arteries up to pacemakers and artificial joint replacements, are basically
used on a daily basis®. However, the human body is designed to reject all foreign materials
and so it shows manifold adverse reactions towards implantable biomaterials, e.g., an immune
response and so-called foreign body reaction. The immunological rejection can cause great
pain and hinders the regeneration and functionality of tissue. Especially for the application
of biological materials, including donated tissue or organs, patients must be treated with
immune suppressive medicine to enable or facilitate the acceptance of the transplanted organs
or implanted material into the patient’s body. Circumventing the immune reaction is made
possible by using autologous implants (derived from the same organism). However, the
availability of such transplants is strongly limited. In addition to the rejection reaction, many
biomaterials are non-compatible with blood, leading to blood coagulation on their surface
causing enhancedrisk of thrombotic complications*. Due to these adverse effects, biomaterials
with basically inert surface are often applied, which minimizes the risk of an immune reaction
or blood clotting®. However, inert materials are not integrated into the tissue as cell adhesion
is minimized, which is not beneficial for bone and other tissue implants. Over the past years,

the development of new materials and the focus on biocompatible and bioactive surface
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coatings enhanced the possibilities and application of biomaterials*¢. Furthermore, the field
of regenerative medicine, focusing on the use of patient derived cells, enabled new therapeutic
methods’, especially in cases, where tissues in the human body cannot be replaced by artificial
implants.

Mason und Dunnill (2008) discussed a brief definition for regenerative medicine and
narrowed it down to the following: “regenerative medicine replaces or regenerates human
cells, tissue or organs, to restore or establish normal function”®. To maximize the effect of
regenerative medicine approaches, transplanted cells ideally are effective at the desired site
until the tissue or organ is regrown, repaired or replaced. The widely used approach for cell
transplantation is as suspension, which is probably due to their convenient application.
However, the use of cell suspensions often leads to marginal effects, because many cells are
known to be lost soon after transplantation’®. Tissue engineering and the production of
artificial organs®, emerged as a promising biomedical area aiming to close the gap left by
implants and transplants and overcoming their drawbacks. Tissue engineering, evolving from
biomaterial research and being a part of regenerative medicine, combines cells and bioactive
components with so-called scaffolds and aims for the replacement, reconstruction or
regeneration of damaged tissue or organs (by disease, trauma, etc.) using patient-specific
tissue substitutes'2. The use of scaffolds, desirably biodegradable ones, as anchoring or depot
for cells or bioactive components could solve the issue of cell loss as it is the case for cell
suspensions, making tissue engineering a promising research field’. However, the scaffold-
based TE relies on the development of a fine balance between the rate of scaffold degradation
and the growth of tissue from the cells®®. Hence, in the past 30 years, researchers even aimed
for scaffold-free “cell sheet engineering” approaches. The method was introduced by T. Okano
and aims for the fabrication of tissue replacements based on the cultivation of cell mono- or
multilayers, combining or using them as functioning tissue replacement'.

Conventionally, cells for TE purposes are cultivated in polystyrene cell culture flasks,
fed with cell culture medium (containing nutrients and bioactive substances), and grown to a
certain density inside the flask (depending on the cell type). Afterwards, the cells are
harvested, traditionally using enzymes like trypsin. These so-called proteases enzymatically
degrade proteins of the extracellular matrix (ECM), cell adhesion receptors and transport
proteins, leading to cell detachment from the culture flask surface. Additionally, chelating
agents like ethylenediaminetetraacetic acid (EDTA) bind cations like Mg?* and/or Ca®',
weakening the cell-cell-junctions. This allows the harvest of separated cells for furtheruses.
However, the use of proteases and chelating agents always leads to nonspecific effects,

damaging ECM components, cell adhesion receptors, transport proteins and subsequently
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cells”. Using Trypsin or EDTA is not suitable for the use in scaffold-free TE, when aiming for
the use of intact cell sheets. In the past years, manifold research groups came up with new
surfaces or strategies for cell harvest, such as thermoresponsive surfaces, fibrin-coated dishes
and vitamin C treatment®. At this point, cell sheet engineering on thermoresponsive surfaces,
especially using Poly-N-isopropylacrylamide, were used for manifold cell sheet engineering
applications®®. The cell sheet engineering allows for the direct fabrication of diverse tissue
constructs that enable to regenerate, rebuild, or even replace damaged or malfunctioning
tissues. While culturing the cell sheets before their application, cells start to build their
extracellular matrix (ECM) and secrete ECM components, mainly proteins. When harvesting
these sheets for applications, they can retain this secreted ECM, allowing for easier use in
vivo as the presence of ECM components forms a “biological glue” (Kushida, Yamato, et al.
1999), as the re-attachment on surfaces or even stacking of sheets is promoted?. This allows
for a second great advantage for the use of cell sheets, as they allow stacking of several
homotypic or even heterotypic sheets. Allowing the combination of different cell types,
depending on the tissue they are ought to replace. However, this approach is mainly used in
tissues with alower amount of ECM, such as epidermis and other tissue rich in epithelial cells
(e.g., liver, or mucous membranes). ECM-rich tissues, such as bones or cartilage, where the
ECM is also responsible for a certain mechanical stability, the use of scaffolds is necessary to
provide this stability, hence the use of cell sheets is rather limited in these fields of tissue
engineering. Nevertheless, the possibility to use intact cell sheets for biomedical applications
has great potential, fabricating diverse tissues “ready-to-use" and patient specific?.

This work is part of this trend and aims for the fabrication of new kind of biological
active surface coating with thermoresponsive properties for the harvest of intact cell sheets
for tissue engineering purposes.

1.2. Tissue structure based on extracellular matrix and cells

For the use of biomaterials in living systems, be it implants, surface coatings, or other
components interacting with cells, and particularly cell sheet engineering it is imperative to
understand the basic interactions of cells with their environment. Under “artificial” conditions
(e.g., application of implants or in vitro culture) cells do not interact with surfaces directly,
but rather with the protein adsorption layer. These proteins are either produced by the cells
themselves or adsorbed to the surface from blood and tissue fluids or, in vitro, from the serum
used in the cell culture medium®24. In vivo, the cells encounter a highly complex environment
that is called the extracellular matrix (ECM). The ECM is an important component, present in

all tissue and organs, playing a major role in tissue morphogenesis, in cell adhesion, growth,



differentiation, migration, and in homeostasis by providing pivotal biochemical and
biomechanical cues®. The complexity and function of the ECM is however depending on the
tissue. For connective tissue (3D), the ECM is plentiful, enriched by many fibrous polymers
(mostly collagen), which provide the tissue with the necessary mechanical stability and the
cells are seldomly in contact to one another but rather distributed in the abundant matrix. In
contrast, for epithelial tissue (2D) cells are tightly bound to another and form sheets, while
the ECM is called a basal lamina, only providing minimum biological cues and the mechanical
stress is mostly born by the cells?®. Nevertheless, the ECM contains depending on the tissue,
a plethora of proteins, e.g., collagens, glycoproteins?” and proteoglycans (protein backbone
with glycosaminoglycan (GAG)# side chains), which are the main components of the ECM*
and mediate the interactions of cells with biomaterial surfaces or support the cell-cell
interactions.

For connective tissue, the structure of the ECM is dominated by fibrillar collagens and
partly elastin, building the scaffolding of the matrix, and providing mechanical strength. More
than 20 genetically different collagens are known and are present in the ECM in different
composition, depending on the cell type/tissue. While collagens are mostly responsible for
the ECM structure, adhesive glycoproteins, such as laminin and fibronectin and the
proteoglycans, specifically interact with the collagen. The plethora of proteins provides the
ECM with manifold cues that enable specific interactions with cells present in or adjoining
the matrix*. As an example, collagen and fibronectin contain specific sequences (e.g. RGD)
onto which cell receptors such as integrins can bind®.

A major component in cells, the basal lamina and the ECM of connective tissue are
proteoglycans (PG) and GAGs. PGs are built by GAGs (e.g., chondroitin sulphate, dermatan
sulphate, heparan sulphate, heparin, hyaluronic acid, and keratan sulphate), which are
covalently boundto a core protein®. Even though the core protein contributes to the properties
of PGs, their main functionality depends on the GAGs attached to the core. A PG can contain
several GAGs as side chains, providing different properties and enabling different
interactions®!. Their presence contributes significantly to the structural organization of the
ECM, playing a crucial role in stabilizing interactions among various ECM components such
as collagen, fibronectin (FN), laminin, and glycoproteins3?33. PGs and GAGs are considered
highly bioactive. The bioactivity arises from the diverse functional groups present in their
structures. The GAGs contain sulphate, carboxyl, and hydroxyl groups that confer negative
charges, allowing them to interact with positively charged regions of a wide range of
biomolecules, including ECM proteins, growth factors, other GAGs, cytokines, and other

signaling molecules. The variability in their structures and sulfation patterns also contributes
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to their specificity in binding to various ligands and receptors, thereby regulating numerous
biological processes3!:34. Regarding cell adhesion, proliferation, growth, and differentiation
and the interaction with growth factors, especially two cell surface PGs are most relevant,
syndecans and glypicans. Syndecans and glypicans are both types of transmembrane or cell-
surface PGs, involved in cell signaling and interactions within the extracellular matrix?.
Syndecans are integral membrane proteins that participate in cell adhesion (formation of focal
adhesions), migration, and signal transduction by binding to various molecules like growth
factors (GFs) and matrix proteins. They have a unique structure with a cytoplasmic domain
that interacts with the cell's internal machinery and an extracellular domain that binds to
outside signaling molecules. This allows syndecans to either directly (by binding GF through
heparan sulphate or chondroitin sulphate) or indirectly (by supporting integrins or GF
receptors) activate cell signaling cascades?®3%3, On the other hand, glypicans are anchored to
the cell membrane via a glycosylphosphatidylinositol (GPI) linkage. These proteins also play
crucial roles in cell signaling by regulating the activity of signaling molecules (e.g., GFs like
bone-morphogenic protein or fibroblast growth factor). Glypicans are involved in cell growth,
differentiation, and development by modulating the gradient and availability of these
signaling molecules®*°. Additionally, other proteoglycans like aggrecan, neurocan, and
brevican also contribute significantly to cell-ECM interactions, growth factor binding, and
modulation of signaling pathways, albeit their major functions might be more specific to
specific tissues (e.g., aggrecan regulates cartilage development, growth, and homeostasis and

neurocan/brevican inhibit neuronal attachment and neurite outgrowth)3>.

Table 1: Overview of some of the proteoglycans, grouped by their location, linked with the GAGs mainly
responsible for their properties and with an overview of the functions they have in vivo. The table was filled by
the adaptation of a figure from Rnjak-Kovacina et al. (2017)*/. Abbreviations: CHS = chondroitin Sulphate, DS =

dermatan sulphate, HS = heparan sulphate, KS = keratan sulphate

Location Proteoglycan | Glycosaminoglycans | Proteoglycan functions
Intracellular | Serglycin CS/DS/HS/heparin
Cell surface | Syndecans 1-4 | HS e Binding of growth factors,
Glypicans 1-6 HS cytokines, chemokines and
Betaglycan CS/HS morphogens and
Phosphacan CS protection against
Pericellular | Perlecan HS/CS/KS proteolysis
Agrin HS e Formation of morphogen
Collagen XVIII | HS gradients
Collagen XV CS/HS




Extracellular | Aggrecan CS/KS e Co-receptors for growth
Versican CS factor signalling
Neurocan CS e ECM assembly
Brevican CS e Basal lamina assembly
Biglycan CS e Direct cell interactions or
Decorin DS modulation of cell
Lubricin CS/KS interaction with other
Fibromodulin KS ECM molecules
Lumican KS e Biophysical roles in tissue
Keratocan KS hydration, compression,
Osteoadherin KS and lubrication
Epiphycan DS/ CS
Testican 1-3 HS

Depending on the composition of the ECM, it possesses different mechanical properties,
which play an important role in controlling cell function and fate. Each cell must balance the
external forces exerted on them by the mechanical properties of their environment, which
includes for example the stiffness of the ECM, and by neighboring cells. To achieve this
balance, cells regulate the tension of their cytoskeleton which generates internal forces that
are transmitted through adhesion sites. These sites link the cytoskeleton to the ECM, which
in turn results in an interplay between cells and their microenvironment. This generates
cytoskeletal tension that allows cells to maintain their shape and to dynamically response to
external forces, leading to a fine regulation of cellular behaviour®. This interplay, also known
as mechanotransduction, is very complex and only mentioned briefly. But it allows to
understand that, since each tissue has a specific stiftness that is regulated by the ECM
composition and organization, cellular behavior differs on differently stiff ECMs¥. A widely
known example is the differentiation of stem cells on different substrata. They tend to
differentiate towards osteoblasts when cultured on substrates that possess similar stiffness
values as bone, but on the other hand the same cell type differentiates into adipocytes or
chondrocytes when the culture substrate is soft’*. This emphasizes the influence of the
mechanical properties of the ECM.

Beside the provision of topographical cues and mechanical strength, the ECM acts as a
reservoir for cytokines, such as growth factors (GFs), which control the cell fate. The manifold
functions of GF include, e.g., stimulation of cell growth and differentiation, and influencing

survival, but they are also involved in processes like inflammation and tissue repair. For
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normal tissue cells to proliferate and survive, multiple types of GFs are necessary. Some ECM
components, e.g., fibronectin, vitronectin and the proteoglycans, can bind a variety of GFs
from different classes. Important classes to concisely introduce here are the fibroblast growth
factor family (FGF), the transforming growth factor family (TGF), which includes bone
morphogenic proteins (BMPs) and the vascular endothelial cell growth factor family (VEGF)*-
42, For tissue engineering and regenerative medicine, GFs have become a critical component,
providing necessary signals to cells in their microenvironment, which causes accelerated
wound healing. Furthermore, the growth of tissue can be influence by presence of growth
factors in or on the substrate they are cultivated on®. As a detailed explanation of GFs would
surpass the scope of this thesis, a comprehensive review in literature is referred®. The ECM
is responsible for the controlled availability of GFs, acting as a reservoir by saving the GFs in
an inactive state and releasing them for cells in a spatially and timely controlled manner. As
matrix proteoglycans are playing a key role in this process, the ECM shows another important
feature in delivering and realizing GFs on demand by proteolytic activity and other
processes®,

Plentiful ECM components, especially collagen, laminin, fibronectin, vitronectin, and
fibrinogen, show specific sequences that allow specific interactions with cells*. Interactions

with proteoglycans are diverse so that proteoglycans containing heparan sulphate are

Collagen receptors Leukocyte-specific

receptors

receptors/ Laminin receptors

Figure 1: Overview of all integrin receptors and their affinity towardscertain ECM
components. Reprinted from Hynes et al. (2002)
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facilitating cell attachment, while those with chondroitin sulphate domains show opposite
effects*.

The interaction between the ECM components and the cells is mediated by certain
heterodimeric transmembrane receptors, in particular the so called integrins®. While their
main task is mediating cellular adhesion, they also form transmembrane connections to the
cytoskeleton of cells and activate intracellular signalling pathways. Recognized in the later
1980s by Hynes et al.#, they have since become the best-understood cell adhesion receptors
and their role in multiple biological processes like immune response, haemostasis or cancer,
just to name a few, has been accounted for. Integrins are af3 heterodimers. In mammals, 83
and 18a subunits comprise the full set of 24 known integrins (see Figure 1¥). These 24
integrins can be grouped in RGD (amino acid sequence Arg-Gly-Asp, linked to cellular
adhesion®), laminin, collagen, and leukocyte-specific receptors. Integrins are the leading
adhesion molecules and provide mechanical continuity between the inside and the outside of
the cell,, e.g., ECM, but also other cells. The integrins basically serve as transmembrane link,
connecting the ECM components with the cytoskeleton inside the cell. For most integrins,
this connection is established with the actin microfilament system* via a variety of linker
proteins, such as talin, vinculin and paxillin®. The integrin connections to ECM ligands also
trigger several signal transduction pathways with profound effects on cell survival, cell
proliferation, structure and functional activity of the cytoskeleton, and gene transcription.
These integrin-mediated cell-ECM adhesion sites, named focal adhesions®, are among other
things also responsible for the aforementioned mechanotransduction. The interaction of ECM
and cells via integrins is the basis for the anchorage dependence of cell survival and
proliferation (describe as Anoikis mechanism by Frisch and Screaton®). In addition to
integrins which mainly form focal adhesions, interacting with the ECM, other transmembrane
proteins such as cadherins are responsible for the cell-cell interaction in tissue. They are of
outmost importance for epithelial tissue, as they allow the formation of a tight epithelial cell
barrier>!. Cadherins are calcium-dependent homotypic cell-to-cell adhesion molecules, which
localize in so called adherence junctions. There, cadherins can establish linkages to other cells
with actin-containing cytoskeletons®. Cadherins of opposing cells form complexes and align
in “zipper”-like manner side by side. Cadherins play a crucial role in tissue organization but
also for regulation of signalling cascades, making them very important transmembrane
molecules in the maintenance of normal tissue structures®. The cadherin superfamily
comprises many different cadherins, such as classical cadherins, protocadherins, desmosomal
cadherins, and cadherin-like proteins. Best known are the classical cadherins E-, N- and R-

cadherins, derived from epithelial, neural and retinal, the tissue they are most prominent in>2.
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So, for epithelial tissue, E-cadherins are mostly responsible for the cell-cell adhesion, tissue
organization, maintenance of the epithelial barrier and signal transduction®'.
1.2.1. Cell-surface interactions

As expected from the stages of interactions of biomaterials with blood, serum or cell
culture media, protein adsorption is preceding cellular adhesion, but can be followed by
activation-depending events like coagulation, inflammation and, of course, cell adhesion?%.
After adhesion, cell activation related to morphological changes, proliferation and
differentiation of tissue cells follows*%, making protein adsorption a vital process for cell and
tissue formation on biomaterial surfaces. Therefore, understanding protein adsorption and
manufacturing biomaterial surfaces to which proteins can adsorb and induce the desired

effects on cells and tissue is crucial for biomedical applications.
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Figure 2: Surface or protein properties related to their resulting Gibbs free energy, subsequently hindering, or
facilitating protein adsorption. If delta G > 0, protein adsorption is hindered, if delta G < 0, it is promoted.
Especially surface wettability (hydration forces), electrostatic (Coulomb) interactions and steric repulsion of
polymeric chains are important factors influencing protein adsorption on surfaces. Figure taken from Doberenz
et al. (2020)%2.

Proteins are macromolecules composed of amino acids with side groups that may be

polar or non-polar, positively, or negatively charged, which means they are amphiphilic and

amphoteric, respectively. These properties make proteins prone to adsorb to interfaces®. It
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enables proteins to engage in manifold interactions with other molecules or surfaces driven
by interfacial energy differences, increasing entropy, Coulomb and other interactions, which
are summarized with regard to their Gibbs free energy (AG) in Figure 22257%. The Gibbs free
energy is defined as AG = AH — TAS (H: enthalpy, T: temperature, S: entropy). Protein
adsorption is driven by interfacial energy differences, which is related to a AG decrease’>.
The interaction of hydrophobic polymers or other surfaces with proteins in aqueous solutions
leads to spontaneous protein adsorption. The adsorption leads to a decrease in AG, since water
molecules shielding the hydrophobic surface and additionally water molecules from
hydrophobic amino acid residues (e.g., lysins, tryptophan, etc.) of the protein are released,
increasing the entropy of the system (which in summary leads to AG < 0)%. For hydrophilic
surfaces, protein adsorption is hindered because the low interfacial energy between surface
and aqueous phase promotes the formation of a thin layer of water molecules on the surface,
which ultimately generates a very strong repulsive barrier known as hydration forces.
Another hindrance for protein adsorption is the presence of hydrophilic macromolecules of
certain length covering the surface. The compression of these macromolecules decreases the
entropy of the system, raising the Gibbs free energy and making protein adsorption
unfavorable. This phenomenon is called “steric repulsion”+¢2 Lastly, the influence of the net
charge of proteins needs to be addressed. Electrostatic interaction can promote protein
adsorption, if the electrokinetic potentials of surface and protein are of opposite value. It has
been observed, that especially positively charged surfaces can adsorb large amounts of
proteins®, relating to the fact that many proteins have a net negative charge at physiological
pH values*. On the contrary, protein adsorption is hindered if the net charges are equivalent.
Norde and Lyklema (1991) explained in more detail, which subprocesses are involved in
protein adsorption and are referred here for more insight*. Generally, protein adsorption is
an important prerequisite for cell adhesion. As explained in the former section, cell receptors
specifically interact with certain proteins present in their environment. The presence of
proteins matching these receptors can even enhance cell adhesion (e.g., fibronectin,
containing the RGD-motif matching to certain integrins, drastically facilitates cell adhesion
and spreading)>*6+6s.

For the fabrication of bioactive coatings, it is detrimental to understand the in vitro cell
adhesion mechanisms. In most of the cases, cells are present in some kind of physiological
medium and statically interact with the surfaces. These surfaces might be bioactively
modified to present additional specific peptide sequences (“Adhesion sequences”) to the cells,
in addition to the unspecific protein adsorption that occurs from the physiological fluid used

in the cell culture process. The first cue for cell adhesion is based on electrostatic interaction
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of the cells with the surface. This is followed by the initial stage of cellular adhesion; whereby
the cell body attaches to the substrate. The interaction of cells with the surface at this stage
is driven by specific integrin-mediated adhesion, starting with the binding of single receptor-
ligand pairs. In quick succession, receptor-ligand bonds are formed, which rapidly increase in
number, increasing the adhesion strength. This is followed by the change in cell shape from
a spherical to a flattened geometry, decreasing cell height and increasing surface-contact area.
Initiated by the binding of integrins, stress fibers and subsequently focal adhesions form.
Spreading is driven by further adhesion and the reorganization and distribution of the actin
fibers around the cell’s edges, finally reaching full spread and maximum adhesion. This
process strongly relies on the presence of biological cues, such as, e.g., the aforementioned
proteins and glycosaminoglycans (as functional side chains of proteoglycans in ECM). Hence,
to control cellular response, a precise control of the substrate surface and the presence of
specific bioactive peptide sequences that facilitate cell adhesion is striven for. Thereafter, the
adsorption of specific proteins onto a surface is a crucial process. However, the ECM cells
interact with in vivo is a highly complex network of proteins and polysaccharides, and in
vitro approaches often need to address issues such as nonspecific protein adsorption, the
density and kind of present adhesive peptides and the dynamic nature of the ECM¢. This
makes the fabrication of a bioactive surface with the goal of a specific cellular response highly
complex and challenging?24547,5465-71,
1.2.2. Engineering surfaces

The objective of this work is the fabrication of thermoresponsive surface coatings for
use in cell sheet tissue engineering. The lack of functionality of the biomaterial surface leads
to unpredictable interactions with the multitude of proteins present in the body fluids, and
cell culture media. With the help of chemical, physical or biological surface modifications,
materials surface properties can be modified to achieve desired effects on protein adsorption,
cell adhesion and growth or presenting biological cues for cell differentiation?.

Over the past decades several methods for the generation of functional groups or the
grafting of other molecules onto biomaterial surfaces have been developed. These methods
include chemical etching, plasma treatment and polymerization, ion beam, UV or visible light
irradiation, and surface graftings. In contrast, for biological surface modifications or
biological-based applications, the harsh processing conditions and the harmful solvents of
these methods are often damaging the biomolecules or need to be extensively removed, as
they are mostly cytotoxic?. In contrast, physical modification methods rely on physical

interactions like Van der Waals forces, hydrogen bonding and electrostatic interactions and
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are considered simple, inexpensive and mild (in terms of toxicity and processing
conditions)s”>7". In recent years, especially one method gained much interest in the field of
surface coatings for biomedical applications, now known as the layer-by-layer (LbL.
Originally inspired by the idea to mimic natural layered structures, the alternate adsorption
of oppositely charged polyelectrolytes — polyanions and polycations - on a substrate was

introduced. Basically, two or more constituents are sequentially added to the surface of a

n
layers

Figure 3: Schematic principle of the layer-by-layer technique. Substrates can be dipped in the
polyelectrolyte solutions as depicted (A) or generally immersed for a certain time. For the layer
formation, alternating deposition of polyanion and polycation, in each case followed by washing
is performed, repeated until n layers are deposited (B). Reprinted from Borges and Mano (2014).

substrate as many times as desired, until the stacked layers form a multilayer thin film. As
early as 1966, Iler et al. made first attempts of fabricating multilayer thin films. With further
developments by Decher and Hong et al, this method of thin film fabrication became known
as layer-by-layer (LbL)™%. Since then, it has become one of the most prominent and
researched surface modification strategies in material science and biomedical applications.
The capability to fabricate surface coatings with desired properties in an easy, reliable,
versatile, and cost-effective way with nanoscale control over the film thickness at non-

harmful conditions are good reasons for the popularity.
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The fundamental principle of LbL adsorption is the use of two or more materials that
possess complimentary interactions and the multitude of forces that occur between them. The
most exploited interactions are of electrostatic origin, but they also include hydrophobic,
charge-transfer, host-guest, biologically specific and coordination chemistry interactions.
Furthermore, hydrogen bonding, covalent binding, stereo complexation, and sol-gel process
can be the driving forces of the multilayer formation. Often times, the formation is driven by
a combination of several forces. Borges and Mano (2014) impressively reviewed the multitude
of molecular interactions driving the LbL assembly#2. Since a detailed description of all these
interactions and factors goes beyond the scope of this dissertation, the review is heartly
recommended for explicit details. In this work, multilayered films are fabricated using LbL
mainly driven by electrostatic interaction between oppositely charged polyelectrolytes. This
approach is especially suitable for surfaces designed for biomedical applications, since it
enables the manufacture of multilayers with well-controlled composition, structure, and
thickness, by simple, alternate immersion of a charged substrate in dilute solutions of
oppositely charged molecules. Basically, aqueous solutions of anionic and cationic polymers
are sequentially introduced to the substrate. Due to the opposite charge, a certain amount of
polymer chains is adsorbed to surface. In between these adsorption steps, washing with a salt
containing buffer solution is necessary to remove weakly or unbound molecules and enable
the interaction between the subsequently introduced oppositely charged molecules. Beside
the electrostatic, short-range interactions such as Van der Waals forces and hydrogen
bonding may impact the multilayer formation. These days it is commonly acknowledged that
the release of counterionsleads to a gain in entropy. This gain is a decisive factor in the LbL
adsorption process, which leads to the organization of the multilayer in a more coiled and
interdigitated conformation with reduced degree of freedom of the polyelectrolytes
involved”#2. A multitude of charged molecules are suitable for electrostatic layer deposition,
including polysaccharides, polypeptides, nucleic acids, and viral components. However, the
use of synthetic polyelectrolytes has been given some preference. Especially the combination
of poly (styrene sulfonate) and poly (allylamine hydrochloride) (PSS-PAH) has been widely
investigated and is considered as a model for multilayered thin films. These synthetic
materials are highly versatile and can be tailored with specific properties, enabling the
analysis of the system und influence of different intrinsic or extrinsic parameters and how
they impact, and perhaps, change the dynamic of the deposition process and/or multilayer

structure”. The parameters are manifold, as are their influences upon the polyelectrolyte
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multilayer (PEM) systems. Hence, they have been summarized in Table 2, presenting the

parameters and linking them to their impact of the PEMs.

Table 2: Overview of the intrinsic (polyelectrolyte) and extrinsic (environmental) parameters and the PEM
property they are directly affecting.

Extrinsic

Parameter

Solution pH

Temperature

Ionic Strength &
electrolyte species
(salt type and

concentration)

Solvent Quality &

adsorption time

Effect on PEM
growth mechanism
level of interpenetration depths
surface wettability
stability
internal structure
morphology
growth mechanism
thickness
stability
permeability
internal structure
function
growth mechanism
thickness
structure

growth mechanism

Intrinsic

Charge density

Molecular weight

Chain

architecture

growth

internal structure
morphology
thickness

growth

internal structure
morphology
chain mobility
thickness

growth

thickness

internal structure

These manifold possibilities make it imperative to closely examine the physicochemical

properties. New combinations of biopolymers, integration of charged biomolecules, such as
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growth factors or loaded lipoplexes, or newly synthesized co-polymers, as in this work the
combination of cellulose sulphate with thermoresponsive PNIPAm, need to be examined to
understand what intrinsic and/or extrinsic parameters might influence the multilayer
properties. Furthermore, if PEM films are used for biomedical applications, extensive
biological examinations have to follow to determine their impact on cells and subsequently

the living tissue.

2. Biopolymers for biomimetic surface coatings

Biopolymers are produced in microorganisms, plants, and animals. Over the past
decades, due to their biological origin and, related to that, their bioactivity, biopolymers have
been extensively studied, and applied in the biomedical field. The bioactive domains found in
these biopolymers, in combination with biocompatibility, 3D structure, antigenicity, non-
toxicity of biodegradation by-products, and the intrinsic structural resemblance to the natural
occurring ECM are motivating to look for natural polymers to be used for regenerative
medicine®#. In contrast, biopolymers possess some noteworthy disadvantages, limiting their
application potential in tissue engineering. The key disadvantages are microbial
contaminations, e.g., endotoxins, disease transmission from other species (due to their
extraction from animal or human resources), decreased tuneability (in contrast to synthetic
polymers), immunogenic reaction, uncontrollable degradation rate, and poor mechanical
strength (limitation especially for TE of hard tissue like bone)3*. Overall, biopolymers greatly
contribute to the field of TE and biomedicine, for example in form of delivery systems,
bioactive surface coatings, and hydrogels for diverse TE applications®-%. This work focuses
on polysaccharide-based polymers. Polysaccharides are long-chain polymeric carbohydrate
molecules, comprised of monosaccharide or disaccharide units. The combination of different
saccharide isomers by utilizing a range of different chemical bonds results in a wide variety
of structurally diverse biopolymers®*¥. In terms of diversity and heterogeneity, their
chemistry is comparably rich as that of proteins, but their sources are more abundant and
renewable. Furthermore, they are biocompatible and biodegradable (to some extent) and
possess structural and functional similarities to the extracellular matrix (this effect is linked
to their glycan units®), making them promising materials for TE purposes®. They are often
applied in form of hydrogels, as they form loose viscoelastic gels in aqueous vehicles via non-
covalent interactions (especially alginate, methylcellulose, chitosan)®. The high charge
density of some polysaccharides enables the easy fabrication of surface coatings via
electrostatic interactions®. However, it should not be overlooked that polysaccharides, beside

all their benefits, come with some restrictions. They come often with high batch-to-batch
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differences, since distribution, branching, and sequence of molecular weight are often not

consistent, making the reproducibility on industrial scale quite complicated. This is
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Figure 4: Structural chemical formula of biopolymers chitosan (CHI), quaternized chitosan (QCHI),
cellulose sulphate (CS) and poly-L-lysin (PLL).

detrimental for biorecognition events and affects the rheology, and important property for
scaffold and surface fabrication. They present a further disadvantage in terms of
biodegradability, as some natural occurring polysaccharides are not biodegradable after
introduction to mammalian species and need further chemical modification®. Nevertheless,
the application and amount of research of polysaccharides in the biomedical field has steadily
increased over the last 20 years®. In this work, the focus lies on two abundantly available
polysaccharides, namely chitosan and cellulose sulphate.

Chitosan is a linear polysaccharide consisting of randomly distributed p-glucosamine
and N-acetyl-D-glucosamine residues. Derived from chitin by deacetylation, it is soluble in
mild acidic aqueous solutions. The deacetylation procedure introduces functional amino
groups, which, in combination with hydroxyl groups and their distribution on the polymer
backbone, provide chitosan with many beneficial physicochemical and therefore biological
properties, such as biocompatible, biodegradable, cell adhesive and antimicrobial. It is one of
few naturally derived polycationic polysaccharides, enabling electrostatic interaction with
anionic biopolymers for layer-by-layer fabrication of polyelectrolyte multilayers, or for
interesting interactions in physiological environments, since most biomolecules are anionic®.
Chitosan has been used for a plethora of biomedical applications, such as drug delivery (e.g,

gene, antibiotic, antitumor drug, and protein drug delivery), vaccine delivery, antimicrobial
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hydrogels or nanoparticles, and for diverse TE purposes®.Chitosan can be further modified,
either to achieve solubility in water, or to aid in scaffold manufacturing. The pKa-value for
chitosan is ~6.5, explaining its insolubility in water above pH 6.5 due to the deprotonation of
amine groups®. Quaternized chitosan has been introduced as water soluble chitosan
modification, enabling chitosan solutions with neutral pH value for physiological applications
and stability of polycationic character at physiological pH%. With regard to surface coating
based on electrostatic interaction, the quaternary ammonium group introduced to the
chitosan (hence the name quaternary chitosan) retains its positive charge characteristic and
enables the interactions with polyanions even at physiological pH*, making quaternary
chitosan interesting for biomedical surface coatings based in electrostatic interactions (e.g,
layer-by-layer technique for polyelectrolyte multilayers).

The second biopolymer of greater interest is cellulose, often lauded as the most abundant
renewable biomaterial on the earth#. It is an unbranched polysaccharide build-up of p-
(1—4)-linked-p-glucose units that is found in nature as microfibrils in the cell wall of wood,
plants, and algae and produced by some bacteria, fungi and rarely in sea animals (e.g,
tunicates)®. Cellulose is not water-soluble and subsequently of less interest for biomedical
applications. But, the monomer of cellulose possesses three hydroxyl groups that can fully or
partially react with chemical agents to form diverse derivatives with a wide range of degrees
of substitution®. One of these derivatives is cellulose sulphate (CS), a semi-synthesized
cellulose derivative, possessing a simple chain structure and unique biological properties. In
contrast to other cellulose derivatives, it is only produced in lab scale, but research has shown
that it is anticoagulant, antiviral, contraceptive, and a microbicide against human
immunodeficiency virus (HIV). Additionally, it is soluble in water, antibacterial, excellent
biocompatible, biodegradable and as polyanion able to form films based on electrostatic
interactions® %",

As material for bioactive coatings, CS is excellently suited. The introduction of sulphate
groups not only make it anionic, but when sulphate groups are introduced to the
anhydroglucose units, CS possesses biological activities like those of glycosaminoglycans
(GAGs). GAGs were discussed earlier as one of the functional components of the extracellular
matrix (ECM) interacting with a plethora of regulatory proteins, e.g., growth factors. As GAGs
are limited in their availability, the synthesis of CS with analogous function is very attractive.
CS with a sulfation on the 2-O-position and 6-O-position showed similar properties to
heparin®, including binding of ECM proteins (e.g. fibronectin) and growth factors®'®. When

used for surface coatings, the affinity to bind growth factors would allow for the production
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of highly bioactive surfaces with the potential to modify cellular functions (e.g., growth,
differentiation). The defined chemical structure and easy separation/purification make it
predestined for industrial-scale production and significantly more affordable than the
naturally occurring GAGs3%. %101

Chitosan and cellulose sulphate present, not only because of their abundance, but
foremost based on their promising properties, excellent candidates as biomaterials for TE
applications and due to their potential for electrostatic interactions, as polymers for simple
polyelectrolyte multilayer surface coatings?%, For application in biomedical research,
especially in the field of polyelectrolyte multilayers, the cationic poly-amide poly-L-lysin is
of great popularity. Especially due to the polycationic properties, it has been used in several
studies as counterpart to anionic glycosaminoglycans, such as chondroitin sulphate, heparin
and hyaluronic acids-1%, Especially for the layer-by-layer techniques it presents an easy-to-
use biopolymer as it is water-soluble. The positive charge of poly-L-lysin is due to the
protonated free amines on the side chain and allows electrostatic interactions with anionic
materials. Itis profoundly bioactive and allows interaction with anionic molecules and hence
has been used as carrier material for genes and drugs'®. Poly-L-lysin is additionally used as
coating of cell culture substrates to enhance cell adhesion due to the electrostatic interaction
with the anionic membrane of mammalian cells®. Unfortunately, this interaction exhibits a
cytotoxic effect when poly-L-lysin is in solution and not bound to the surface. PLL can lower

the cells ATP level, leading to energy crisis, cell dysfunction and eventually cell death®.

2.1.1. Stimuli-responsive polymers for surface coatings

Stimuli-responsive polymers are polymers that sharply respond to small changes in their
immediate environment with often reversible, large changes of their physical or chemical
properties. The stimuli-responsive polymers, also known as smart polymers, can react to
single or multiple environmental changes, including temperature, pH, magnetic or electric
fields, biomolecules (e.g., enzymes), light intensity, or even mechanical stress''-13. The stimuli
cause the material to macroscopically respond, often in form of swelling, collapsing, sol-gel-
transitions or other conformational changes depending on the physical state of the polymer
chains'®. This often causes changes in solubility/phase separation in aqueous solutions,
adsorption or chemically-grafting onto solid surfaces, or the building of networks based on
chemical crosslinking, H-bonds, and/or physical entanglement and the subsequent formation
of hydrogels'. Their properties alone are quite interesting for biomedical applications, but
they can be further enhanced through combination with bioactive molecules by physical
mixing, chemical conjugation, or complexation. The bioactive molecules include nucleic acids

(e.g., DNA, RNA), small organic molecules (e.g., drugs, steroids, cell membrane receptors),
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proteins (e.g., enzymes, antibodies, growth factors) and carbohydrates (e.g., heparin,
hyaluronic acid, polysaccharides)!. This makes the stimuli-responsive polymers a versatile
and promising biomaterial. Wei et al. list some of their applications, such as biosensors,
controlled drug delivery systems, environmental remediation, chemo-mechanical actuators
and many other, for example as substrates for cell culture or tissue engineering2!%.

From the multitude of possible stimuli, one has been of particular interest and has been
extensively studied and is well understood: the response to temperature. So called
thermoresponsive polymers undergo solubility changes, along with conformational
alterations in their structure, depending on the environmental temperature. This certain
temperature, at which structural or solubility alterations happen, is called transition
temperature. As it is often the case that the solubility of the polymer changes, it is also known
as critical solution temperature (CST). Thermoresponsive polymers are generally divided into
two groups regarding their CST: polymers with lower critical solution temperature (LCST)
and polymers with upper critical solution temperature (UCST). These are completely opposite
behaviors with different underlying mechanisms and driving forces. Polymers with UCST are
soluble in water above this temperature and phase separation occurs below it. UCST behavior
is enthalpy-driven and requires strong supramolecular interactions, which are weakened
upon heating, leading to phase separation'®. Polymers with UCST are rather rare, and with
regard to biomedical use, UCST behavior harder to achieve at physiological temperatures. The
main type of polymers with UCST behavior soluble in water are zwitterionic polymers!51.
Polymers with UCST behavior are explained in detail in the review of Seuring and Agarwal
(2021), presenting comprehensive explanations on the physical/chemical principle, the
application and the limitations of these polymers!”. More suitably to the scope of this

dissertation, the opposite LCST behavior is explained in more detail.
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Figure 5: Schematic representation of LCST behavior. With increasing temperature,
thermoresponsive polymers hide hydrophilic chain segments and expose hydrophobic ones. This
leads to aggregation of the polymer chains. A formerly clear dilution of thermoresponsive
polymer becomes turbid.

When a polymer possesses a LCST phase transition, it is completely miscible in a solvent
below the transition temperature and phase separates above it. This can be explained by the
hydrophobic effect and from a thermodynamical point of view. The Gibbs free energy (known
from the part concerning protein adsorption: AG = AH — TAS) is negative for the dissolution
of the polymer below the LCST but becomes positive with increasing temperature. Below the
LCST, the enthalpy term (AH) is negative, because hydration, the hydrogen bonding of water
to the polymer chain, is favorable. Additionally, the entropy contribution (AS) is negative too
because water loses entropy while binding to the polymer chain. Hence, the polymer is
dissolved in aqueous solution below the LCST. With increasing temperature, the hydrogen
bonding interaction will become less, decreasing AH. The decisive factor is the entropy term
(-TAS), which increases because it is energetically more favorable for the water molecules to
assume a higher state of disorder and go back to the bulk water, leaving partially dehydrated
polymer chains behind. The dehydrated polymer chains collapse and aggregate into a
polymer-rich phase, leaving behind a phase separated solution?'3115. Polymers never fully
dehydrate, and the hydrophilicity of the polymer chains influences the dehydration: the more
hydrophilic the polymer is, the more water is retained in the collapsed chains. This process
can be easily observed, since the solution changes from clear, transparent, and homogenous
to cloudy and heterogenous. Hence, the LCST is sometimes referred to as cloud point. There
are several known factors that influence the LCST: polymeric properties like nature of
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substitute groups, chain length and molecular weight and additive properties like salt
concentration, co-solvents, and surfactants. For example, increasing molecular weight of a
polymer decreases its hydration due to more polymer-polymer interactions and therefore lead
to a decreasing LCST. As explained before, hydrophilic groups can bind more water, making
the dehydration process more energy consuming, leading to a higher LCST%.

In particular, one thermoresponsive polymer with LCST behavior attracted much
research interest, namely Poly (N-isopropylacrylamide), or also known in its abbreviated form
as Poly-NIPAm or PNIPAm. The transition temperature at roughly 32 °C (only slightly lower
if dissolved in physiological saline) and the LCST being independent of the molecular weight
and concentration made it a promising candidate as thermoresponsive biomaterial. Besides
the LCST being in the physiological range, it is quite popular because of its excellent
biocompatibility*-122. The thermoresponsive behavior of PNIPAm can be explained by
looking at the functional groups present in the polymer. PNIPAm is amphiphilic, which
means, that it possesses both, hydrophilic (amide groups) and hydrophobic (isopropyl groups)
chains. When passing the LCST by increasing the temperature, solubility and wettability are
altered, based on the conformational changes the PNIPAm chains undergo, also known as
coil-to-globule transition'?*12. This structural change to a more globule form buries most of
the amide groups inside, accompanied by significant release of water molecules (dehydration),
hiding the hydrophilic chains, and exposing the hydrophobic ones. By lowering the
surrounding temperature, this process can be reversed. PNIPAm chains extend to their
globule form, driven by hydrogen bonds, exposing the amide groups again. The polymer
hydrates, regaining solubility, and wettability. When talking about the transition of PNIP Am,
it is often proclaimed as a transition from hydrophilic to hydrophobic behavior. This is
misleading, as Pelton et al. (2010) described in a small, published communication. With regard
to the definition of hydrophobic behavior, it was pointed out that PNIPAm is indeed never
hydrophobic'®. But it is correct, that it becomes less hydrophilic when the environmental
temperature is increased and the LCST passed.

PNIPAm might be the dominating thermoresponsive polymer in terms of research effort
and biomedical applications, there are still other interesting materials, such as Poloxamers,
poly (N-vinylcaprolactam) (PNVCL) and elastin-like polypeptides (ELP). Poloxamers are co-
polymers of highly water-soluble poly (ethylene oxide) (PEO) and hydrophobic poly
(propylene oxide) (PPO)™ . These amphiphilic co-polymers show LCST behavior, whereas the
transition temperature can be adjusted between 10 - 100 °C by combining PEO-PPO in

different ratios'?. In contrast to PNIPAm, the transition behavior of poloxamers is described
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as reverse thermal gelation (RTG). When the temperature is raised, passing the LCST,
viscosity of a poloxamer solution (containing a critical number of polymers) is drastically
increased. The driving forces for the RTG behavior are thought to be multiple. Investigations
proposed that changes in the micellar properties and the formation of three-dimensional
networks and a gain in entropy (similar to PNIPAm) are responsible for the behaviour!s-13.,
The combination of PEO and PPO to so-called tri-block polymers (PEO-PPO-PEO) with
different hydrophilic and hydrophobic segments allows to manufacture materials with
desired properties concerning LCST and assumed viscosity. Ideally, the materials form a semi-
solid gel at physiological temperatures. This enables the injection of the material with low
viscosity at lower temperatures and the gel formation at body temperature. Poloxamers are
used for drug delivery/release, tissue engineering and wound dressing applications®. One
material with these properties, which is also commercially available, is the tri-block polymer
known as Pluronics®. At a minimum concentration of 15-20 % it achieves a solution-gelation
(sol-gel) transition. By adjusting the concentration, desired viscosities suitable for different
applications can be achieved. The Pluronic with the name F127 is of particular interest for
biomedical applications, because it possesses a LCST at 30 °C. It shows excellent
biocompatibility, enhances protein stability and is neither myotoxic nor immunotoxic’32. For
those reasons, it has been extensively used as vehicle in drug delivery applications!®-135,
Furthermore, poloxamers found their way in the application as TE scaffold material, mainly
in form of hydrogels*3” and 3D-printed scaffolds!-14,

Poly (N-vinylcaprolactam) is another interesting thermoresponsive polymer. PNVCL
shows similar characteristics as PNIPAm, such as LCST between 32 and 34 °C and a reversible
transition from swelling to collapsing at the LCST when dissolve in water. Its lack in
popularity is due to the difficulties in polymerization of the monomer in controlled manner.
Since the thermoresponsive properties, in contrast to PNIPAm, rely on molecular weight and
dispersity, a controlled polymerization process is important. This has been achieved over the
past years, but the use of PNVCL is still limited due to the slightly enhanced cytotoxicity
above 37 °C214. Nevertheless, it has been used for multiple biomedical applications in form
of thermoresponsive surface coating#2'®, hydrogel for TE* and transdermal drug delivery
system'®, just to name a few.

Another thermoresponsive polymer and as that quite popular, are the elastin-like
polypeptides (ELP). Elastin is a structural protein of the extracellular matrix in all vertebrate
connective tissues. It is built up in the extracellular space by strong crosslinking of its soluble
precursor tropoelastin through the action of lysyl oxidase'. Tropoelastin, like the

aforementioned polymers, is amphiphilic, being composed of hydrophilic and hydrophobic
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crosslinking domains. ELPs, which are repetitive artificial polypeptides, are derived from a
certain amino acid sequence foundin the hydrophobic domains of tropoelastin. The sequence
is composed of the amino acids Valine (Val), Proline (Pro), Glycine (Gly) and one more amino
acid other than Pro (Xaa) in the order Val-Pro-Gly-Xaa-Gly. They cannot be fabricated by
conventional synthesizing or polymerization procedures. But they are genetically encodable,
enabling a controlled synthesize (e.g., with specific molecular weights and amino acid
sequences) in heterologous hosts, such as bacteria or eukaryotic cells. Exploiting their
thermoresponsive phase transition behavior, they can be purified after simple high yield
production from Escherichia coli bacteria’. The similarity to the ECM protein,
biocompatibility, biodegradability, and non-immunogenicity'® are a few reasons for ELPs
attractivity for TE and drug delivery applications'#-1%.

In the following section, the focus lies on biopolymers and PNIPAm and their use as
biomaterial surface coatings before the application of thermoresponsive polymers and

especially the current state-of-the-art is critically reviewed in a separate section.

2.2.Poly (N-isopropylacrylamide) for thermoresponsive surface
coatings

PNIPAm is mainly used as thermoresponsive surface modification, introduced by
Yamada et al in 1990 and since then further developed by Okano et al'3-1%, They grafted
NIP Am monomers covalently to polystyrene (commonly used as tissue culture substrate) with
the aim to harvest cells and/or cell sheets without the use of harmful enzymes for tissue
engineering purposes. Using electron beam irradiation, they polymerized NIPAm and
simultaneously grafted it to the substrate. On these grafted surfaces, they successfully
cultivated cells and recovered them by simply change the environmental temperature from
37 °C (conventional cell culture temperature regime) to room temperature (or below). The
conformational change of PNIPAm while passing the LCST and the subsequent change in
wettability and hydration caused the cells to slowly detach from the surface?'%1%. The cells
play actually and active role in this process. The process is indeed initiated by the weakened
ECM-substrate interaction due to the hydration of the PNIPAm surface, but an active, ATP-
consuming reorganization of the cells cytoskeleton and signal transduction is necessary.
Integrins connect the cells inner actin-based stress fibers of the cytoskeleton with the
surrounding ECM, exerting traction and contraction forces. Since PNIPAm hydration
weakens the ECM-substrate interactions, the pulling forces of the metabolic active cells
exceed the tensile stress of the ECM, which leads to cell rounding and detachment from the

surface. Thismechanism is even more drastic for cell sheets, as the intact cell-to-cell-junctions
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and the therefore enhanced pulling force leads to a rolling and contraction of the cell sheet,
even pulling the ECM from the surface. This allows harvest of intact cell sheets with their
secreted ECM#1501¢1 This is exceptionally promising for tissue engineering applications, since
the sheets maintain growth and secretion activities, and substrate adhesiveness nearly
comparable to primary cells'2. The only drawback is the lower environmental temperature.
Surfaces should allow a cell harvest at room temperature, because with lower temperatures
and even to long exposure to room temperatures, the cells are exposed to cold stress, limiting
their metabolic activity and hence the ability to detach from the substrate. Short exposure at
not to low temperatures should be aimed for'®.

The former section introduces surface coating techniques. The synthetic PNIPAm has
seen several developments concerning surface grafting. As mentioned before, they were
initially prepared by electron beam (EB) irradiation of a monomer solution on polystyrene
(PS) substrates. Other chemical surface modification techniques were developed that achieved
similar results, such as UV irradiation, visible light irradiation, and plasma vapor deposition.
In recent years, the fabrication of PNIPAm brush surfaces has been achieved by to surface-
initiated methods, namely atom transfer radical polymerization (ATRP) and reversible
addition fragmentation chain transfer (RAFT). The detailed explanation of these methods
would go beyond the scope of this work, hence the comprehensive reviews of other authors
are recommended?'®. Even though these methods are well established and used for the
fabrication of PNIPAm-modified surfaces for cell sheet engineering (grafting PNIPAm on PS
substrates using EB irradiation has resulted in commercially available products), they present
some drawbacks or optimization potential, respectively. These difficulties include the use of
metal-ions (e.g., copper ions in ATRP), photo imitators and other cytotoxic chemical
compounds, the harmful process conditions (radiations, high temperatures), and the
expensive machinery. Especially the harmful process conditions limit the potential use of
biomolecules and subsequently further bioactive modifications of PNIPAm surfaces. The
aforementioned layer-by-layer (LbL) strategy presents a promising alternative. Even though
PNIPAm might not be used directly, because its interactions with other polymers are limited,
it could be co-polymerized with other, charged polymers. This might enable the combination
of PNIPAm with biopolymers and the fabrication of bioactive surfaces for cell sheet
engineering, better mimicking the natural ECM. The first research in that field has been
performed by Serpe et al. (2003) by combining PNIPAm with acrylic acid and the formation
of thin films using poly (allylamine hydrochloride) (PAH) as polycation's*. Following that,
similar approaches have been used, combining PNIPAm with different, in these cases

synthetic, polymers'ssi. It has been shown, that PNIPAm can also be grafted to charged
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biopolymers, e.g., cellulose derivatives (except cellulose sulphate) and chitosan'®’. This is
encouraging to use newly synthesized PNIPAm-grafted biopolymers for the fabrication of
potentially thermoresponsive polyelectrolyte multilayers. So far, research efforts in this
direction are sparse, but hold great potential. Thebenefits are not only the use of the versatile
and inexpensive LbL technique, but the potential to fabricate thermoresponsive surface
coatings, that present biological cues to the cells promoting their interaction with the surface.

While the combination of PNIPAm with biopolymers might hold great potential,
extensive research has been done in other direction and resulted already in diverse application
possibilities. Foremost, the aforementioned thermoresponsive surface coatings of PNIPAm
grafted to PS for cell sheet engineering. It resulted in the fabrication of commercially available
thermoresponsive cell culture dishes (TRCD) are the by now the “gold standard” using cell
sheets in clinical applications. Conventionally, cells for TE applications were used as cell
suspension and either incorporated into the scaffold, e.g., in hydrogels or capsules, or seeded
on top of them. However, incorporation often led to a lack in nutrition and oxygen supply for
the cells and seeding onto the scaffolds was accompanied by loss of cells that do not attach.
This caused the need for high cell numbers, which are not always easy to produce, especially
when host cells are used. Primary or stem cells from a patient are difficult to retrieve and
therefore quite valuable and should be used with optimal seeding efficiency. The use of cell
sheets could enhance the seeding efficiency. Not only does the thermoresponsive surface
allow for a non-harmful harvest (contrary to enzymes) of the cells, but they maintain cell-to-
cell junctions and often most of their secreted ECM: Less cells die and the cell sheets maintain
a certain adhesiveness, since remaining ECM is acting like a “glue”2. This allows easy surface
re-attachment and stacking, for high seeding efficiency or fabrication of thick and dense
tissues for scaffold-free applications?'®. The presence of glycoproteins, especially fibronectin
(FN), enables cell sheets to cover wounds without the need of sutures or tissue sealants. This
is due to the ability of FN to bind a large number of biomolecules, among them several ECM,
signalling and adhesion (e.g., proteoglycans, growth factors and integrins) molecules'®. This
has inspired a multitude of research efforts aiming for the in vitro fabrication of cell sheets,
used for transplantation to enable or facilitate host tissue regeneration. Due to the research
efforts over the past 15 years, several cell sheets, homotypic or heterotypic, have been
fabricated from different cells and used for different tissues. Some are already in clinical use,
other in preclinical studies and further still in research. Nagase et al. (2018) reviewed the

current clinical applications of PNIPAm coated thermoresponsive surfaces.
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2.3.Aim of the study

Considering the recent increasing popularity of cell sheet engineering for the replacement
and regeneration of tissue by the harvest of intact cell sheets, the aim of this study is the
development of a biomimetic, thermoresponsive surface coating which can mimic the natural
environment of cells and has the potential to influence cell growth and differentiation by
further modification, e.g., by increasing its bioactivity. able to allow harm-free cultivation and
harvest of single cells and cell sheets.

The aim was to use the layer-by-layer technique as simple and affordable method to fabricate
surface coatings based on PNIP Am-grafted-cellulose sulphate (PCS) and different polycations.
Not only for the possibility to precisely deposit a certain number of layers and control the
film thickness, but also because it allows the integration of bioactive components, such as
growth factors. For this, polyelectrolyte of opposite charge were necessary and cellulose
sulphate and chitosan as abundant, well-known, and chemically modifiable biopolymers were
chosen. PNIPAm does not allow for the use in layer-by-layer technique as it is rather
uncharged, as such was newly synthesized and characterized. Followed by the
characterization of potential polyelectrolyte multilayers, their biocompatibility, and the
extent of thermoresponsivity the surface coating possesses.

The fabrication of thermoresponsive surface coatings by combining PNIPAm with bioactive
polyelectrolytes has not been described as such before. Hence, the development and
characterization and fine tuning of materials and methods was a central part of this work.
The benefits would not only by the use of the versatile and inexpensive LbL technique, but
the potential to fabricate thermoresponsive and bioactive surface coatings, that present
biological cues to the cells promoting cell surface interaction and the possibility to integrate
other bioactive components such as growth factors to control cell fate. Additionally, the
thermoresponsivity would in best case allow for the harm-free harvest of intact cell layers for
potential cell sheet engineering applications. Figure 6 is a graphical abstract and overview of

the aim of this study and the guideline to what has been done.
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3. Materials & Methods

3.1.Materials

Table 3: Detailed overview of all materials

AgNO;

Silver nitrate solution 0.1 N; Art.: 931.1; Carl Roth GmbH
& Co., Karlsruhe, Germany

Albumin Fraction V

Bovine Serum Albumin (BSA), 50 g, Art.-Nr.: 8076.2,
Charge: 067254757; Carl Roth GmbH & Co., Karlsruhe,

Germany

Ammonia solution 25%

Art.: 2672.2511; Th. Geyer GmbH & Co. KG, Renningen,

Germany

Aquatex®

aqueous mounting agent for microscopy, Merck KGaA,

Darmstadt, Germany

Cell culture well plates

Sterile, with lid, different sizes (6-, 12-, 24-, 48-wells),
Cellstar ®, Greiner Bio-One GmbH, Frickenhausen,

Germany

Cellulose acetate filter circles

0.2 pm pore size; Sartorius Stedim Biotech GmbH,

Goettingen, Germany

Chitosan (CHI)

Chitosan 95/500, Chitoceuticals CAS 9012-76-4; MW: 200
- 400 kDa; Heppe Medical Chitosan GmbH, Halle (Saale),

Germany

Deep Blue Cell Viability™
Kit

100 ml, Cat: 424702, BioLegend, San Diego, CA, USA

Dimethyl sulfoxide (DMSO)

=995 %, Art.-Nr.: A994.1, Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Dulbeccos’s Modified Eagle
Medium (DMEM)

500 ml, sterile filtered, with 4.5 g/l glucose and with L-
glutamine (Catalogue Nr.: 12-604F), Lonza, Walkersville,
MD, USA

Dulbeccos’s Modified Eagle
Medium (DMEM), low

glucose, without Phenol Red

500 ml, sterile filtered, with 1 g/l glucose, L-glutamine,
sodium bicarbonate, sodium pyruvate (AL183A-500ML),
HIMedia Laboratories Pvt. Ltd., Mumbai- India

Dulbeccos’s Modified Eagle
Medium (DMEM), without
Phenol Red

500 ml, sterile filtered, with 4.5 g/l glucose and without L-
glutamine (Catalogue Nr.: 12-917F), Lonza, Walkersville,
MD, USA
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Eagle’s Minimum Essential

Medium (EMEM)

500 ml, sterile filtered, with EBSS (Earle’s balanced salt
solution), NEAA (Non-essential amino acids) and Sodium

pyruvate, without L-glutamine (Catalog Nr.: 12-662F),
Lonza, Walkersville, MD, USA

F-actin staining

Phalloidin CruzFluor™ 555 Conjugate (sc-363794), Santa

Cruz Biotechnology, Inc., Heidelberg, Germany

FBS Superior

Foetal bovine serum, 500 ml, standardized, for cell culture,

Biochrom GmbH, Berlin, Germany

Filter circles

MN 615, @ 70 mm, Macherey-Nagel; Carl Roth GmbH &

Co., Karlsruhe, Germany

Glycidyl 80% in water, CAS 3033-77-0, Tokyo Chemical Industries,

trimethylammonium Eschborn, Germany

chloride (GTMAC)

HCl Hydrochloric acid, ROTIPURAN® = 32%, Art. Nr.: P074.1,
Carl Roth GmbH & Co., Karlsruhe, Germany

KCl Potassium chloride p. a., Art.: 678.1; Carl Roth GmbH &
Co., Karlsruhe, Germany

KH2PO4 Potassium dihydrogen phosphate p.a.; Merck KGaA,

Darmstadt, Germany

Microscope cover glasses

(rectangle)

10x20 mm, as substrate for surface potential
measurements, Paul Marienfeld GmbH & Co. KG, Lauda-

Kongishofen, Germany

Microscope cover glasses

(round)

Different diameters (10 to 15 mm), VWR International

GmbH, Darmstadt, Germany

NaHPOs - 2 H20

di-Sodium hydrogen phosphate dihydrate p. a.; Art.:
8622.0500; Th. Geyer GmbH & Co. KG, Renningen,

Germany

NaCl Sodium chloride p.a., CAS 7647-14-5; Th. Geyer GmbH &
Co. KG, Renningen, Germany

NaOH Sodium-hydroxide, Art. Nr.: 9356.1, Carl Roth GmbH &

Co., Karlsruhe, Germany

Nuclei staining

TWO-PRO™ 3 (equivalent to TO-PRO®-3), CAS: 157199-
63-8, AAT Bioquest, Inc., Sunnyvale, CA, USA
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Parafilm

Bemis™ Curwood Parafilm™ M, Th. Geyer GmbH & Co.

KG, Renningen, Germany

PBS buffer 0.4 g KCI, 16 g NaCl, 0.38 g KH2PO4, 1.53 g Na2HPO4

PEI Poly(ethyleneimine) solution, 50 wt. % H20; MW ~ 750
kDa; Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Pen/Strep 100 ml, sterile filtered, 10000 UI/ml Penicillin, 10000 UI/ml
Streptomycin, Lonza, Walkersville, MD, USA

Pen/Strep/ Amph 100 ml, sterile filtered, 10000 UI/ml Penicillin, 10 mg/ml

Streptomyecin, 25 mg/ml Amphotericin B, Lonza,
Walkersville, MD, USA

Pipette tips (10, 100, 1000 pl)

Brand GmbH & Co. KG, Wertheim, Germany

Pipette tips (2500, 5000 pl)

epT.L.P.S., Eppendorf SE, Hamburg, Germany

PNIPAm-COOH

Poly(N-isopropylacrylamide), carboxylic acid terminated,
Art.: 724815-5G; Sigma-Aldrich Chemie GmbH,

Tautkirchen, Germany

Poly-L-lysine (PLL)

Poly-L-lysine hydrobromide, MW = 52 kDa, 1g, CAS
25988-63-0, Alamanda Polymers Inc., Huntsville, AL, USA

Primary antibody

Monoclonal Anti-Vinculin antibody produced in mouse
(V9131), Sigma-Aldrich Chemie GmbH, Taufkirchen,

Germany

Quartz chip Au (QCM

sensor)

Art. Nr. 711.05.Ti/Au, quartz chip coated with Ti and
surface coated with Au, 3T analytik GmbH & Co. KG,

Tuttlingen, Germany

Rabbit serum

Gibco™ 16120099 Rabbit Serum, Fisher Scientific GmbH,

Schwerte, Germany

ROTI® Histofix 4%

4% Formaldehyde, pH 7, acid free, Art.: P087.6; Carl Roth
GmbH & Co., Karlsruhe, Germany

Roti®-Mount FluorCare

15 ml, aqueous mounting agent for fluorescence
microscopy, Art. Nr.: HP19.1, Carl Roth GmbH & Co.,

Karlsruhe, Germany

Secondary antibody

Rabbit anti mouse IgG1 antibody Cy2 conjugated
(ABIN6699052), antibodies-online GmbH, Aachen,

Germany
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Serological pipettes Sterile, different sizes (5, 10, 25 ml), Cellstar ®, Greiner

Bio-One GmbH, Frickenhausen, Germany

Silicon (Si) wafer 100 mm diameter (cut to 10x10 mm size), Siegert Wafer

GmbH, Aachen, Deutschland

SPR Sensor Glass squares, coated with 50 nm Au (16 x 16 1 mm); Ssens

bv, Enschede, The Netherlands

Syringe filters Cellulose acetate filter, Whatman® FP30/0.2 CA-S; Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany
T75 Cell culture flasks Sterile, Cellstar ®, Greiner Bio-One GmbH,

Frickenhausen, Germany

Trypsin/EDTA 0.25%/0.02 % | In PBS, w/o Ca2+/Mg2+, Biochrom GmbH, Berlin,

(w/v) Germany and Biowest, Nuaillé, France

Tubes Cellstar ® tubes, 15 and 50 ml, sterile, blue screw cap,
conical bottom, Greiner Bio-One GmbH, Frickenhausen,

Germany

Viability/Cytotoxicity Assay | Live & Dead Cells (Calcein-AM and Ethidium Homodimer
Kit for Animal 1), Biotium Inc., Fremont, CA, USA

3.2.Synthesis of quaternized chitosan

Quaternized chitosan (QCHI) was prepared following the protocol from Mi et al. (2014)
with some minor modifications, adapting the process to laboratory equipment'”. 6 g Chitosan
(CHL, details see Table 3) were dispersed in 240 ml micropure water in a 500 ml three-neck
round-bottom flask. After dispersion, 16.82 g (21.3 ml) GTMAC were added in three portions
in 2 h intervals, while the mixture was stirred at 85°C in an oil bath overnight (10 h).
Afterwards, the reaction solution was dialyzed for 3 days in regenerated cellulose dialysis
tubes with 3.5 kDa MWCO against distilled water (changing water in regular intervals) to
remove unreacted GTMAC. Using micropure water, the dialyzed solution was diluted and
divided into 50 ml centrifuging tubes. Tubes were centrifuged at 3000 rpm to precipitate
unreacted CHI at the bottom. Solution of the tubes was decanted and subsequently vacuum
filtered with a fine porosity fritted disc covered with round filter paper, to finally remove all
solids from the solution. The clear, diluted solution was concentrated under vacuum using a
rotary evaporator Rotavapor R-114 with a water bath B-480 (Biichi Labortechnik GmbH,
Essen, Germany) at 70 °C. The concentrated solution was lyophilized in vacuum at -48 °C
using a Christ Alpha 1-2 LO Plus freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany). Dry, final product was stored in tubes inside a
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desiccator at room temperature. Final product was characterized using 1H-NMR and chloride
titration using silver nitrate. For IH-NMR analysis, 20 mg of final product were dissolved in
1 mL of deuterated water (D20) and filled in analysis tubes. IH-NMR was performed by the
Institute of Chemistry of the Martin-Luther-Universitait Halle-Wittenberg. For chloride
titration using silver nitrate and potassium chromate as color indicator, a 1 wt % silver nitrate
solution was placed in a 25 ml burette and 25 ml of a 1 wt % QCHI solution was mixed with 5
ml of 1 wt % potassium chromate solution in a 100 ml Erlenmeyer flask. Dropwise addition of
silver nitrate resulted finally in a color change from yellow and clear to an orange-red and
turbid solution. The amount of used silver nitrate solution was recorded, titration was

repeated 3 times.

3.3.Substrate cleaning

Glass cover slips (12 mm diameter) or slides (VWR, Germany), and silicon wafers (cut to
a size of 10x10 mm?, Siegert Wafer GmbH, Aachen, Germany), were cleaned following the
RCA-1 protocol for the removal of organic residues on the surface!”’. The procedure uses a
mixture of ammonium hydroxide (Chem Solute, Th. Geyer, Renningen, Germany), hydrogen
peroxide (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and micro-pure water (Milli-Q-
plus system, Millipore) at a ratio of 1:1:5. Initially, micro-pure water and ammonium
hydroxide were heated to 80°C, at which point hydrogen peroxide was added to the mixture
and temperature should not drop below 70°C. The substrates (Si wafer or glass) were placed
in a Teflon rack and immersed in cleaning solution for 15 min. Subsequently, substrates were
extensively washed in micro-pure water and dried in a stream of compressed nitrogen gas.
New gold-coated glass sensors, used for SPR measurements, were purchased from Ssens E.V.
(Netherlands). They were rinsed with 99.8% ethanol and micro-pure water and immediately

used for the SPR measurement.

3.4.Preparation of polyelectrolyte solutions and multilayers

The multilayers in this study were prepared using the Layer-by-layer technique,
combining the polycations chitosan (CHI), poly-L-lysin (PLL) and quaternized chitosan
(QCHI) with polyanions cellulose sulphate (CS) or PNIP Am-grafted-cellulose sulphate (PCS).
All polyelectrolytes were dissolved in deionized water containing 0.15 M NaCl at a
concentration of 1 mg/ml. Chitosan (95/500) was solubilized at 50°C for 3h (in water bath) and
then stirred overnight in 0.15M NaCl containing 0.05M acetic acid. All polyelectrolyte and
washing solutions were adjusted to pH 4.0 and filtered through a 0.2 pm pore sterile filter. PEI
used as an anchoring layer on the substrate, was prepared at a concentration of 5 mg/ml. PEM

assembly follows the simple alteration of polycation/polyanion-deposition on different
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substrates, according to the requirement of the experiment (Si-Wafer, tissue culture
polystyrene wells). LbL coating was achieved using a pipet approach, whereby a certain
volume of polymer solution, depending on the well size (100 pl in 96 well plate; 500 pl in 24
well plate) was deposited directly onto the substrate. Polymer adsorption was carried out for
15 min. In between each polymer adsorption step, 0.15 M NaCl buffer was used for washing
of unbound polymers from the surface for 3x1 min. The polymer deposition and washing
were performed at room temperature and under mild shaking. For all multilayer
compositions, the first anchoring layer was always PEI to provide an evenly positive charged
surface. The subsequent layer sequence was different for samples containing only CS or
samples containing functionalized PCS derivatives.

Polyanionic CSs were simply alternated with polycation (CHI, PLL or QCHI) until the
10" layer, where CS was used for even, and polycations were used for uneven layers (e.g,
PEI[CHI/CS2]4CS2, see Figure 7, left side). These are the control groups, as the PEM did not
contain PNIPAm. For the PCS derivatives, the approach of a basal layer was used. After the
anchoring layer PEI, CS 2 was used for the 27 and 4t layer, and PCS 1 or PCS 2 were used
for the final layers, namely the 6%, 8" and 10t". Uneven layers were polycations (CHI, PLL or
QCHLI, e.g., PEI[CHI/CS2]2[CHI/PCS1]2PCS1; see Figure 7, right side). The basal layer (1% to
5th Jayer) is not functionalized, the functional layer (6" to 10" layer) contains PCS. Phosphate
buffered saline (PBS) with pH 7.4 was applied for 20 minutes after layer build up to test the
multilayer’s stability under physiological conditions.
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The abbreviations for CS and PCS (CS 1, CS 2, PCS 1, or PCS 2) are explained in detail in
in Table 4 in chapter 4.1.

Functional layers
polycation/PCS g

polycation/CS polycations
M combined with
w same as basal PCS1or 2,
w layer, ending | ending on PCS
M Basal layer

W polycations combined with CS w
¥ 2920 or2) PP vavad
"Nt Ned N N anchoring layer + T LT LT LT,
+ F ¥ ¥ ¥ # T FE K ¥ ¥

substrate
glass, Si-wafer

Figure 7: Scheme representing the polyelectrolyte multilayer structure, visualizing the anchoring, basal and
functional layer, and the differences between samples for control without PNIPAm, polycation/CS 1 or CS 2, and
the functionalized films with PNIPAm: polycation/PCS1 or PCS 2 (colored in orange).

3.5.Physicochemical characterization

3.5.1. Zeta potential of polyelectrolytes

The zeta potential provides information on the charge of the polyelectrolytes in solution.
Since the LbL technique is in great parts based in electrostatic interactions, the
predetermination of the polyelectrolyte charge helps to determine the interaction between
polyanionic and polycationic molecules. Furthermore, the method provides information on
how weak or strong the polyelectrolytes are, respectively.

Polyelectrolyte zeta potential was studied by measuring zeta potential via
electrophoretic light scattering with a Zetasizer ZS (Malvern Panalytical, Malvern, UK).
Polyelectrolytes were prepared at 2 mg/ml in a 20 mM NaCl solution (reduced salt
concentration to preserve gold electrodes of folded capillary cell DTS1070) at pH 4. Samples
were diluted to 0.5 mg/ml with 20 mM NaCl buffer before measurement and were measured
at 25 °C with an applied voltage of 60 V. The measured electrophoretic mobilities were
transformed into zeta potential using Smoluchowski’s formula.”2'* This method allows to
initially access the polyelectrolyte charge and to estimate their electrostatic interactions

during multilayer formation.
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3.5.2. Surface plasmon resonance measurements

Surface Plasmon Resonance (SPR) experiments were performed using IBIS-iSPR
equipment (IBIS Technologies B.V., Hengelo, Netherlands). SPR as an optical-based, analytical
tool for real-time monitor of molecular adsorption kinetics?. SPR measurements give insight
into the adsorption of the single layers of a multilayer system and allows assessment of the
adsorption quality and the multilayer growth. This light-based methodrelies on the excitation
of surface plasmon and changes in the optical properties, namely the refractive index, of the
measured system. To exploit this physical phenomenon, polarized light travels through a
prism towards a metal (mostly gold) coated sensor. Thelight hits the sensor from below, being
reflected from the sensor surface. At a certain angle of incidence, the light intensity reaches
a minimum, the point at which surface plasmon are excited and inducing surface plasmon
resonance. The angle at which the maximum reduction of reflected light due to the interaction
of p-polarized light with the metal electrons occurs is called resonance or SPR angle. It
depends on the refractive index on both sides of the metal interface. However, one side has
constant optical properties (prism side) while the adsorption of molecules leads to changes in
the refractive index (RI) on the top side of the metal surface. These changes lead to a shift of
the SPR angle (which is the measured value), providing information on the kinetics of
biomolecule adsorption onto surfaces. The basic setup consists of mainly three components:
the optical unit (dry), liquid handling unit (wet) and the sensor surface (interface between dry
and wet). The optical unit comprises a light source and a glass prism, on top of which the
gold-coated glass sensor is placed. The sensor, as mentioned before, is the barrier between the
dry optical unit and the wet liquid handling system. The liquid unit consists of syringe
(pumps) and tubes, allowing the controlled liquid flow across the sensor surface, whereas the
liquid contains the molecules that ought to adsorb. This setup is known as Kretschmann
configuration7+17s,

For the assessment of the PEM formation using SPR, the experimental protocol was
similar to the fabrication of PEM using LbL. The gold-coated glass sensor was rinsed with 70%
ethanol and micro-pure water and subsequently dried using N2 stream. Completely dry, the
sensor was mounted onto the SPR prism using oil (having the same RI as the glass), to avoid
changes in RI on this side of the gold layer. Mounted inside the SPR; a measuring cell is
mounted tightly on top of the gold surface, with in- and outlet for the liquid handling. Firstly,
the NaCl buffer solution was introduced to the sensor surface and a SPR angle baseline is
determined. Thereafter, the measurement begins and polyanionic and polycationic solutions

were alternately introduced to the surface for 10 min using 150 pl solution that is run back
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and forth over the surface at a flow rate of 4 pl/s™'. In between the polyelectrolyte solutions,
1000 pl buffer solution is introduced for 15 min, rinsing loosely bound molecules. The
experiment follows the earlier explained multilayer formation, with PEI as anchoring layer,
basal layers containing polycation and cellulose sulphate and thereafter the functional layers
with PCS as polyanion. Each step had to reach an equilibrium in angle shift, which basically
determined the time used for each adsorption step. The experimental data presented are mean
values of triplicate measurements with SD, which is however quite small and not visible due
to the symbol size.

The IBIS iSPR used was not multiparametric, which limits the experimental data to SPR
angle shifts and a purely qualitative interpretation. The thickness, refractive indices and other

quantitative data of the formed PEMs was not accessible.

3.5.3. Quartz crystal microbalance

For the further characterization of the PEM films, quartz crystal microbalance with
dissipation monitoring (QCM-D) was used in addition to SPR. It enables the in situ real-time
monitoring of layer formation and growth, including bound water. The QCM-D technique
was previously described by Rodahl et al. (1995)'%. In contrast to the light-based SPR method,
QCM-D is an acoustic method. An AT-cutpiezoelectric quartz crystal (hence the name) coated
with gold on both sides (functioning as electrodes) is excited at its fundamental frequency (10
MHz). This frequency is monitored in real-time and any deposited mass onto the gold surface
causes a decrease of the resonant frequency, Af. For thin and rigid films adsorbing in air, this
frequency change is proportional to a mass change Am following the Sauerbrey equation (Eq.
1):

—CAf

Cis the mass sensitivity constant given for the QCM-D setup used and n the overtone number.
In this study, a QCM-D device from 3T analytik GmbH & Co. KG (Tuttlingen, Germany) was
used which only allows measurements at the fundamental frequency, hence n = 1 and can be
neglected in the Sauerbrey equation. At 10 MHz, C = 0.23 ng/cm?Hz for this QCM-D machine.

However, PEM systems mostly form more viscoelastic layers, for which the mass does
not fully couple to the quartz crystal oscillation and subsequently dampens the oscillation.
This dampening is measured after the driving voltage of the quartz crystal oscillation is shut
off and real-time measured as positive frequency change AD (dissipation factor). The
calculation for Am was performed by the QCM-D software qGraph viewer (3T analytik GmbH
& Co. KG, Tuttlingen, Germany). However, it presented some drawbacks, as the mass

calculations are only based on the Sauerbrey equation, which underestimates the adsorbed
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mass for viscoelastic films. Hence, these values are not presented in this work. On the other
hand, using the software, calculation of thickness of viscoelastic layers were possible using a
Voigt based model. This setup is defined as a spring and dashpot in parallel under no slip
conditions. Under the assumption that the film homogenously covered the entire sensor area
with uniform thickness and the liquid in which the sensor resonated is a bulk Newtonian
fluid, Voinova et al. (1999) published the mathematical formula for the changes of Af (Eq. 2)
and AD (Eq. 3) as'”:

Mg (773)2 UL“’Z
Af = —+ h —2h, \—| —————} (Eqg.2
f anoho{53+ LPL W L 63 M%+w2n% ( q )
and
Np (713)2 U w }
AD = —+2h, | =) ——————¢ (Eq.3
7f po g {53 \s,) 12 + ot (Eq-3)

where w is the angular frequency of the oscillation, p, is the density and h,, is the thickness

of the quartz crystal. For the bulk liquid, 1, defines the viscosity, §, (= V(2ng/pg w) (Eq.4)

is the viscous penetration depth of the shear wave and py is the liquid’s density. For the
adsorbed layer, h;, p,,n, and u, represent the thickness, density, viscosity, and elastic shear
modulus, respectively.

For the experimental measurement, different polyelectrolyte solutions were pumped into
the system at a constant flow rate of 100pl/min and allowed to adsorb to equilibrium state for
10 minutes. Followed by injection of 0.15M sodium chloride buffer (NaCl) pH 4.0 for another
15min to remove weakly bound molecules. After the 10th layer, the QCM-D chamber was
injected with PBS with pH = 7.4 at the same flow rate until resonance frequency and
dissipation signal reach an equilibrium. PEM films have been prepared in situ as described in
the previous section concerning multilayer formation. Based on the aforementioned model
from Voinova et al. (1999) (see Eq. 1 and Eq. 2), approximation of the wet thickness based on
the Voigt-model was calculated using the frequency and dissipation change of QCM-D
measurement!” by the software. The machine software needs the input of layer density, buffer
density and buffer viscosity and automatically calculates an approximation of layer thickness.
Based on previous work', layer density of prem = 1400 kg-m™3, buffer density (ps = 1000 kg-m"
3) and viscosity (s = 1 mPa-s) were chosen and approximate values for wet thickness of PEM
systems were calculated. However, it should be mentioned that the QCM-D software used
does not present any quality indications of the modulation, as other QCM machines
(especially with overtone measurements) would be able to. This should be kept in mind when

interpreting the results.
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3.5.4. Ellipsometry

Spectroscopic ellipsometry was used to determine the dry thickness of polyelectrolyte
multilayer films. Ellipsometry is an optical method measuring changes in the polarization of
light that is reflected from a material surface. These changes are represented by two values,
amplitude ratio Psi (¥) and phase difference Delta (A), which depend on the material’s optical
properties and thickness, hence enabling the determination of film thickness.

Using a polarizer, light from a light source is linearly polarized (with p- and s-
components describing the light wave). The incident polarized light arrives at the sample
surface and is reflected (and partially refracted) becoming elliptically polarized (hence the
name ellipsometry) and travels through the analyzer and towards a detector, converting light
into and electromagnetic signal. Comparing the information received from the detector to the
input light polarization, the polarization changes caused by the samples are measured in form
of ¥ and A. The film thickness (and other optical constants) is determined using a regression
model. In case of polymeric multilayers, the Cauchy Model is a fitting representation of
materials properties. The model components are compared to the measured values, adjusting
the optical constants of the model until the Mean Squared Error (MSE), an estimator for the
quality of the fit, reaches a minimum. At this MSE minimum, the fit is most accurate and that
corresponds to the actual film thickness.

The measurements were performed using the VASE ellipsometer (J.A Woollam Co., Inc.
Nebraska U.S.A) with affiliated software VWASE32, with incident light in wavelength range
400 to 1200nm. The spectroscopic angle scan was performed from 55°to 70° of incident light
by six steps of 3°. Using the software, the beam position and intensity was manually
optimized. Therefore, the ellipsometer table (on which the sample was placed) was adjusted
until the sample was well aligned, giving highest intensity at the double position-sensitive (x
and y) detector visible in the software. This ensures highest accuracy and reproducibility of
measurements. After the measurement of ¥ and A, the software is further used to
mathematically fit the measured data to the Cauchy model, looking for MSE minimum. The
resulting values was used to determine the thickness (and RI) for our polyelectrolyte films.
The samples were scanned at two different positions to examine if the film is evenly spread

over the whole sample surface. Measurements were performed in triplicates.

3.5.5. Water contact angle measurements
One important property of surfaces, predetermining many possible interactions with
liquids, molecules, cells and more, is the wettability. Hence, the determination of a surface
wettability and subsequently the characterization as more hydrophilic or hydrophobic is very

important. One simple method which allows surface wettability characterization is the water
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contact angle (WCA) measurement. Using a defined droplet of water, a diffuse light source
and a camera for imaging, calculation of contact angles and following that the determination
of surface wettability is possible. Luckily, calculations are by now carried out in the
corresponding WCA software.

The wettability characterization of PEM coated silicon wafer substrates was performed
with an OCA 15+ machine (Dataphysics GmbH, Filderstadt, Germany) at room temperature.
Using the sessile drop method, 3 drops of the testing liquid (micro pure water) were dispensed
through a micro-syringe (0.26 um inner diameter) onto a horizontally arranged PEM coated
Si-wafer. Using the software, the motor-controlled dosing volume of 3 pl per drop at a dosing
rate of 0.5 pl/s was selected. For the sessile drop method, the drop is placed on the substrate
from above, the needle is retracted. Using a diffuse light source, a camera takes images of the
high contrast images, on which the drop (absorbing the diffuse light) is black in front of a
bright background. Images of the drops were immediately taken after drop placement. Using
the SCA20 software (Dataphysics GmbH, Filderstadt, Germany) the contact angle was
calculated. Due to the well visible drop silhouette, the software automatically draws the
baseline (contact of the drop to the substrate) and outline (border between black drop and
white background). With these lines automatically placed, the static contact angle values were
obtained from at least 6 independent measurements by curve fitting the drop profile using
Ellipse fitting. Values obtained from the independent measurements are represented as mean

values with standard deviation.

3.5.6. Streaming potential measurement

The measurement of zeta surface potential basically measures the surface charge and
hence provides information on surface functionality, stability and interaction with dissolved
compounds or molecules. Especially in biomaterial research, this information is vital to
predetermine the possible interaction with blood, proteins and subsequently cells. For
polyelectrolyte multilayers, it further gives insight into the multilayer composition, structure,
and stability. Measuring at different pH values enables the observation of the dominant
functional groups related to the polyanionic or polycationic compounds in the multilayer and
which component is dominant towards the PEM film surface.

The surface zeta-potential was determined using the SurPASS electrokinetic analyzer
(Anton Paar, Graz, Austria). The software the equipment calculates the surface zeta potential
using the following equation (Eq. 5):

dU nkg

= ——2L (Eq.5
¢ dApereo(q )
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Where dU is the streaming potential, dAp is the pressure difference across the sample, €, is
the dielectric constant, €, is the vacuum permittivity, kj is the electrolyte conductivity, and
7 the electrolyte viscosity.

Therefore, PEM systems were prepared on special glass slides (10 x 20 mm?) followed by
streaming potential measurements. Two glass slides modified with the identical PEM were
inserted into the machine, creating a small gap through which the electrolyte (1 mM KCl in
water) was flown. A flow rate of 100-150 ml/min was achieved at a maximum pressure of 300
mbar, which was adjusted through changing the width of the gap between the glass slides.
Before starting the measurement, 0.1 M Hydrochloric acid (HCI) was used to adjust to pH 2.5.
During the measurement, automated titration with 0.1 M sodium hydroxide (NaOH) adjusted
the pH towards the predefined end point at pH 9.5. Zeta potential was calculated by the

provided software. Each test was done in triplicates.

3.6.Biological characterization

For the comprehensive biological characterization of the different PEM surfaces,
especially with regard to their biocompatibility, diverse experiments were carried out.
Focusing on the viability and growth of cells, Live/Dead and Deep Blue cell growth assays
were executed. Since the newly developed surface coatings ought to be applicable over a wide
range of potential tissue engineering purposes, biocompatibility with different cell types
would be beneficial. With this in mind, cell experiments were carried out using cell types
originating from different germ layers. These are the primary cell layers in embryonic
development, namely endoderm (inner layer), ectoderm (outer layer) and mesoderm (middle
layer). During embryonic development, cells originating from these germ layers give rise to
certain tissue types in the human organism, all different regarding the cell adhesion
behaviour'”. As representative cell types for the three different germ layers, mouse fibroblast
originating from the mesoderm, humane keratinocytes originating from the ectoderm, and
humane epithelial-like hepatocellular carcinoma cells originating from the endoderm were
selected. For all cell types, well-known and standardized cell lines were utilized, as primary
cells are not only expensive and difficult to purchase, they also normally show donor to donor

variability.

3.6.1. Culture of 3T3 mouse fibroblast cells
Fibroblasts are cells of the connective tissue of mesodermal origin. In this study, the

NIH3T3 mouse embryonic fibroblast cell line (ATCC, Manassas, VA, USA) was used for
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several experiments. It is one of the most commonly used cell lines and was applied in a wide
range of experimental studies'®. They are immortalized, adherent and rather easy to grow.
3T3 cells were cultured in T75 flasks, seeded at a density between 5.000-6.000 cells/cm?.
Dulbecco’s modified Eagle’s serum containing 4.5 g/L glucose and 4 mM glutamine,
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin, streptomycin, and
amphotericin B (Pen/Strep/Amp). Cultured cells were grown at 37°C in a humidified incubator
(5% CO2/95% air atmosphere). Medium was changed twice in 7 days. At 70-90% confluency of
the cells, splitting was performed by washing the cells with sterile PBS once and adding 3 mL
0.25% trypsin/0.02% ethylenediaminetetraacetic acid (EDTA) solution and incubate for 5 min
at 37°C. Addition of 5 ml serum-containing DMEM inactivates trypsin. Cell suspension was
centrifuged for 5 min at 500 rpm, resulting in a cell palette. Supernatant (w/ trypsin) was
removed, and cells resuspended in 1 ml fresh cell culture medium. Cells were counted using
a Neubauer chamber and seeded in new culture flask or at certain cell densities (specified in

the corresponding experimental section) in well plates.

3.6.2. Culture of HepG2 human hepatocellular carcinoma cells

The liver hepatocellular carcinoma cell line named HepG2 has been used as
representative cell type from endodermal origin. This immortalized cell line was originally
derived from the liver tissue of a 15-year-old male patient with a well-differentiated
hepatocellular carcinoma. This cell line is commonly used in biomedical research. HEpG2 cells
are adherent and healthily grow in small aggregates's:1s2

HepG2 cells, obtained from ATCC (Manassas, VA, USA), were cultured in T75 flasks,
seeded at a density of 20.000 — 25.000 cells/cm? Eagle’s Minimum Essential Medium (MEM)
containing Earle’s balanced salt solution (EBSS), non-essential amino acids (NEAA),
supplemented with 2 mM L-glutamine and 10% FBS was used as culture medium. Additionally,
antibiotics in form of 1% penicillin/streptomycin (Pen/Strep) solutions was added. The
subculture protocol was similar to that of 3T3 cells. Cells were grown to 75-90 % confluency,
before they were split using trypsin/EDTA, with a reduced trypsin concentration of 0.05 %.
HepG2 cells are sensitive to dissociation agents and exposure should be kept to a minimum.
Cell detachment was checked after 3 min and as soon as cells visibly detached (examined
under phase contrast microscope), inactivation of trypsin was done by adding EMEM with
10% FBS. The centrifugation to gain a cell palette and remove the medium containing trypsin
residues was performed at reduced speed of 250 rpm for 5 min, to prevent cell clumping. After
counting using a Neubauer chamber, cells were seeded for further culture in T75 flasks or at

specific concentrations for biocompatibility experiments.
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3.6.3. Culture of HaCaT human keratinocyte cells

As representative for cells of ectodermal origin, the HaCaT cell line was employed. This
immortalized human keratinocyte cell line has been widely used for diverse biomedical
studies. They are suitable for long-term growth and exhibits normal morphogenesis and
functional activities similar to primary keratinocytes. HaCaT cells are adherent and
proliferate from small cell aggregates!® 154,

HaCaT cells, purchased from CLS (Cell Line Service GmbH, Eppelheim, Germany), were
seeded in T75 cell culture flasks at a density of 15.000 cells/cm? and cultivated until 70-80 %
confluency. As cell culture medium DMEM containing 4.5 g/L glucose and 4 mM L-glutamine,
supplemented with 10 % FBS and antibiotics in form of 1% Pen/Strep solution. The culture and
passaging protocol were basically the same as for HepG2 cells. Reduced trypsin concentration
of 0.05 % and reduced centrifugation speed of 250 rpm for 5 min was applied. After counting
in a Neubauer chamber, cells were again seeded in T75 cell culture flask for further cultivation

or at specific densities in well plates for viability and growth experiments.

3.6.4. Cell viability assay using live/dead-staining-Kit

Viability of adherent 3T3 mouse fibroblasts cells and subsequent biocompatibility of PEM
films was assessed using a live/dead assay. A cell viability/cytotoxicity assay kit consisting of
two probes. namely Calcein AM and ethidium homodimer III, was used to fluorescently stain
cells seeded in PEM coated wells of a well plate. Ethidium homodimer Il is a cell membrane
impermeant nucleic acid dye, only staining the nucleus of dead cells with a damaged cell
membrane. On the other hand, in living cells the nonfluorescent Calcein AM is converted to
green fluorescent Calcein, after acetoxymethyl ester hydrolysis by intercellular esterase. All
aforementioned cell types were examined using the live/dead assay.

Using the LbL technique, the wells of a 24-well plate were coated with different PEM
compositions (see section for multilayer fabrication for details). The well plate was sterilized
using a UV chamber for 60 min at 2.5 kJ at a wavelength of 254 nm. After sterilization, cells
were seeded on differently PEM-coated wells of a 24-well plate at a density of 10000 cells/cm?
and cultivated for 24 h. The staining was conducted according to the manufacturer’s protocol.
Cells were seeded in uncoated tissue culture polystyrene wells as control. Images were taken
using a confocal laser scanning microscope (CLSM, LSM 710, Carl Zeiss, Oberkochen,
Germany). Image] software was used for further calculations and image characterization.
During the imaging process, the well plate was placed in a heated (37 °C) and with a 5 % CO2
atmosphere supplied microscope stage inlay, to accommodate the living cells under culture

conditions.
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3.6.5. Cell growth assay

Cell growth/proliferation was quantified using a Deep Blue assay. This assay is based on
the resazurin reagent. The typical blue resazurin, hence the name of the assay, is converted
to fluorescence by the action of metabolic enzymes. Thereby, resazurin is reduced to the pink-
colored and highly fluorescent resorufin. The reduction of resazurin and production of
resorufin is proportional to the number of metabolic active cells, allowing to correlate the
fluorescence intensity to the number of living cells in the examined culture. This assay was
conducted for all aforementioned cell types.

Using the LbL technique, the wells of a 48-well plate were coated with different PEM
compositions (see section for multilayer fabrication for details). Quintuplicates per PEM
system were prepared. The well plate was sterilized using a UV chamber for 60 min at 2.5 kJ
at a wavelength of 254 nm. Cells were seeded into precoated 48 well plates at a density of
13500 cells/cm? marking day 0. After 1, 4 and 7 days of cell culture, cells on this well plate
were washed with colorless DMEM and images were taken with a phase contrast microscope
(Eclipse Ti2-U, Nikon, Tokyo, Japan). Subsequently, 300 pl of a 10% Deep Blue solution (100%
Deep Blue diluted in colorless DMEM, w/o FBS) were added to the well, followed by 2 h
incubation at 37°C. After incubation, 100 pl of the supernatant has been collected in a black
96-well plate. The plate was excited at 540 nm wavelength in a fluorescence plate reader
(Fluostar Optima™, BMG Labtech, Ortenberg, Germany). Each well was washed once more
with colorless DMEM, afterwards culture medium was added for further culture. This process
was repeated at the other time points. The mean values of the excitation measured by the

plate reader with SD are presented and directly proportional to cell activity.

3.6.6. Immunofluorescence staining of 3T3 mouse fibroblasts

The staining of specific protein using corresponding antibodies is known as
immunofluorescent staining. Certain antibodies that bind exclusively to specific proteins are
labelled with fluorescent elements, allowing to visualize the targeted proteins and
subsequently specific cell components using fluorescence microscopy. It allows the
qualitative interpretation of cell adhesion and morphology on different PEM systems
subsequently relating to the biocompatibility of these surfaces.

Firstly, RCA-1 cleaned glass cover slips (12 mm diameter) have been coated using LbL
technique with different multilayer compositions. Surfaces that showed good
biocompatibility behavior in the cell viability and growth tests performed before, have been
selected. Hence, glass cover slips have been coated with CS derivatives (CS 2 and PCS 2) in

combination with the polycations PLL and QCHI. The PEM structure/composition is as
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described earlier, with PEI as anchoring layer, the basal layers, and the functional layers.
Terminal layers are polyanionic, which means CS or PCS. Prior to cell seeding, the coated
glass cover slips (and uncoated glass as control) were sterilized in a UV chamber for 60 min
at 2.5 kJ (A = 254 nm). 3T3 mouse fibroblasts, cultivated as mentioned before, were seeded
onto the sterilized glass cover slips in a 12-well plate, at a density of 5000 cells/cm®. After 24
h of cultivation in DMEM with 10% FBS at 37 °C, immunostaining commenced.

The staining was performed under room temperature conditions. The adherent cells
were carefully washed with DPBS and subsequently fixed upon their substrates using Roti®-
Histofix™ solution for 15 min, followed by rinsing with PBS. After cell fixation, they were
permeabilized using 0,1 % v/v Triton-X100 in PBS for 10 min followed by three times rinsing
with PBS. To block unspecific binding sites, samples were incubated in 1% bovine serum
albumin (BSA) + glycine in PBS for 30 min. After rinsing three times with PBS, cells were
ready for triple staining of focal adhesion complexes (vinculin), actin fibers and cell nucleus.
The antibody and staining solutions were economically used, resulting in a meticulous
staining procedure. The lid of a well plate was covered in parafilm and using a pipette, a 50
ul droplet of staining/antibody solutions was placed on top (one drop for each sample). Using
2 pairs of tweezers, the samples were transferred from the well and placed upside down on
the droplet of staining solution. After incubation for 30 mins, they samples were transferred
into their wells again and three times for 10 min washed in PBS on low-speed shaker, to rinse
unbound staining/antibody residues. This process was repeated for all staining/antibody
dilutions. The dilution of each antibody or staining solution was done directly before their
application. Directly before their application, the dilutions were centrifuged at 4°C and 13.000
rpm for 5 min. The order of staining is very important. So firstly, primary mouse monoclonal
antibodies against vinculin diluted 1:25 in 1% BSA solution were used. Following, the
secondary anti-mouse Cy2-conjugated antibody diluted 1:1500 in 1% rabbit serum (to block
unspecific staining) as fluorescent marker targeting the primary antibody was applied. In the
last two cycles, Santa Cruz Phalloidin (F-actin staining, diluted 1:1000) and TWO-PRO3 (nuclei
staining, diluted 1:200) were applied. After the last cycle, the stained samples were dipped in
MilliQ water and immediately mounted upon objective slides using Roti-Mount Fluor care or
Aquatex™ and stored for at least 24 h to dry. The samples were investigated using a confocal
laser scanning microscope (LSM 710, Carl Zeiss Microimaging GmbH, Jena, Germany) using
a 40x immersion oil objective. The acquired images were process using open-source FIJI

softwares.
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4. Results & Discussion

4.1.Synthesis of cellulose sulphate derivatives

The following section presents a short but comprehensive overview on the preparation
of PNIPAm-grafted-cellulose sulphates (PCS). Cellulose sulphates of different sulfation
degrees and their modification with PNIPAm and the necessary characterization of these
newly synthesized polymers are presented. These results enable the comprehensive
discussion of the multilayer and biological characterization that stands in the center of this
study.

For the grafting of PNIPAm-CS (PCS) a multi-step synthesis method was designed
(Figure 8). Beginning from a commercially available cellulose, in the first step CSs were
synthesized and thereafter, PNIPAm chains were introduced onto the CS backbone, leading
to PCS. Concurring to the protocol established by Zhang et al.’¥, CS 1 with a low degree of
sulfation (DSs= 0.67) and CS 2 with a high degree of sulfation (DSs= 1.17) were obtained via
quasi-homogeneous nucleophilic substitution. Further reactions, necessary for the PNIPAm-
modification, are causing the desulfation of CS'¥, hence two strategies were designed to

adjust the DSs in the final products.
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Figure 8: Schematic illustration for the general synthesis of PCSs. Two synthesis routes: (1) Strategy 1 for indirect
esterification including step 1-3; (2) Strategy 2 as the direct esterification.

For strategy 1, cellulose sulphate acrylate (CSA) was synthesized from CS 1 with acryloyl
chloride via nucleophilic acyl substitution reaction'®. Subsequently, PNIP Am-cysteamine was

synthesized using cysteamine hydrochloride with commercial terminal carboxyl PNIPAm
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(PNIPAm-COOQOH) via the imidazole reaction (Figure 8, Strategy 1, step 2)#*%. Finally, PCS 1
was first time synthesized via click reaction of PNIPAm-cysteamine with CSA under UV light
and catalyst 4-dimethylaminopyridine (DMAP) (Figure 8, Strategy 1, step 3). As the second
strategy, the direct esterification of CS 2 with the PNIPAm-COOH via EDC/NHS-catalyzed
reaction (Figure 8, Strategy 2) was used, resulting in the synthesis of PCS 2.

After the application of these two synthesizing strategies, the final product needed
thorough examination using Fourier-transform infrared (FT-IR) and carbon-13 nuclear
magnetic resonance (1*C-NMR) spectroscopy to confirm the successful synthesis. The
spectroscopy methods show the presence of specific chemical compounds or functional
groups. For the examined synthesis products, both methods showed the presence of important
moieties that distinctively indicate the successful synthesize of PCS 1 and PCS 2 using the
two different strategies. Sulfation of cellulose and subsequent modification with PNIPAm of
the cellulose sulphates was thereby confirmed.

The C-NMR and elemental analysis were additionally used to determine the degree of
sulfation (DSs) and degree of substitution of PNIPAm (DSpxrpam) of the PCS products. The
signal integral of the “substituted” (C6s) and the “non-substituted” carbon (C6) at the sixth
position were compared to determine the DSs of PCS 1 and revealed a DSs of 0.41. For PCS 2,
the higher DSs of 0.93 was calculated via the same route, but beside the comparison of the C6
signal integrals, the “substituted” (C1s) and “non-substituted” (C1) carbon at the first position
were compared. Using elemental analysis, it was revealed that the DSpnpam of PCS 1 was 0.14
and for PCS 2 DSpNnipam = 0.11, and therefore only slightly different. The results for all samples

are summarized in Table 4.
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Table 4: DS values of PNIPAm-CS1 and PNIPAm-CS2

Starting CS  Intermediate DSs DSpNIPAm
PNIPAm-CS1
CS1 CSA 0.41 0.14
(PCS 1)
PNIPAm-CS2
CS2 - 0.93 0.11
(PCS 2)

Following the successful synthesis of the PNIPAm-modified cellulose sulphates, there

thermoresponsive potential was examined using dynamic light scattering analysis.

PCSs did not show distinct thermoresponsive behavior between 25 °C and 32 °C (Figure

9a-left side). The cloudy phenomenon indicating thermoresponsive behavior first appeared

when the PCS solution was heated above 33 “C. Cooling below 33 °C and fading of the

turbidity showed the reversibility of the cloudy phenomenon. The visible cloud point well

matched with the DLS analysis (Figure 9, right side), as DLS curves exhibited multiple peaks

below but only one peak above 33 “C. Additionally, the Z-average diameters increased with
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Figure 9 a) DLS curves for the measurement of the LCST and cloud point of PNIPAm-CS by analyzing the Z-
average diameters. Aqueous solutions of PNIPAm-CS with the concentrations of 1.2 mg / mL at pH 7 were used.
b) Schematic illustration for the thermoresponsive behaviors of PNIPAm-CS in solution. c¢) The Z-average

diameters and PDI were tested at LCST and 37 °C.
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increasing temperature from 32 °C to 37 °C (Figure 9 c), and decreased during cooling down.
The multiple factors in summary indicated a reversible LCST behavior between 30 and 33 °C.

Below the LCST, PCS chain swelling occurred in aqueous phase due to intermolecular
hydrogen bonding between hydrophobic chains (isopropyl groups) of PNIPAm and water
molecules. Additionally, there are polar interactions between sulphate groups of the CS
backbone and water molecules (Figure 9 b). These interactions lead to a complete dissolution
of PCS in aqueous solution and resulted in a clear PCS solution and the multiple peaks visible
in DLS analysis. When the solution temperature was elevated above the LCST, the hydrogen
bonding between polymer chains and water is energetically preferred, leading to exposure of
hydrophobic PNIPAm chains. These chains gradually associated with one another, which
resulted in a heat-induced aggregation of molecules. Consequently, PCS aggregates
precipitated from the aqueous solvent and the solution became cloudy. The DLS analysis only
represented one single peak, corresponding to the PCS aggregates.

Moreover, the thermoresponsive properties of PCS 1 and PCS 2 were examined
depending on environmental factors, e.g., the presence of ions and different pH values. Hence,
PCSs were diluted in water and 150 mM NaCl solution (LbL multilayer formation condition).
The solution pH was adjusted to pH 4 (LbL multilayer formation condition) and pH 7
(physiological conditions). The Z-averages, corresponding to molecular size were measured
at the LCST and at 37 °C, which gave insight into the swelling behavior and the size of the
PCS aggregates depending on the environmental conditions. This enabled the comparison of
the two different PCS derivatives, PCS 1, and PCS 2, as they differ in DSs and DSpnpam.

The summary of the results, presented in Figure 9 c revealed that the pH value of the
PCS solution has only minor influence on the aggregation and Z-averages of the molecules.
Only for PCS 2, the Z-averages measured at the LCST are at pH 4 higher (> 500 nm) than at
pH 7 (< 390 nm). Generally speaking, PCS 1 aggregates to bigger Z-averages than PCS 2.
While PCS 1 dissolved in water doubles in size from LCST to 37 °C, while the Z-averages for
PCS 2 only slightly increases at pH 4 and growth about 50% at pH 7.

The salt content of the solvent has a visible impact on the PCS aggregation. The Z-
averages are significantly different from those measured when PCS was dissolved in water.
For PCS 2, the initial Z-average at pH 7 at the LCST doubles compared to the one measured
in water and the Z-average increment towards 37°C was noticeably higher when dissolved in
NaCl. At pH 7, aggregation results in the doubling of Z-averages, at pH 4 it increased to even
slightly more than double the size. This latter effect was more distinct for PCS 1. While the
initial size at LCST was not different for PCS 1 dissolved in NaCl compared to water, the size

increment towards 37 °C was astonishingly high. PCS 1 dissolved in NaCl at pH 4 increased
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to the sevenfold size, while at pH 7 by fivefold. For both, PCS 1, and PCS 2, when dissolved in
NaCl solution, additionally to the changes in aggregation, the LCST decreased by circa 2 °C.

PCS 1 generally showed higher Z-average increments than PCS 2 when heated from
LCST towards body temperature (37 °C). The reason could be the lower DSpnwpam of PCS2,
which causes the weaker chain association and heat-induced aggregation. Moreover, in the
presence of NaCl, the LCST of PCSs decreased and larger Z-average diameters of PCSs formed,
especially for PCS 1 at 37 °C. Kosmotropic anions, such as Cl" ions, are more hydrophilic.
These ions compete with PCS for water molecules and cause polymer dehydration, which
promotes the decrease in the LCST“:%2. Additionally, larger Z-average diameters of PCS
formed at pH 4. The reason can be the hydrophobic chains of PCS that are more inclined to
associate at pH 4 to avoid hydrophilic solvent and the concentration of Cl™ ions is increasing
when adjusting pH from 7 to 4, resulting in larger Z-average diameters than that at pH 7.

The size differences between PCS 1 and PCS 2 and higher Z-averages of PCS 1 aggregates
might also be explained by the lower DSs of PCS 1. The sulfation process often causes chain
scission, which results in lower MW of cellulose sulphates with higher DSs"**. Shorter chains
subsequently result in smaller Z-average diameters of aggregated molecule chains.

In summary, CS with a lower and higher sulfation degree could be synthesized
successfully. Furthermore, modification with PNIPAm was achieved, even though only with
low degree of substitution. But the newly developed PNIPAm-g-cellulose sulphate
polyelectrolyte not only showed thermoresponsive properties with an LCST in the range of
30-32 °C, but furthermore are polyanions that can be used for PEM fabrication using LbL

technique.
4.2.Fabrication and characterization of multilayers made of chitosan
and cellulose derivatives

4.2.1. Application of PNIPAm-CS for formation of multilayers
4211  Measurement of zeta potential of polysaccharides
The potential application of PNIPAm-CS as polyanion for multilayer formation requires
their ability to form complexes with polycations. Since, the grafting of PNIPAm to CS
introduces bulky polymer side chains along the CS backbone, the ability to form multilayers
might be hampered. Therefore, the effect on the formation of PEM was studied, with regard
to degree of substitution of PNIPAm and the sulfation degree, using CHI as polycations in

previous studies021%,
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Figure 10: Bar graph shows zeta potential of polyelectrolytes solutions measured at pH 4. The bars
represent the mean value and corresponding standard deviation (error bars) [n=6].

Since the fabrication of multilayers via layer-by-layer technique is partially driven by
electrostatic interactions and ion pairing of the polyelectrolytes®?, CS derivatives and CHI
were characterized using zeta potential measurement. The results shown in Figure 10,
demonstrate that CHI is positively charged at pH 4 in the region of 29 mV. CHI has a pKa
value of 6.3 which means that the amino groups are protonated* as NHs*. CS derivatives
possessed all negative zeta potentials in the range of -10 to -15 mV as expected due to the
presence of negatively charged sulphate groups. This in mind, negative charge was expected
to be related to the degree of sulfation (DSs). However, PCS 1 having the lowest DSs (DSs =
0.4) showed a similar potential as CS 2 and PCS 2, which possessed a higher degree of sulfation
(DSs = 1.0 and DSs = 0.9, respectively). It is possible that the different molecular weights lead
to different mobility of the molecules that affects the calculated zeta potentials. PCS1 has a
lower degree of sulfation of 0.41, which is related to a higher molecular weight because the
more harsh the sulfation process the more chain scissions are observed*. Additionally, the
grafting of bulky PNIPAm as a side chain on PCS samples increases the molecular weight and
will lead to differences in measured charge when compared to the CS samples, since it might
influence electrophoretic mobility. It has been shown that the molecule ar weight alone is not
influencing the electrophoretic mobility of polyelectrolytes. However, the phenomenon is
more complex, as the charge density and with that the interaction with counterions (present
in salt solutions) influence the mobility as well'”. Furthermore, with increasing sulfation the

amount of charge moieties in the polyelectrolyte is increasing, leading to increased intrachain
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repulsion and an increase in hydrodynamic radii due to elongation, which seems applicable
for CS 2. The bigger radii lead to decreased mobility which results in increased zeta potential.
PCS 2 is a rather small molecule (due to intensive chemical processing) but still possesses a
high charge density. Hence, the combination of high charge density and small hydrodynamic
radius leads to the lowest measured potential. This could explain why CS 2 was measured
with a less negative potential compared to PCS 2. Even though the results for CS derivatives
are not necessarily in agreement with the expectation regarding degree of sulfation and hence
the amount of charged moieties, the charge difference between CHI and CS derivatives
suggests that a multilayer build-up driven by electrostatic attraction and ion pairing is
possible.
4.2.1.2.  Characterization of multilayer growth and thickness

Following the zeta potential measurements that theoretically showed the possible
interaction between the polyelectrolytes, Surface Plasmon Resonance (SPR) and Quartz
crystal microbalance (QCM) measurements were used to study whether grafting of PNIPAm
as bulky polymer with a MW of 2000 Da to CS is affecting the ability of the polyanions to
form polyelectrolyte multilayers with chitosan. Additionally, it enables insight into the layer
formation and PEM growth.
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Figure 11: Surface plasmon resonance (A) and Quartz crystal microbalance (B) measurements, showing
the angle shift and frequency change, respectively. Positive angle shift in SPR is proportional to mass
adsorption onto sensor surface. Negative frequency change in QCM is proportional to material adsorbing to
gold coated quartz crystal. Odd numbers represent polyanion adsorption, with 274 and 4 layer being CS 2
and depending on sample name with 6%, 8™ and 10% layer being CS 2, PCS 1, or PCS 2. Even numbers
correspond to polycation adsorption, with 1% anchoring layer of PEI and subsequently 3 — 9t layer of CHI
(see Materials & Methods for conclusive layer formation information). Measurements were performed in
triplicates and data points represent mean values (SD was calculated and is shown, but not visible due to
symbols at data points).

Therefore, CS 2, PCS 1 and PCS 2 were used for the in situ formation of PEM on the
sensor surface to investigate the dry mass adsorption during multilayer deposition using

SPR™. The multilayer formation was done at room temperature when PCS 1 and PCS 2 were
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still well solubilized. The aggregation of PCS above LCST eliminates the possibility of
multilayer formation as we observed during preliminary studies.

Figure 11 A shows SPR angle shifts of CS 2 and PCS 1 and 2 as polyanions and CHI as
polycation during multilayer formation. For all combinations, an increasing angle shift was
observed, which suggests multilayer formation. CHI/CS 2 and CHI/PCS 1 show similar results
ending at around 1750 to 1800° angle shift. CHI/PCS 2 shows much higher angle shift after 10
layers, around 2600°, indicating adsorption of more material. PCS 2 (DSs 0.9; DSpnipam 0.1)
with apparent higher charge density and smaller size made a more significant contribution to
the layer growth than PCS 1 (DSs 0.4; DSpnpam 0.1) with lower charge density. The zeta
potential measurements associated with the charge density support these measurements. It
would explain the similar growth behavior of multilayers prepared with either PCS 1 or CS 2,
as they were measured at comparable zeta potentials. However, the size of the molecules
should influence the layer formation. PCS 1 was less sulphated and should therefore be bigger
than CS 2 with ahigher DSs, since sulfation leads to chain scission, as explained before™*. But
the difference in size could be compensated by the adsorption of more CS 2 due to the higher
charge density. PCS 2 showed the highest angle shifts, which makes sense when looking at
the highest zeta potential and therefore possibly charge density compared to the other CS
derivatives.

QCM-D measurements were performed to quantify the total amount of material
adsorbed, including the solvent water (Figure 11 B). At a constant pH of 4.0 and with 0.15 M
NaCl buffer solution, the multilayer formation showed a linear growth behavior like the
findings of SPR studies. Interestingly, PCS 1 (DSs 0.4; DSpnrpam 0.1) and PCS2 (DSs 0.9;
DSpNpam 0.1) show similar results regarding frequency shifts (Af for PCS 1 after 10! layer
around 1100 Hz!, for PCS 2 around 1200 Hz™), despite their differences in charge density
related to the degree of sulfation (DSs). On the other hand, CS 2 (DSs 1.0), chemically
comparably to PCS 2, showed noticeably lower frequency changes with only around 900 Hz"
1. Compared to SPR, QCM provides comparable results, with PCS 1 being the exception since
frequency shifts suggest higher mass adsorption than in SPR. However, as stated before, QCM
measurements include the amount of couple water in the films and results can differ from
SPR. One reason for that might be the presence of PNIPAm. Since PNIPAm at room
temperature is rather elongated and more hydrophilics, PCS samples are probably more
hydrated during the QCM studies done at RT, explaining the differences to CS 2. Additionally,
charge density based on the DSs might have a supporting effect. The lower charge density of
PCS 1 may be related to a less extended conformation of the polysaccharide. This occupies

more space and possibly entraps more water inside the chains. PCS 2, with a higher DSs,
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should be more elongated due to stronger intramolecular electrostatic repulsion. Hence less
water might be included in these layers. The high charge density of PCS 2 still causes high
frequency change, similar to high angle shift in SPR, and therefore high material adsorption.

Beside the charge density, molecular size influences the layer growth. As explained
before, PCS 1, based on the DSs, should have the largest molecular size. Regarding the
measured size using DLS (see Figure 9¢), PCS 1 and PCS 2 have a similar size measured Z-
average molecular size. This might explain, why QCM measurement did not reveal large
differences between the PEM containing PCS 1 or PCS 2. Moreover, it must be noted that the
examined multilayers had the same composition until the 5 layer, as explained in section
3.4.However, the examined systems showed differences in Af even before the fifth layer. This
limits the possible interpretations of QCM results for the comparison between the different
multilayer compositions. This might be linked to problems regarding reproducibility. It is
quite difficult with the device to make sure that the process works without any interruption,
especially air bubbles that are built in the tubing and subsequently in the measurement
chamber. Several factors made the process of QCM somewhat unreliable.

During the washing step with PBS, all PEM systems showed an angle shift reduction
during SPR and positive frequency changes during QCM studies, which is normally related to
material desorption, but also to structural changes in the multilayer'*20. This can most likely
be attributed to the change in pH, from pH 4.0 to 7.4 of the PBS solution. The effect of changes
in pH was mostly examined during multilayer build-up. However, Halthur et al. discussed in
their study the influence of alternating pH values on PEM films after they have been built®.
They observed a deswelling behavior when the pH was increased towards pH 7.4 of 10-20 %.
They correlated that to the decreasing charge density of one of the polyelectrolytes, affecting
the secondary structure of the polyelectrolyte, the intramolecular repulsion, the
intermolecular connections, and the concentrations of counterions within the PEM film. This
effect has been observed for chitosan before2. For the here examined PEM films, CHI with a
pKa value of 6.3 will deprotonate with increasing pH and hence charge density decreases.
Which would mean, that the observation made in SPR and QCM measurements were less
related to loss of material and subsequently multilayer stability problems but might rather be
explained by the deswelling of the PEM films. Additionally, the Z-average diameters of PCS
1 and PCS 2 were measured at pH 4 and pH 7. Results showed the Z-average decreased with
increasing pH value, which might add to the deswelling effect of the multilayers.

The multilayer growth can be characterized as linear. SPR and QCM showed that with

increasing layer number, the angle shift and Af are not exponentially changing. For PEM films
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exhibiting linear growth mechanism, the diffusion of polyelectrolytes within the film is
limited. Each polyelectrolyte is only penetrating its adjacent layer and the films have a more
stratified structure. The last oppositely charged polyelectrolyte forms the outer layer of the
film. It should be addressed that SPR measurements revealed a stair-case pattern for the
multilayer growth for the CHI/CS basal layers (274 - 5t layer). Previous studies have shown
that this could be due to charge compensation with chitosan and the formation of a quasi-
soluble complex with CS, causing it to be stripped off the surface®. This may explain why
there was almost no increase in the mass adsorption when CHI was deposited and could result
in thinner film formation as demonstrated before23. However, this could not be observed in
the QCM measurements.

Overall, SPR and QCM measurements demonstrate that the formation of multilayers is
possible when using PCS as polyanion and CHI as polycation, which means that the low
DSpnpam is not disturbing the process of ion pairing. However, the reduction of angle shift
reduction in SPR and increasing frequency change in QCM after washing the multilayers with
PBS pH 7.4 might indicate a limited stability at physiological conditions. However, it might
not be solely stability issues, as it has been shown before, that increasing pH value towards

7.4 causes deswelling of PEM films.
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Figure 12: Bar graphs show thickness of PEM films measured by ellipsometry onSi wafers in dry conditions
(A) or calculated from frequency shift in QCM-D using the Voigt-model (B), respectively. Mean values are
represented with error bars showing standard deviation for n = 4 (ellipsometry) and n =3 (QCM).

Ellipsometry was used to measure the PEMs thickness in dry state after formation of
multilayers and subsequent washing with PBS (pH 7.4) (Figure 12 A). We discovered a film
thickness range of 12-19nm using the Cauchy model, which is consistent with Sui et al.
observation for linearly growing film#3. The influence of the different CS derivatives on dry
multilayer thickness was comparatively low, which means thickness was not significantly
different for the different polyanions. Interestingly, the results are somewhat in contrast to
the SPR measurements. SPR revealed the highest angle shifts, correlated to material
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adsorption, for the multilayer system CHI/PCS 2. The thickness measured with ellipsometry
does not reflect that. The differences could be due to the underlying principle that uses the
refractive index (RI) for the calculation of angle shift and thickness, respectively. While SPR
measurement was performed in situ, under the presence of NaCl solution and unfortunately
gives no insight into the RI of the deposited multilayer, ellipsometry was performed after the
multilayer system was dried in air in a desiccator, changing the hydration state. Hence, the
RI of the PEM film during ellipsometry will probably be different from the one during SPR
measurement??, Since we cannot compare the approximated RI from ellipsometry to the one
in SPR, differences can occur. This might explain, why the in the SPR measurement observed
differences between the PEM films are not visible in dry thickness calculated from
ellipsometry measurements.

Moreover, the wet thickness based on the Voigt-model was calculated using the
frequency and dissipation changes of QCM-D measurements?* (Figure 12 A).In general, films
are about 35 to 40 nm thick which is more than double compared to dry thickness measured
with ellipsometry and is obviously contributed to the water content. The same trend as for
dry thickness was observed, as CHI/PCS 1 formed thicker layers than CHI/PCS 2 and CHI/CS
2 films. The measured thickness of 35 — 40 nm for the PEM films in wet state is in a reasonable
window for biomedical applications, as other groups have shown!>»5. The ellipsometry
measurement of the dried films supported the results from SPR and QCM concerning the
effect of changing pH value upon the built films. After washing with PBS buffer at pH 7.4, the
thickness of the films was reduced. As explained before, it is probably caused by the change
in pH value and the decrease in CHI charge density, leading to deswelling of the PEM films.

However, to this point the limited stability of the films cannot be excluded.

4.2.1.3.  Characterization of multilayer wetting properties
Protein adsorption and cell adhesion are dependent on wettability of substrata 2627. Hence
static water contact angle measurements were performed. All PEM systems were prepared
with the polyanion as final layer, which means the cellulose sulphate should predominantly
influence this surface property which was also related to the thought that CS can bind

adhesive proteins like vitronectin present in serum or fibronectin secreted from cells®2.
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Figure 13: Bar graph shows contact angle of PEM with terminal (10%) layer being the
polyanion (CS 2, PCS 1, or PCS 2). For each sample (n=3), three drops of deionized water were
placed on the PEM coated surfaces. The PEM coated Si wafer have been washed in PBS before
measurement and dipped in water to remove salt residues. Bar graphs represent mean value with
SD (*: p < 0.05).

The measured water contact angles of PEM terminated by CS derivatives are presented
in Figure 13. The CHI/PCS 1 multilayer films, possessing an outer layer of PCS 1 (DSs 0.4;
DSpnrpam 0.1) showed contact angles of around 57°. Both PEM ending in cellulose sulphate
derivatives with higher DSs 1.0 (CHI/CS 2) and 0.9 (CHI/PCS 2), respectively, showed
significantly lower contact angles of around 37° for CS 2 and 35 ° for PCS 2. The two prominent
groups for the PEM films in this study are, as mentioned before, OSOs" (sulphate) groups for
CS and PCS and NH>* (amine) groups for CHI. Sulphate groups are known to be hydrophilic,
while amine groups are rather hydrophobic. In previous studies, the contact angles for
different functional groups were characterized?®. Interestingly, surfaces functionalized with
amine groups showed contact angles of slightly above 60°. Surfaces modified by SOs™ moieties,
more wettable surfaces with contact angles of about 30° were observed. This would allow to
deduce how the functional groups of the polyelectrolytes used in PEM formation influence
the contact angle. Hence, PEM ending on CS 2 and PCS 2, the lower contact angle close to 30°
lead to the conclusion that the more hydrophilic sulphate groups of the polyanions are indeed
present and predominant in the interfacial area. The higher contact angles of PEM films
ending with a layer of PCS 1 might be explained by the lower degree of sulfation (DSs = 0.4).
On the other hand, the higher contact angle also suggests an influence of the CHI and its
amine groups. Fu et al. (2004) could show for PEM systems of CHI and Heparin (HEP) that

the contact angle was influenced not only by the outermost layer?®. Depending on the pH
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during multilayer formation, the underlying layers influence the contact angle. For pH = 3.8
(close to pH 4.0 in this study), they presented contact angles for layers ending in heparin of
above 45°. This is comparable to the results of PCS 1 ending PEM films. This is explained by
the deposition of a thinner polyanionic layer, enabling more chain segments of the underlying
chitosan layer to penetrate this thinner layer. This phenomenon could be happening for PEM
films with PCS 1 and present another explanation for the higher contact angles. In summary,
the contact angle measurements suggested, that CHI/CS 2 and CHI/PCS 2 with CS derivatives
of higher DSs around 1 are more hydrophilic with the sulphate groups being dominant in the
interfacial region of the films. For CHI/PCS 1 multilayer films, the outermost polyanionic

layer seems to be penetrated by some segments of CHI, making them less hydrophilic.

4.2.2. Conclusion

The in the first chapter of this section described CS derivatives, in particular CS 2 (DSs =
1.04), PCS 1 (DSs = 0.41, DSpnPAm = 0.14) and PCS 2 (DSs = 0.93, DSpnpAm = 0.11) have been
used as polyelectrolytes for the fabrication of multilayer films using LbL technique. Several
experiments to determine multilayer formation kinetics and the physicochemical
characterization of multilayers have been performed. These experiments showed the
successful PEM fabrication via LbL with the use of CHI as polycation. PEM with 5 bilayers
were successfully fabricated and showed a linear growth behavior resulting in PEM films of
common thickness for application as coating in tissue engineering. The combination of CS
derivatives with CHI interestingly revealed one issue: stability at physiological pH. Washing
in pH 7.4 PBS resulted in thickness reduction of the multilayer systems, either due to
deswelling or material desorption. This issue should be addressed in further experiments and
is most likely attributed to CHI and its deprotonation at physiological pH. Any crosslinking
of the multilayers to increase stability would not have been feasible due to the missing
carboxylic groups of the cellulose sulphates. At this point, no cell experiments were
performed due to the stability issues of the PEM. For cell experiments, the multilayers are
exposed to pH 7.4 cell culture medium, which might lead to desorption of final PCS layers. As
these are most relevant for experiments with regard to biocompatibility and especially
thermoresponsive detachment, cell experiments were not deemed sensible at this point.

Subsequent studies consider the stability issue and examine biocompatibility.
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4.3. Fabrication of multilayer with poly-L-lysin and quaternized
chitosan as polycations.

4.3.1. Synthesis of quaternized chitosan
To address stability issues of the multilayers with CHI as polycation, two other
biopolymers, namely poly-L-lysin (PLL) and quaternized chitosan (QCHI) were used as
polycations'”21-25. ' While PLL was commercially available, but expensive, QCHI was
synthesized following established synthesis routes (see chapter 3 section 3.2) and presents a
further development from chitosan. Compared to CHI, QCHI possesses a higher charge
density and both, PLL and QCHI, show positive zeta potentials at physiological pH values.
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Figure 14: 1H-NMR spectrum of quaternized chitosan. Indicated by the red circle
is the increased signal of the quaternized ammonium group.

Quaternized chitosan was synthesized as described above. The lyophilized final product was
characterized using 1H-NMR to assess the successful quaternization. Additionally, the degree
of quaternization (DQ) was measured by chloride titration using silver nitrate and potassium
chromate as color indicator. The 1H-NMR spectrograms showed a high peak corresponding
to quaternized ammonium group located at the C3 position of chitosan (see Figure 14). This
indicated a successful synthesis of QCHI. To determine the degree of quaternization, relevant
to gain information on the amount of quaternized ammonium groups present, the
aforementioned titration using silver nitrate was used. Following Wu et al. (2007), the DQ was
calculated at 80.6 + 1.92 for the applied synthetization route. Slightly over 80% of all ammino
groups of the chitosan were substituted by quaternized ammonium groups. As this resulted
in the water-solubility of QCHI and could be reproduced for several synthesis, this material
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was deemed appropriate for the formation of polyelectrolyte multilayers and used for further

physicochemical characterization.

4.3.2. Physicochemical characterization of  polyelectrolytes and

polyelectrolyte multilayers

4.3.2.1.  Zeta potential measurement of polyelectrolyte solutions
Before examining the multilayer formation, measurements of zeta potential were done
with the polyelectrolytes. Charge density related to zeta potentials is an important factor for
PEM growth related to the interaction between polyanions and -cations®. Here, the
measurements were performed for CS derivatives and polycations PLL and QCHI at two
different pH values. Multilayer formation was carried out at pH 4, being one of the pH regimes
examined. The other pH value of interest was pH 7.4, being the physiological pH during

biological studies using cells.
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Figure 15: Bar graph shows zeta potential of PEL in solution at pH 4 and physiological pH 7.4. It
shows negative potential for cellulose derivatives, only PCS 2 showing higher charge density
than other CS derivatives, especially at physiological conditions (pH 7.4). PLL shows lower, but
more pH independent positive charge than QCHL

The zeta potential measurements revealed (see Figure 15), that as expected, all CS
derivatives showed negative zeta potential values in the range of -11 to 19 mV, with slightly

lower values at pH 7.4 than at pH 4. QCHI had the highest zeta potential of more than 25 mV
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at pH 4 that was slightly reduced to 22 mV at pH 7.4. For PLL, the zeta potential at pH 4 was
measured with 17 mV, increasing at pH 7.4 to 18.5 mV. The measurement revealed, as
theoretically expected, the opposing charges of CS derivatives and PLL/QCHI, hence the
chosen PEL should be able to form multilayers at pH 4 driven by electrostatic interactions.
Except for PCS 2 and QCHI, the zeta potential changed only slightly from pH 4 to pH 7.4.
For the fabrication of PEM films via LbL technique, oppositely charged polyelectrolytes
are predominantly used. For the estimation of the charge density of the polyelectrolytes, the
zeta potential of polyelectrolyte solutions was determined at pH 4 (pH value during layer
formation) and pH 7.4 (physiological pH for biological applications). The polycations, namely
QCHI and PLL, show high positive charge at both pH values. Alone the ability to measure
QCHI in aqueous solution at pH 7.4 furthermore proved the successful quaternization of CHI
because Chitosan has a pKa-value of 6.3 and would therefore be insoluble above pH 7.
However, quaternized ammonium groups were still protonated with increasing pH,
explaining the slightly reduced zeta potential of QCHI at pH 7.4 as the remaining amine
groups on the QCHI backbone became uncharged?. PLL also contains amine groups, so with
increasing pH (7.4), the amine groups are deprotonated. However, zeta potential increased for
pH 7.4. Theincrease is not significant and might be related to effects regarding hydrodynamic
radius. It has been shown that hydrodynamic radius of PLL decreases with increasing pH?2.
Hence, as the measurement is influenced by electrophoretic mobility, smaller molecules move
faster leading to the slight increase in measured zeta potential of PLL. Concerning the CS
derivatives, the net charge is theoretically related to the DSs, due to the presence of more
charged sulphate moieties. CS 1 (DSs=0.6) and PCS 1 (DSs =0.4) with lower sulfation degrees
would be expected to have lower zeta potentials as CS 2 (DSs =1.0) and PCS 2 (DSs =0.9)
having higher sulfation degrees. With regard to the theoretical background, it is surprising
that CS 2 was measured with the same potential as CS 1 and PCS 1, since the sulfation degree
suggest higher amount of negatively charged moieties. PCS 2 shows higher zetapotential,
corresponding to higher degree of sulfation. As sulphates are the residues of the strong
sulfuric acid, their protonation occurs only at very low pH values. Hence, with increasing pH,
the zeta potential is only slightly changing. Therefore, it was somewhat surprising that PCS
2 was observed with distinctly lower zeta potential at pH 7.4. On one hand, the zeta potential
is probably related to the sulfation pattern and not predominantly depends on sulfation
degree?728, On the other hand, the zeta potential measurements relied on electrophoretic
mobility, which is influenced by a multitude of factors, including molecule size and presence
of counter ions, which could lead to differences unrelated to the presence of charged moieties.

As explained earlier for the measurements of CS derivatives and CHI, the electrophoretic
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mobility, which is dependent of the hydrodynamic radii of the molecules, influences the
measured potential. A less mobile molecule is measured with a lower (more positive)
potential. Elongated molecules due to, e.g., steric repulsion of charged groups, have a higher
hydrodynamic radius, and are therefore measured with a lower potential. This might explain
that CS 2, elongated due to steric repulsion of the charged groups, is measured with a potential
similar CS 1 and PCS 1 with a lower degree of sulfation. PCS 2 is thought to be generally
smaller due to the intensive chemical processing during synthesis. The incorporation of
PNIPAm side chains might influence the measured potential, as it possesses secondary
amines. At pH 4, these are protonated and result in a higher (more positive) potential for PCS,
countering the negative sulphate groups. With increasing pH, some of these secondary
amines deprotonate, and the zeta potential decreases, especially observed for PCS 221°. Beside
the charge stability of all polyelectrolytes at both pH regimes, the zeta potential
measurements allowed to deduce that the charge difference at pH 4 should be high enough
for the formation of multilayer systems based on electrostatic interactions. Only slight
changes of the potential at pH 7.4 would also suggest the stability of the polyelectrolyte

combinations under physiological conditions.

4.3.22.  Characterization of multilayer formation and thickness
Following the zeta potential measurements, Surface plasmon resonance (SPR)
measurements were performed to assess layer growth and PEM stability after washing with
PBS (Figure 16). In conformity with the results of zeta potential measurements, layer growth
for all PEL combinations was observed, as an increasing angle shift correlates to the
adsorption of material onto the surface. As positive angle shift was detected for all multilayer

systems, successful PEM fabrication could be deduced. For PLL and QCHI containing
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multilayers, the SPR angle shifts showed similar behavior with increasing layer deposition.
For both, angle shift of samples built with CS 1 and PCS 2 showed highest angle shift. For
QCHI/PCS 2, the highest angle shifts values of nearly 3500 m° were observed. Oppositely, the
multilayers containing CS 2 and PCS 1 show distinctly lower angle shifts below 2000 m°. The
angle shifts measured for the application of either PLL or QCHI showed similar courses. Only
PCS 1 and CS 2 containing multilayers basically changed places. The washing with PBS after
deposition of the 10t layer resulted caused the decrease of the angle shift. Reduction is similar
for all different PEM films except, QCHI/PCS2 showed a particularly high angle shift
reduction. Overall, PEM growth could be described as approximately linear for the PEL
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combinations tested. Interestingly, as observed for the SPR curves in the previous section,
polycations contributed only minor to the PEM growth, represented in Figure 16 as stair-case
pattern.

Surface plasmon resonance was used to access the multilayer formation in situ. Since not
only the charge of polyelectrolyte influence the successful layer formation, SPR aims to give
more insight in the multilayer fabrication and composition. All multilayer systems show
positive angle shifts in SPR over the course of 10 layers, which corresponds to material being
adsorbed onto the gold sensor. All systems successfully form multilayers with a rather linear
growth behavior. When changing the rinsing buffer, after the 10t layer, to PBS with pH 7.4,
all systems show a negative angle shift, which could be related to desorbing material form the
surface, or as explained in the previous section, caused by a deswelling of the multilayer. But,
nevertheless, the pH change or the salt change influence the multilayer stability. PBS has the
same salt concentration as the NaCl buffer used for washing (150 mM), which indicates that
salt concentration would not be the influencing factor. However, a change in pH is connected
to de-/protonation of polycation and polyanion, respectively. Electrostatic interaction
between polyelectrolytes is weakened, which might cause the desorption of some material
from the surface. The explanation given in the previous section that reduction of charge
density leads to restructuring and deswelling of the multilayer might only be applicable to
certain limits, as zeta potential measurement revealed that the charge only slightly or, as for
PLL, did not change with pH alteration. Nevertheless, instability of multilayers with increased
pH value was described before for PLL/HA multilayers®®, related to the deprotonation of PLLs
amine groups. For QCHI on the other hand, the deswelling formerly described by Halthur et
al. might be valid due to the slightly reduced zeta potential at pH 7.4%'. It has been shown
before that decreasing charge density leads to reduction of chains dimensions and collapse of
the chitosan®? This might be the explanation for the decreasing angle shift during PBS wash.

Interestingly, systems with the CS 1 derivate show highest angle shifts. Since CS 2 and
PCS 1 showed similar charge density in zeta potential measurement, the differences might be
due to the size of the molecule. Results for PCS 1 are at least close to CS 2, rendering the size
of CS 1 to be the influential factor. Due to the low DSs it should be bigger, as further sulfation
leads to chain scission and reduced molecule chain length®*. The difference between PCS 1
and CS 2 might be explained by the additional PNIPAm side chain on the CS backbone of PCS
1, increasing molecular size. PCS 2 showed highest zeta potential, and highest angle shift for
combination with PLL and QCHI after 10 layers. The quality of the measurements can be
assessed by the first 5 layers for the systems with CS 2, PCS 1, and PCS 2, they all have 5 basal
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layers consisting of polycation and CS 2. The influence of the polycations PLL or QCHI is
nearly negligible. The biggest difference between PLL and QCHI, respectively, is the angle
shift reduction for PLL/PCS 2 at layers 7 and 9, and that for QCHI systems, QCHI/CS 2 and
QCHI/PCS 1 are directly opposite compared to the ones with PLL. This might be explained,
that the rather big QCHI molecule in combination with the bigger PCS molecule (compared
to CS 2) results in higher angle shifts. Sui et al. found that two polyelectrolytes that are rather
big also result in thicker films*3. This can be backed up by QCHI/PCS 2, where the shift for a
single PCS 2 layer is also very high.

Noticeable was as well the staircase pattern for nearly all systems, however varying in
intensity. These patterns were observed for other multilayer systems, were polycation
adsorptions steps were observed to be distinctly higher than polyanion adsorption0221222,
PLL/PCS 2 system shows even an angle shift reduction for the layers 7 and 9, in the range of
the functional layers where PCS 2 was combined with PLL. This might mean that some
material is stripped of the surface. This is due to polycations forming quasi-soluble complexes
with the polyanion, thereby stripping it of the surface®3. This explains the stair-case growth
pattern for the PEM films, depending on the extent of the effect. Additionally for PLL, the
diffusion of the polycation in and out of the multilayer might cause this pattern, as previously
reported'>. However, the non-exponential growth would suggest that the diffusion of the
polyelectrolytes within the multilayer boundaries is minimal®?, suggesting that the formation
of quasi-soluble complexes might be the more probable explanation. Adding to that, the
mobility should be reduced by the present sulphate groups'*, meaning that the complexation
is the main reason. Kumorek at el. found similar behavior when using QCHI as polycation?:.

The angle shift of SPR measurements is sometimes related to the layer thickness,
especially if the refractive index (RI) of the build-up multilayer system is known. Since we
cannot access the RI during SPR measurement, for a conclusive insight on dry layer thickness,
the total PEM thickness of dried multilayers on Si wafers was determined with spectroscopic
ellipsometry measurements (Figure 17). The samples were measured two times. Once after
the LbL formation and subsequent drying in a desiccator for 24 h. Thereafter, samples were
washed in PBS for 20 min, drying was repeated and measurement as well. This procedure

should reveal the influence of washing with PBS on the dry multilayer thickness.
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The measurements revealed that the dry thickness of the fabricated multilayers with
polycation PLLis in the range of 10 to 15 nm, and with QCHI between 14 to 19 nm, depending
on the polyanion (CS 1, CS 2, PCS 1 or 2). Comparing different CS derivatives, CS1 shows
highest layer thickness. After washing with PBS, PEM films with PLL as polycation show no
distinct thickness reduction. However, for multilayers with QCHI as polycation the washing
at pH 7.4 results in loss of thickness, especially for QCHI/PCS2 multilayers (from 18.5 to 13

nm).
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Figure 17: Fig. 2: Bar graph shows the thickness measured with spectroscopic ellipsometry,
performed after LbL and after PBS wash at pH 7.4. Thickness was measured after complete PEM
formation (10 layers) on Silicon wafers and at least 24 h after LbL and storage in desiccator.

Measurements were performed in triplicates (n=3).

Generally, the measurements showed, that for all multilayer systems, thicknesses in the
range of 11 up to 22.5 nm were obtained. Compared to previous work, this is in the range for
biological applications of multilayer systems?622¢2%5. Compared to the multilayer prepared
with CHI in the previous section, thickness was in similar dimensions. Washing with PBS
confirmed the SPR measurements to some extent, as the dried films thickness was reduced
after PBS wash. For PEM with PLL as polycation, thickness was reduced only slightly,
meaning that these multilayers seem more stable under physiological conditions, coherent to
the SPR results. For all PEM films using QCHI as polycation, thickness was reduced, especially
for QCHI/CS 1 and QCHI/PCS 2. With regard to the zeta potential measurements of the
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polyelectrolytes, the more pronounced thickness reduction of QCHI containing films
compared to the once with PLL might be related to the decreasing potential with increasing
pH. On the one hand, this could be caused by deswelling and build-up of more dense and
compact layers after washing and subsequent drying. The pH and subsequent charge
reduction of QCHI could lead, as explained before, to the reduction of chain dimensions and
the structural collapse®2. On the other hand, it could be related to the desorption of material.
The measurement of surface zeta potential, giving insight into the electric charge in the
interface region of the films might give more insight, if PCS as outermost layer was removed
by PBS wash.

The PEM films that were built using PLL were generally thinner than the ones with
QCHI, which is probably attributed to the lower MW of PLL (52 kDa) compared to QCHI
(judging from the CHI used for fabrication: 200 — 400 kDa). Comparing the dry thickness with
the adsorption of dry mass during SPR, some discrepancies are observable. Especially, the low
thickness for PEM films with PCS 2 as polyanion. They showed highest angle shift in SPR
before and after washing, but for PLL lowest thickness and for QCHI lowest thickness after
washing with PBS. The PEM films with CS 2 as polyanions show the second lowest thickness
of the measured systems. Koetse et al. observed in a multilayer formation of cellulose sulphate
derivatives a general trend, that thickness of films increases, with a decrease of charge
density?*. This finding suits to the ellipsometry thickness measured here, since PCS 1 and CS
1 are thicker and have a lower degree of sulfation and a low measured zeta potential. This
might be, as stated several times before, attributed to the longer chains due to the lower degree
of sulfation. The observed differences to SPR results, especially for the PEM films containing
PCS 2, might be explained by the different measurement method. For ellipsometry, samples
are also shortly dipped in micro pure water to remove salt residues on the surface. This could
lead to the removal of counterions, especially in less densely packed layers (which is probably
the case for QCHI films). Furthermore, both measurements rely on the RI of the sample, which
can differ, because in SPR, samples are constantly surrounded by liquid and for ellipsometry,
they are completely dry, thus influencing the RI. This was explained in the previous section

for multilayers with CHI as polycation.

4.3.2.3.  Characterization of polyelectrolyte multilayer surface
properties

The physicochemical surface properties of PEM are important for the response of the

biological system. The zeta surface potential measurements reveal the surface charge of PEM

films, relevant for the interactions with cells and proteins®. It might reveal, which

polyelectrolyte is present in the interface region of the films, but it additionally allows to gain
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information on the charge of the swollen and permeable layers underneath?”. This might
subsequently allow to deduce if pH increase leads to material desorption from the surface.
Additionally, the interfacial energy, especially Coulomb interactions among other physical
forces is a driving force of materials surface and cell/protein interactions”. The zeta surface
potential, which is related to Coulomb interactions with charged proteins and cells, is an
important factor to evaluate the interactions between biomaterial surfaces and

cells/proteins”.
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The results presented in Figure 18 show, that with increasing pH all PEM films decrease

to a negative zeta potential value. PLL and QCHI combined with PCS 2 start even at low pH

with a zeta potential below 0, reaching its lowest point already at pH 6 at around -50 mV. For

the other 6 samples, independent of PLL or QCHI as polycation, they show very similar values.

Starting in the range of 30 to 50 mV, they rapidly decrease with increasing pH and have a
point of zero charge in the area of pH 4 (PLL/CS 2 and PLL/PCS 1: PZC = 3.9; QCHI/CS1 and

QCHI/CS2: PZC = 3.9 and PZC = 4). Deviating from PZC at pH 4 was QCHI/PCS 1 with the
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Figure 18: pH-dependent (acid-to-base pH titration) zeta surface potential measurements of the LbL

multilayer films after complete assembly. (A) Comparison of different cellulose sulphate derivatives with

PLL as polycation. (B) Comparison of different cellulose sulphate derivatives with QCHI as polycation.

PEM film structure as described in previous section, meaning CS derivatives were the final layer.

Additional lines highlight pH 4(green line in A, B), pH value during LbL multilayer assembly, and the
physiological pH 7.4 (red line in A, B), the pH value at which films are applied in cell culture. PZC = point

of zero charge.
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point of zero charge at pH 4.6. Strongly deviating from the other samples were multilayers
PLL/CS 1, gaining negative zeta potential at pH 5.5. However, near pH 6 all samples reach
their minimum potential. At this point, all PEM films, except the ones with PCS 2, have
comparable zeta potential values between 30 and 40 mV. For all multilayer systems, negative
charge is predominant at pH 7.4, so under physiological conditions.

The streaming zeta surface potential results showed the high influence of deprotonated
sulphate groups (OSOs’) of cellulose sulphate in the outer layers. For systems with PCS 2 as
polyanion, negative zeta potential over the complete pH range indicates dominant influence
of polyanion in the surface region. The other PEM films start at least with a positive potential
at low pH, showing that protonated amine groups (NH:*) of Chitosan or PLL overcompensate
the negative charge of sulphate groups in the interfacial region. But rapid reduction of zeta
potential values suggested that the outermost layer is dominated by the polyanion, especially
since the point of zero charge is mostly in the range of pH 4. At pH 7.4, all measured surface
potentials have reached an equilibrium at a negative zeta potential. For PEM films with PCS
2 as polyanion, this value is lowest. All other samples are rather close to one another. It seems,
similar to the measured zeta potential of the PEL solutions, that PCS 2 has the most exposed
negatively charged groups. According to the sulfation degree, determining the amount of
negatively charged sulphate groups, PEM films with CS 2 should be similar to PCS 2, butit is
not, which is also somehow comparable to the zeta potential for PEL solutions. Overall, at the
physiological relevant pH 7.4, all samples have a negative zeta surface potential, especially
PLL and QCHI combined with PCS 2. Concerning the stability issues observed by angle shift
and thickness reduction in SPR and ellipsometry, respectively, the zeta potential would at
least lead to the assumption, that the outermost layer of the films was a CS derivative. That
means, that washing with PBS might remove the 9t and 10" layer of the films, which would
contradict SPR measurements, as angle shifts were not in that dimension. Thereafter, it might
be more likely, that the multilayer films show deswelling behavior or the films somehow
collapse towards a denser conformation.

The surface charge is one of the multilayer film properties that influences protein
adsorption and subsequently cellular adhesion. It has been shown before, that fibronectin (FN)
adsorbed better on positively charged surfaces??. FN facilitates the cellular adhesion, as there
are specific integrins interacting with the FN. The negatively charged surface for the
examined multilayer system is therefore less favorable for protein adsorption. However, in
contrast to the protein adsorption, it was observed before, that cell adhesion was facilitated

by negatively charged polyelectrolyte surfaces. According to Maroudas et al. (1975) the
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density of surfaces charges might be even more important than the negative or positive
character of the charges?. The presence of certain functional groups and the wettability are
additional factors influencing cellular adhesion®.

Following the zeta surface potential measurements, surface wettability, being another
relevant factor to predetermine cell/surface interactions, has been examined. Wettability of
different multilayer systems was determined using static contact angle measurements (Figure
19). The different PEM compositions composed of polycationic PLL or QCHI in combination
with CS derivatives were examined. The final layer for each PEM system were as before the
polyanions. The wettability was assessed after the surfaces have been washed once with PBS,
as measurements were not possible beforehand due to inconsistent drop shapes.

Measured contact angles are similar for PLL and QCHI multilayer systems. They were
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Figure 19: Bar graph shows Water Contact angle of Si wafers coated with different PEM compositions.
Static Contact angles were determined using sessile drop method using ellipse fitting. Samples were washed
with PBS before contact angle measurement. The final layer for each PEM is shown in the upper row of the x-

axis, namely CS 1, CS2, PCS 1 and PCS 2. Measurements were done in triplicates.

lowest (37°) for CS 1 as final layer. Angles increase for CS 2 and PCS 1 containing multilayers,
for both polycations. PLL/PCS 1and QCHI/PCS 1 showed the highest contact angles compared
to the other CS derivatives. The most distinct difference was observed between PLL/PCS 2
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with 50° and QCHI/PCS 2 with 33°. Generally, multilayer containing PLL presented slightly
higher contact angles than multilayers with QCHI.

In general, the contact angles for all PEM films did not differ much from one another and
were in the range of 30 — 50 °. Similar contact angles were recorded for the combination of
CHI or trimethyl-chitosan in combination with GAGs#'. These results were comparable to
the once of the precious section with PEM films with CHI as polycation. It is most likely, that
the explanations for the effect are the same. CS derivatives are more hydrophilic due to the
sulphate groups. For most of the PEM films, these sulphate groups are predominantly
responsible for the low contact angles, as they were deposited as the outermost layer.
Theoretically, the contact angle should be lowest for multilayers with CS derivatives CS 2 and
PCS 2, as they possess higher DSs and therefore more sulphate groups. But PLL/PCS 2 and
the multilayers containing CS 1 showed contact angle that were not in agreement to this
theoretical background. This could mean, that we do not have clearly separate layers of
polycation and polyanion, but intermingling of both, which would allow the amine groups of
PLL and QCHI to influence the contact angle. Altankov et al. (2003) determined the contact
angle for surfaces coated with certain functional groups, among them SOs™ (sulfonic) and
NH2* (amine)?®. The amine groups showed contact angles of around 60°. The influence of the
amine groups of the polycation layers in the films might explain the higher contact angles for
PLL/PCS 1 and PCS 2. The presence of negative charged SOs; functional groups of CS
derivatives would explain the lower contact angles, as sulfonic groups of similar character
were observed to have contact angles close to 30°°. However, for PLL/PCS 2, the influence
of the underlying PLL layer is somewhat contradictory to the dominant negative surface
charge determined via zeta surface potential measurements. The influence of PNIPAm side
chains seems to play an underlying role. As measurements were performed at 25 °C, below
the LCST, PNIPAm should have a hydrophilic character. However, PEM films with PCS1 or
PCS 2 did not consequently show lower contact angles than PEM films with CS 1 or CS 2.
Hence, the influence of PNIPAm chains on wettability were at least not observable.

4.3.3. Conclusion

In this section of this thesis, the newly synthesized CS derivatives, namely CS 1 (DSs =
0.67), CS 2 (DSs = 1.04), PCS 1 (DSs = 0.41, DSpnpam = 0.14) and PCS 2 (DSs = 0.93, DSpnpam =
0.11) have been used as polyelectrolytes for the fabrication of multilayer films using LbL
technique. Building on the PEM films formed using CHI as polycation, PLL and QCHI were
employed to overcome certain limitations. Several experiments to determine multilayer

formation kinetics and the physicochemical characterization of multilayers have been
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performed. These experiments showed the successful PEM fabrication via LbL was possible.
PEM with 5 bilayers were successfully fabricated and showed a linear growth behavior
resulting in PEM films of common thickness for application as coating in tissue engineering.
The further examination in this chapter could not entirely resolve the issue if PBS wash causes
some kind of desorption or deswelling/shrinking of the films. But from the conducted
experiments, it is more likely that the PBS wash causes the multilayer to collapse than the
removal of material from the surface, as surface potential and wettability indicate the
presence of CS derivatives in the outermost layer. These multilayers were selected for the
biological characterization using different cell types. In the following section, the results for
cell viability and growth are presented. As the surfaces are moderately hydrophilic, they
should enable cellular adhesion. The negatively charged surface is not necessarily facilitating
protein or cell adhesion, but it has shown before that both events were happening on

negatively charged substrates, depending on cell type and presence of functional groups®.

4.4.Biological characterization of polyelectrolyte multilayers

4.4.1. Viability and growth studies for different germ layer cell types

After this comprehensive physicochemical characterization, the successful PEM film
fabrication via LbL technique could be demonstrated. While for PEM using CHI as polycation
we observed stability problems under physiological pH, the results for PEM, where QCHI and
PLL were used, demonstrated stability at physiological pH and the final layer of CS derivatives
seems to be prominent at the surface, following zeta surface potential and water contact angle
measurements. With regard to the application of the multilayers as potentially
thermoresponsive cell culture substrate, the biocompatibility of the different PEM films
needed to be tested. In consequence of the low stability of PEM with CHI, the biological
characterization was only performed for the more promising and stable PEM using the
polycations QCHI and PLL in combination with the different CS derivatives. For the viability
and growth studies, cell types originating from all three germ layers were seeded in PEM
coated well plates and a live/dead assay after 24 h and a Deep Blue assay measuring metabolic

activity over 7 days were carried out.

4.4.1.1.  3T3 mouse fibroblasts of mesodermal origin
The first biological characterization was conducted using 3T3 mouse fibroblast cells.
Fibroblasts are cells originating from the mesodermal germ layers, being one of the prominent

cell types in connective tissue and one of the most abundant cells in the human body. For the
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PEM systems characterized in the last section, cells were seeded, and cell viability and cell
growth were assessed using a live/dead and a Deep Blue assay, respectively.

The PEM films using CS1 combined with both QCHI and PLL as polycations showed the
highest cell death as high as 100% and 80%, respectively (see Figure 20). For the PEMs
combining QCHI and PLL with CS2, cell death percentage reached 25% and 15%, respectively.
When PNIPAm-modified CS in form of PCS 1 or PCS 2 was incorporated into the PEMs, the
percentage of dead cells was further reduced, reaching a dead cell percentage of 13% for
PLL/PCS 1 and 5% for PLL/PCS2. The percentages were lower when QCHI was applied as
polycation in the PEM, reaching 5% for QCHI/PCS 1 and only 2% for QCHI/PCS 2.
Consequently, PCS1 and PCS2 in the combination with PLL resulted in a higher cell death
percentage compared to lesser when QCHI was used as polycation. According to the findings
of live/death assay, cell density and area were lower for PEM films containing CS1,
particularly when QCHI was used as polycation as shown in Figure 20 B and C. Especially for
QCHI/CS 1, cell density showed the lowest value (12.5%) and cells showed no spreading, with
cell area being below 500 pm?. For PLL-PEM systems, cell number was very similar for all CS
derivatives, being slightly below 50 cells/mm? for PLL/CS1 and CS2, and slightly above 50
cells/mm? for PLL/PCS1 and PCS2. These values were lower compared to the TCPS positive
control. Especially the cell area showed significant differences for PLL-PEMs compared to
TCPS. Cells seeded on PLL/CS1 and CS2 showed low cell areas below 1000 pm?, the cell area
for PLL/PCS1 and PCS 2 increased to 1600 and 1800 pm?, respectively. These values were still
significantly lower than the 2800 pm? measured for TCPS. The multilayers made of QCHI
with CS derivatives except CS1, as it was mentioned above, possessed a cell density on CS2
(60 cells/mm?) and PCS2 (80 cells/mm?) that was higher than on TCPS. For QCHI/PCS 1, cell
number was comparably low at 43 cellsymm? Concerning the cell spreading, the
measurements revealed substantially higher cell areas for QCHI-PEM multilayers compared
to their PLL-based PEM (Figure 20 C). Cell area for QCHI/CS2 and PCS 2 were similar to TCPS
around 2800 pm?, while cells on QCHI/PCS 1 showed less spread morphology with cell areas
below 2000 pm?®.
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Figure 20: Quantification of cell number (A) and cell area (B) of 3T3 cells cultured for 24 h in different PEM
coated wells. Images were analyzed using Fiji software using at least 10 images per condition. PLL and QCHI as
polycations were combined with CS1, CS2, PCS 1 and PCS2 to form PEM coatings on TCPS, which was used as
control. Polyanions were used as 10" and therefore outermost layer. The box corresponds to middle 50% of data,
the band corresponds to the median and the square/point to the mean value. Whiskers represents middle 80% of
all data. Complementary, Live/Dead percentage (C) of the cells seeded on the PEM surfaces, with TCPS as
positive control, is presented, whereas the green bar represents living, and the red bar represents dead cells.
Corresponding images are shown in supplementary (see Appendix A.1).

The Live/Dead cell assay provided results on cell number and spread, as well as cell
viability after 24 h of cell culture on the coated surfaces (Figure 20). The cell numbers for
PEMs with PLL as polycation are overall very similar after 24 h and lower than for cells seeded
on TCPS (Figure 20, A). Cell numbers are distinctly lower for QCHI/CS 1. Cell density for
QCHI/PCS 1 is in the range of PLL samples. QCHI/CS 2 and QCHI/PCS 2 show higher cell
density than on TCPS. However, the data are more widely scattered. Additionally,
information on the biocompatibility of PEM surfaces was provided by the measurement of
cell area (Figure 20, B). These values showed that cells were not very spread on PLL/CS 1 and
PLL/CS 2. The few cells on QCHI/CS 1 were not spread, too. Spreading of cells increased for
PLL with PCS 1 and 2 and the QCHI/PCS 1. Cells seeded on QCHI/CS 2 and QCHI/PCS 2 were
well spread and comparable to TCPS. After 24 h, nearly no cell death was evident for TCPS
control (Figure 20, C). Samples with CS 1 as polyanion showed significantly higher cell death
numbers (80%). Cell death was greatly reduced for samples with CS 2, following PCS 1. Most
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living cells were counted for samples with polyanions PCS 1 and PCS 2, however still
significantly different from TCPS. But overall, the number of death cells for QCHI/PCS 2 is
very low at 2%. The corresponding fluorescent images are provided as a montage (Appendix
Fig. 1) in the appendix.

The metabolic activity of the cells was measured using a Deep Blue assay. Cells were
exposed to the staining solution on day 1, 4 and 7. Metabolic activity is proportional to the
fluorescent intensity of the supernatant, collected from the cells after they were cultured in
the Deep Blue staining solution for 2 h. Metabolic activity is correlating with cell number,
which enables to track the cell growth over the course of 7 days. Additionally, to the staining,
phase contrast images of the cultured cells were taken before the staining commenced at day
1, 4 and 7. This allowed to assess the phenotype of the cell, giving insight if the cells look
healthy. Montages for the different cell types on TCPS control and for the 3T3 cells on PEM
films are presented in the appendix in Appendix Fig. 4 and Appendix Fig. 5, respectively.
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Figure 21: Deep Blue cell viability test over the course of 7 days for the study of cell activity on
PEM coated surfaces. Bar graphs show the excitation at add wavelength after cell cultivation of 1, 4
or 7 days. Higher excitation value corresponds to higher cell activity, meaning cells have proliferated
and are viable over the course of time.

On day 1 of the Deep Blue cell metabolic activity test, FI could be measured for all
samples, except for QCHI/CS 1 (for all measuring days) (Figure 21). TCPS control surface and
QCHI combined with CS 2 and PCS 2 and PLL/PCS 2. Over the course of time, especially the
aforementioned samples of QCHI/CS 2 and QCHI/PCS 2 show similar results to TCPS control
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All PLL samples show only a minor increase in excitation, for PLL combined with PNIPAm-
grafted-cellulose sulphate even a loss at day 7 was detected. Overall, the bar graph shows for
QCHI samples an increasing excitation, which corresponds to cell viability, over 7 days,
comparable to TCPS.

The live/dead assay provided a first conclusive look on cytotoxicity of the different PEM
films. After 24 h, 5 images per sample were taken and cell area, cell density and subsequently
live/dead cell percentage were calculated after Fiji software was used for image analysis'®.
Cell density gave insight in the adhesion efficiency of 3T3 fibroblasts after 24 h on the
different surfaces. A high cell density alone does not conclusively tell how well cells adhere
to a certain surface. Therefore, cell area was measured as well. A wider spread cell generally
has more contact points to the substrate for information exchange, therefore indicating a
better biocompatibility of the surfacez. Cell density is for all PLL-including PEM surfaces
slightly lower than for TCPS, QCHI/CS 2 and QCHI/PCS 1 are also in this range. Only
QCHI/CS 1 shows very low and QCHI/PCS 2 a higher cell density than TCPS. Now looking
at the cell area, cells did not spread as well on PEM including PLL, with the best result for
PCS derivatives. The best results, comparable to cell area on TCPS, are recorded for QCHI/CS
2 and QCHI/PCS 2. Generally, the presence of PNIPAm in the multilayer seems to benefit cell
adhesion. It might be, that in accordance with literature, the surfaces are slightly more
hydrophobic at 37°C at which cells are cultivated'?5126, But also, the higher sulfation degree
seems to benefit cell adhesion®. In fact, it was shown before that the presence of sulphate-
groups in multilayer surfaces lead to increasing cell contact area and a more spread
morphology??2.

Especially QCHI/CS 1 seems to be unattractive for cells, because nearly no cells adhered,
and the few that are, are very rounded. more cells adhered and grew over the course of 7 days.
However, the high number of dead cells and the low cell growth rate suggest a similar
problem as QCHI/CS 1. The trend shows that increasing sulfation degree and presence of
PNIPAm is beneficial for cell adhesion. This is explained by the capability of sulphated
polysaccharides to bind adhesion proteins®. Additionally benefiting is the effect of PNIPAm
on the water contact angle (except for QCHI/PCS 2, as contact angle decreased). Since the
zeta surface potential revealed that PEM films are strongly negatively charged and cells are
also generally negatively charged??, repulsion on these surfaces would be expected*. But it
seems, that negative surface charge is not the dominating factor, but the presence of adhesion
molecule binding domains in CS that allow the adsorption of biological active molecules on
the surface and facilitate cell adhesion®. The increasing contact angle for PCS samples is

beneficial as well.
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Live/dead staining revealed, as compared to control were nearly no cell death occurred,
that especially on PEM films containing CS 1 a significant number of death cells (80% for
PLL/CS 1 and QCHI/CS 1) was found. The combination of QCHI and PLL with CS derivatives
of low charge density seem to be the determining factor. With regard to the physicochemical
characterization, it is possible that due to this low charge density of some of the CS
derivatives, especially CS 1, only a weak bond to the polycations establishes due to decreased
ion pairing'®. Especially under physiological pH this might lead to an increased release of
polycations into solution, which are highly cytotoxic and lead to the observed cell death?3>2%,
Lowest number of cell death occurred for PCS derivatives, especially PEMs with PCS 2,
followed by PCS 1. When comparing with results for cell density and area, the QCHI/PCS 2
film showed the most promising results, with highest cell density, widespread cells and nearly
no death cells comparable to TCPS surfaces. This is explained as mentioned earlier by the
higher sulfation degree of the CS derivative in combination with PNIPAm. Higher DSs means
more sulfation and a higher number of functional groups that can interact with adhesion
molecules. Additionally, PNIPAm can benefit cellular adhesion with regard to the increasing
WCA. The combination of PCS 1 with polycations resulted in similar behavior as CS 2. It has
a lower sulfation degree than CS 2 but includes PNIPAm. Hence, it is coherent to the theory
that sulfation degree and PNIPAm are beneficial for cell attachment and survival.

For the insight of cell activity over a longer time, the Deep Blue cell viability assay was
applied to track cell activity over the course of 7 days. Generally speaking, findings of the
live/dead assay were confirmed, but it additionally showed a long-term influence of
polycation PLL. Cell activity is significantly lower over the course of time and especially at
day 7 on PEM films containing PLL. The poor cellular adhesion, spreading and growth that
was observed for all PLL multilayer systems might be due to PLL mobility in the multilayer
system. PLL tends to diffuse “in” and “out” of the multilayer system when not crosslinked??’.
As aresult it is likely that PLL, which is highly cytotoxic when unbound and in solution?3236
causes cell death. The unintended 3T3 cell detachment was visible on the phase contrast
images. Even though cells fused to a connected layer, after a few days of culture, they started
to detach and form aggregates or started to fold up (see Appendix Fig. 5). This is most likely
attributed to the lower overall stability of the PLL containing PEM systems.

The poor biocompatibility of QCHI/CS 1 and PLL/CS 1 is observed once more. As stated
earlier, this is most likely due to the lower stability of the films. CS 1 has a low DSs and
thereafter a lower charge density. In combination with the polycations, fewer ion pairing

leads to an overall lower stability of the films. Itis likely that some of the polycations are not
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tightly bound and released into the solutions. In solution, they are highly cytotoxic and lead
to the observed cell death or low survival rate'9%235236 This effect seems to be more prominent
for PLL containing PEM, likely due to higher mobility of PLL in the multilayer (as explained
above). All other PEMs with QCHI as polycation show cell proliferation and activity over 7
days, with QCHI/CS 2 and PCS 2, on which cells are as active as on TCPS. It seems that over
the long term, especially the combination of QCHI, higher sulfation degree and presence of
PNIPAm are facilitating cell growth and proliferation. Overall, the positive properties of QCHI

seem to be a fitting polycationic counterpart to CS derivatives.

4.4.1.2.  Viability and growth assays using cells of endodermal and
ectodermal origin

The initial biological characterization of PEM surfaces composed of QCHI or PLL in
combination with CS 1, CS 2, PCS 1, or PCS 2 using 3T3 mouse fibroblasts showed interesting
results. Especially the combination of CS 2 and PCS 2 (higher DSs) with QCHI showed
promising results for cell viability and growth. Certain PEM compositions showed good
biocompatibility similar to tissue culture polystyrene (TCPS) and thereafter would make
promising surface coatings for further research. Beside the initial characterization using 3T3
cells of mesodermal origin, two more cell types originating from the other two germ layers
were used for further biological characterization, because their adhesion behavior is different
and it gives further interesting insight into the compatibility of the PEM system with different
cell types'”. One of these cell types were the HepG2 cells of endodermal origin (hepatocellular
carcinoma cell line), while the other cells were the HaCaT cells of ectodermal origin (humane
keratinocyte cell line). Both of them were seeded on the same PEM surfaces as 3T3 cells in
the chapter before and cell viability and growth assays performed, their results are presented
in Figure 22 and Figure 23.

HepG2 cells were seeded in PEM-coated 24-well plates and cultured for 24 h before
staining with a Live/Dead cell viability kit for mammalian cells. The assay provided insight
into cell number, especially of living and dead cells, enabling to assess the biocompatibility of
the PEM surfaces. In contrast to the 3T3 cells, the morphology of the cells could not be
assessed due to the natural aggregation of the HepG2 cells. Figure 22 A shows the cell density
for HepG2 cells on the different PEM compositions. The outermost layer was the polyanion,
so CS 1, CS 2, PCS 1, or PCS 2, combined with the polycations PLL or QCHI, respectively. For
all PEM systems the low number of dead cells is striking. It does not exceed the 10 cells/mm?
Additionally, the amount of living cells is fairly high, with densities surpassing 50 cells/mm?

for all samples. In comparison, 3T3 cells on PEM surfaces distinctly surpassed this density
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Figure 22: Cell viability (A) and growth (B) assay of HepG2 cells on PEM-coated surfaces. Bar graph
(A) shows the cell density for living and dead cells on differently composed PEM surfaces. Fluorescent
images from which cell density was calculated (using FIJI) were taken after 24 h of cell culture using

laser scanning microscope. The cell growth assay (B) was performed using a Deep Blue assay.
Excitation was measured at day 1, 4 and 7 of cultivation. High excitation is proportional to more cell
activity.

only 2 times (QCHI/PCS 2 and TCPS, see Appendix Fig. 2 (L/D staining) and Appendix Fig. 6
(phase contrast microscopy images)). As HepG2 cells are a cancer cell line, a fast proliferation
and growth is not surprising. The lowest number of cells, nearly none, were counted on

QCHI/CS 1 surfaces (as seen for 3T3 cells, see Figure 20). The cell density showed similar
values for most of the PEM systems examined, with PLL/PCS 2, QCHI/CS 2 and QCHI/PCS 2
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being the exception and even exceeding the cell density of TCPS control. These three samples
presented densities of HepG2 cells of nearly 100 cells/mm?, exceeding the cell number of all
other PEM samples noticeably. However, the standard deviation indicates high differences
between the single samples, hence no significant differences were calculated. In addition to
the cell viability assay after 24 h, the growth of HepG2 cells on the PEM surfaces was observed
over the course of seven days and examined using a Deep Blue assay. The results, showing
the fluorescence intensity, which is proportional to the amount of metabolic active cells, are
presented in Figure 22 B. These results are perfectly in line with the cell viability assay. Cells
seeded into QCHI/CS 1 coated wells showed no activity from day 1 to 7. On all other samples,
activity was increasing over the course of these seven days. Initially, the activity measured
on day 1 was more or less corresponding to the cell viability. The samples that showed highest
cell density also presented the highest activity. Over the course of seven day, HepG2 cells on
PLL/PCS 2, QCHI/CS 2 and QCHI/PCS 2 showed highest excitation values, corresponding to
metabolically active cells, values comparable to cells growing on the TCPS positive control
While the cells on PLL containing multilayers showed maximum growth between day 1 and
4, cells on QCHI containing multilayers grew somewhat equally over the course of seven
days. On each of the assay time points, phase contrast images of the cells on the samples were
taken. These images revealed (see Appendix A.2) that HepG2 cells seeded on QCHI containing
PEM films and TCPS grew normally, except for QCHI/CS 1 of course. Strikingly, HepGz2 cells
seeded on PLL containing surface coatings showed differences in the typical phenotype.
Instead of growing in clusters of rather rounded cells, the cell morphology was more

elongated and spread and showed less clustering.
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Figure 23: Cell viability (A) and growth (B) assay of HaCaT cells on PEM-coated surfaces. Bar graph (A)
shows the cell density for living and dead cells on differently composed PEM surfaces. Fluorescent
images from which cell density was calculated (using FIJI) were taken after 24 h of cell culture using
laser scanning microscope. The cell growth assay (B) was performed using a Deep Blue assay. Excitation
was measured at day 1, 4 and 7 of cultivation. High excitation is proportional to more cell activity.

Completing the cell biological characterization of the multilayers combining PLL or
QCHI with CS derivatives, HaCaT cells were seeded in PEM coated wells. The cell viability
assay was performed after 24 h of culture. The cell number was determined and subsequently
cell density was calculated, split in dead and living cells. Surprisingly, almost no dead cells

were visible in the fluorescent images, hence no dead cell density bars are visible in Figure 23
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A. The cell density of living HaCaT cells seeded on show no significant differences. While cell
densities calculated for PLL-containing multilayers show only minor differences, the densities
for QCHI-containing multilayers showed quite low values for QCHI/CS 1 and increased
towards QCHI/PCS 2. The density for QCHI/PCS 2 samples were the only ones, except for
control TCPS, were the value exceeded 50 cells/mm?® These cell numbers are quite low, but
similar to the results achieved for 3T3 cells, even though the total amount of cells for all
samples were lower.

The cell growth was also monitored for HaCaT cells on the differently composed PEM
films over the course of seven days, with measuring time points at day 1, 4 and 7 of culture.
At each day before the Deep Blue assay, phase-contrast images were taken to determine if
cells looked healthy. The Deep Blue assay revealed the low cell activity over 7 days on PLL/CS
1, QCHI/CS 1, and QCHI/CS 2. Cells seeded on PLL/PCS 1 showed initial growth, but between
day 4 and 7, cell activity was reduced. In general, the excitation was for all samples lower than
observed in the assays for the other cell types. For HaCaT cells, only the ones seeded on
QCHI/PCS 2 multilayers showed activities compared to TCPS positive control. This was
somewhat contradictory to the other cell types, were also other surfaces showed good cell
activity. However, these results were mostly in line with the findings for cell viability of the
live/dead assay, were QCHI/PCS 2 showed good results comparable to TCPS.

The biological characterization of different PEM films using HepG2 and HaCaT cell lines
presented the addition to the experiments performed before with 3T3 fibroblasts. Experiments
with both cells suggested the high biocompatibility of QCHI/PCS 2 over the course of all
experiments. In contrast to 3T3 and HaCaT cells, HepG2 cells showed a good viability and
activity on most of the PLL surfaces. This has been shown in other works before, were
hepatocarcinoma cells showed higher resistance towards multilayer surfaces composed of
PLL among others?3. As seen before, especially the multilayers containing CS derivatives
with a lower sulfation degree, namely CS 1 and PCS 1, showed either lower cell viability and
activity than on the TCPS control or even no viability or activity at all. As discussed for the
3T3 cells, it is likely that CS with lower sulfation degree formed fewer stable bonds with the
polycations. Hence, the polycations might be present in unbound form in the solution where
they are highly cytotoxic. It is also observed here that the presence of PNIPAm, related to its
effect observed for WCA, is beneficial for the cell adhesion and growth. The highest
biocompatibility could be observed for the combinations of CS with high sulfation degree and
the presence of PNIPAm. These PEM present due to the high sulfation degree enough
biological cues for adhesion proteins to adsorb and facilitate cell adhesion. Additionally, the

PNIPAm allows for a wettability milieu from which cells benefit as well. The surface charge
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measured via zeta surface potential was highly negative at physiological pH. In theory, this
does not facilitate cell adhesion. But, for HepG2 cells the positively charged laminin is
adhesion facilitating protein. The adsorption of laminin on negatively charged surfaces is
electrostatically beneficial, which might explain the high cell density observed for HepG2
cells. Even though it has been shown in previous works that decreasing surface charge has
negative impact on cell adhesion, it has limited effects for surface charges not lower than -50
mV??, The measured surface potential does not exceed these values (only QCHI/PCS 2
slightly), hence the effect of the surface charge on cell adhesion can be seen as limited.

Following these explanations, it is fitting that the combination of QCHI with CS 1
showed absolutely no biocompatibility with any of the cell types. It seems to inhibit cellular
adhesion or results in necrosis of cells directly after attachment, as 24h after seeding none or
only few cells remained on these surfaces. Overall, HaCaT and HepG2 cells, in accordance
with the 3T3 results, seem to be most compatible with the QCHI/PCS 2 surface. QCHI
containing surfaces in general (except for combination with CS 1 seems to be favorable for
cell adhesion and growth, at least judging from the comparison to the positive control on
TCPS, which is the gold standard for cell culture purposes. Especially the combination with
the CS derivatives with higher DSs, namely CS 2 and PCS 2, seemed biocompatible, judging
from the recorded results. Only for HaCaT cells, the QCHI/CS 2 multilayers showed no
biocompeatibility, which might be due to other reasons or a low seeding efficiency, as it is
contradictory to the findings for 3T3 and HepG2 cells. Generally, the findings that have been
discussed for 3T3 fibroblast cells seem to be valid for the other two cell types as well.

In conclusion up to this point, multilayers containing CS derivatives with higher DSs and
polycations, especially QCHI, were biocompatible and allowed cellular adhesion and growth
over the course of seven days. In most cases multilayers containing CS 1 and PCS 1, with
lower degree of sulfation, showed cytotoxic tendencies, as did multilayers containing PLL.
For 3T3 and HaCaT cells, no PLL containing multilayer reached comparable results to TCPS.
While on the other hand, cells seem to thrive on most of the QCHI containing multilayers,
especially for QCHI/PCS 2. This combination of polyelectrolytes resulted in a biocompatible
multilayer with no observable cytotoxic effect, retaining the natural phenotype of the cells.
For the completion of the biological characterization of the multilayers, immunofluorescence
staining of focal adhesion complexes and the actin cytoskeleton of 3T3 cells was performed.
This experiment allowed the assessment of the cellular adhesion quality on different

multilayers.
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4.4.2. Immunofluorescence staining of 3T3 mouse fibroblasts

Cell adhesion is the necessary prerequisite for subsequent cellular events such as
proliferation and differentiation. The immunofluorescent staining of certain cellular proteins
gave insight into the cellular adhesion on different PEM-coated surfaces. By staining proteins
that are associated with the focal adhesion (FA) complexes or the cytoskeleton of cells, the
compatibility of cells with their underlying surface can be evaluated. As conclusion from the
cell viability and growth assays, the immunofluorescent staining with conjugated antibodies
targeting specific cell proteins, namely vinculin (FA), actin (cytoskeleton fibers) and the
nucleus, was performed on PLL/CS 2, PLL/PCS 2, QCHI/CS 2, and QCHI/PCS 2 multilayer
systems. These showed promising biocompatibility for all cell types. 3T3 cells were chosen
for this experiment, as they are not forming any cell clusters and showed in earlier

experiments signs for good cellular adhesion on the chosen multilayer surfaces.

Figure 24: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin fibers (red) and
nuclei (blue) have been stained to gain qualitative information of cell adhesion on clean glass substrates. The
green, due to overlapping sometimes orange, spots at the end of the red actin fibers represent focal adhesions
of the cells, connections to the substrate. Scale bar: 50 um

Immunofluorescent staining was performed after the cultivation of 3T3 cells on PEM-
coated glass cover slips for 24 h. Cells seeded on TCPS (Figure 24) and the multilayer systems
PLL/CS 2 (Figure 25, A & B) and PCS 2 (Figure 25, C & D) and QCHI/CS 2 (Figure 26, A & B)
and PCS 2 (Figure 26, C & D) were stained and the according images are presented.

All surfaces support cell adhesion, as all cells are spread, with pronounced actin fibers
longitudinal stretching over the whole cell. On TCPS surfaces (Figure 24), cells showed an
extended morphology, with actin fibers spreading covering most parts of the cell. However,

the actin fibers were sometimes thin and short. At the end of most actin fibers, bride green,
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or when overlapping with the red stained fibers, orange spots indicate the vinculin staining,

representative of FA plaques.

Figure 25: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin fibers (red) and
nuclei (blue) have been stained to gain qualitative information of cell adhesion on PEMs with PLL as
polycation. A and B show cells on PEM with CS 2 as polyanion (PLL/CS 2). C and D show the cells on PEM
with PCS 2 as polyanion in the final three layers (PLL/PCS 2). At the end of some actin fibers, bigger green
(due to overlapping sometimes orange) spots are focal adhesions of the cells. The low number of FAs indicate
a rather weak cell adhesion and cells being ... Scale bar: 50 um.

The 3T3 cells adhering to PLL/CS 2 (Figure 25, A & B) were widely spread, with extending

filopodia in especially in Figure 25 A. Actin fibers are extended over the whole cells, being
long but thin. Only some of them were connected to FA plaques. Cells seeded onto PLL/PCS
2 PEM coatings showed similar behavior, but as visible in Figure 25 D, some of them have
very pronounced longitudinal actin fibers. The formation of FAs is not enhanced, the vinculin

staining revealed only few FA formations.
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Figure 26: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin fibers (red) and
nuclei (blue) have been stained to gain qualitative information of cell adhesion on PEMs with QCHI as
polycation. A and B show cells on PEM with CS 2 as polyanion (QCHI/CS 2). C and D show the cells on PEV,
with PCS 2 as polyanion in the final three layers (QCHI/PCS 2). At the end of many actin fibers bigger green
spots are visible. These are focal adhesions (FA) of the cells, their connection to the substrate. Scale bar: 50 pm

Cells on QCHI-containing surfaces showed similar characteristics (see Figure 26). They
were somewhat more rounded and with less-to-non or only very short filopodia stretching
out. However, the longitudinal action fibers were distinctly visible and thick, even though
they were mostly limited to the circumference of the cells. The adhering cells on QCHI/CS 2
and QCHI/PCS 2 showed increased FA formation (see Figure 26, A/B and C/D, respectively).
Many actin fibers are connected to bride and fairly elongated green spots, corresponding to
vinculin accumulations at the FA plaques.

The 3T3 cells showed good adhesion qualities for all multilayer systems. As discussed
before, multilayers containing sulphate groups, which all examined surfaces contained, lead

to more spread morphology and bigger cell contact areas?*24. This might explain, why even
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on the PLL containing multilayers, cells were spread and adherent. Only the thin actin fibers
and formation of small focal complexes lead to the assumption that PEM films containing
PLL, as stated for the viability and activity tests, related to the possible cytotoxic effect of PLL
present unbound in solution?*2%, This furthermore supports the conclusion that PLL
containing PEM films possess a lower stiffness and maybe even stability. In contrary, on
multilayers fabricated from QCHI with CS 2 or PCS 2, the pronounced, thick actin fibers and
the formation of many and large focal adhesions suggested that these surfaces were attractive
for cell adhesion?!. The influence of the positive charge of quaternized chitosan could
facilitate the adhesion of negatively charged ECM proteins (e.g., fibronectin) from the serum,
leading to improved cellular adhesion®”-242, Beside surface chemistry, mechanical properties
of the surface influence the cellular adhesion. Stiffer surfaces promote cellular adhesion, while
softer surfaces often lead to cell rounding, nucleus condensation and loss of focal adhesion?%3,
This would suggest that the PEM substrates provide sufficient stiffness for cellular adhesion,

as most of the cells possessed a spread morphology.

4.4.3. Summary biological characterization

The multilayers composed of the polycations PLL or QCHI in combination with different
CS derivatives (CS 1, CS 2, PCS 1, and PCS 2) were tested if they were biocompatible.
Therefore, cells originating from the three different germ layers, namely endoderm (HepG2),
mesoderm (3T3) and ectoderm (HaCaT), were seeded on PEM coated substrates and viability
and growth assays were conducted. These assays showed that in comparison of the polycation
present in the PEM system, PLL possessed the less favorable properties for cellular
interactions. Viability and growth of the cells, except for HepG2, was lower as for the TCPS
positive control. Even though HepG2 cells showed better performance on PLL containing
substrates, a change in their phenotype was observed. Regarding the CS derivatives, the cell
assays revealed the clear preference towards CS 2 and PCS 2 with higher DSs. For nearly all
PEM coatings, they showed high values for viability and activity (except HaCaT cells seeded
on QCHI/CS 2 surfaces). Especially QCHI/PCS 2 surfaces showed in all assays and for all types
of cells comparable results to TCPS surfaces, hence should be entitled with high
biocompatibility. To gain some more information, immunofluorescence assays using 37T3
fibroblasts were performed in the PEM systems using CS 2 and PCS 2 in combination with
PLL and QCHI. The Immunofluorescence staining of 3T3 cells promotes the aforementioned
statements for these surfaces, especially for QCHIS/PCS 2. Cells showed a spread morphology
and pronounced actin fibers connected to FA plaques, indicating good cellular adhesion via

integrins to the substrate and well-being of the cells. Generally, these results are very
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promising to further develop these surfaces using QCHI in combination with PNIPAm-

grafted-cellulose sulphates for biomedical applications.
4.5. Thermoresponsive properties of the multilayer systems - cellular

detachment

At this point, the multilayer systems have been thoroughly investigated concerning their
physicochemical and biological properties. The biocompatibility of certain PEM systems has
been proven and further use and development as promising biomaterial coating suggested.
The initial concept was to fabricate thermoresponsive surfaces from the newly synthesized
cellulose sulphates by grafting PNIPAm side chains onto them. The thermoresponsive
properties of PCS solutions has been proven. The formation, characterization, and
biocompatibility of multilayers with these CS derivatives has been shown. The ultimate goal
is the temperature-controlled cell detachmentin form of cell layers from these surfaces. When
the environmental temperature is decreased from 37 °C to below the LCST of PNIPAm, the
surface hydrates and stiffness decreases, which is the basis for cell detachment?2
Subsequently, the hydration and thereafter swelling of PNIPAm results in a more hydrophilic
and softer surface, facilitating protein desorption and consequently leading to cell
detachment. Unfortunately, it could not be shown in this study. Several experiments have
been conducted using the thoroughly investigated multilayer systems based on the
synthesized CS derivatives and 3T3 fibroblasts seeded on them. However, after different
culturing time points (24h, 4 days, 7 days), cells were not able to detach from PEM coated
surface, neither at room temperature nor at 4 °C. This could be due to multiple reasons. Most
likely, the low DSpnpam of PCSs and their inclusion into polyelectrolyte multilayers are
responsible. Other works demonstrate thermoresponsive cell detachment with a different
grafting technique, were PNIPAm chains with high MW and grafted in high density are
applied®*!. On the other hand, the combination of low amount of PNIPAm inside a multilayer
that due to a high degree of interpenetration reduces the degree of freedom of the PNIPAm
chains due to steric hindrance!®®?%> leading to the restricted conformational changes,
subsequently resulting in insufficient change in surface properties and no thermoresponsive
behavior. However, the possibility to finetune the DSpnwpam on the PCS derivatives and the
properties of the PEM offers the potential for further development of the system with the goal

to achieve thermoresponsive properties enough to achieve cell detachment.
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5. Summary and Conclusion

The development of novel materials and their applications for biomedical purposes
requires conscientious studies. Starting with the development and optimization of the
synthesis process, continued by characterization of the product and subsequent utilization
possibility need thorough experimental examination. This study focused on combining the
abundance and beneficial properties of biopolymers with the thermoresponsive behavior of
PNIPAm to fabricate surface for cell sheet engineering. Beginning with cellulose, the
successful synthesis of cellulose sulphate with different DSs and the subsequent grafting of
PNIPAm onto the cellulose backbone has been shown. Additionally, the thermoresponsive
behavior of the PCS in solution was presented. With regard for biomedical applications in
tissue engineering, the aim was to fabricate surface coatings based on the CS and PCS
polyelectrolytes using the established and cost-effective LbL method. With regard to the
popularity and beneficial properties, CHI as polycation of biological origin was chosen as
opposing material to the anionic CS derivatives. The initial examination of CHI-CS PEM films
revealed that using these polymers, the formation of multilayers using the LbL technique is
possible. Surface coatings in nanometer scale were successfully fabricated and characterized.
However, the primary results indicated stability issues of the films at physiological conditions.
Based on the insight from this initial study, the composition of the multilayer was adjusted
and two polycations with increased charge stability at pH 7.4 were chosen: PLL, as one of the
most used biological polycations in LbL fabrication research, and QCHI, a water-soluble
modification of CHI that showed promising results in biomedical research. The examination
with these two polymers presented basically comparable results to the preliminary studies
with CHI. PEM films with nanometer scale thickness, negative surface charge and moderate
hydrophilic wettability were fabricated. However, SPR and ellipsometry after exposing the
films to physiological pH values in PBS solution still revealed decreasing angle shifts and
thickness, respectively. After the further examination with zeta surface potential
measurements and the confirmation of the negative surface potential, probably attributed to
the CS derivatives as outermost layer, supported the thesis of structural changes of the
polymer chains, leading to deswelling or collapsing of the polycations due to protonation at
higher pH values and the subsequent weaker electrostatic charge.

Based on that conclusion, the combination of CS derivatives with PLL and QCHI,
respectively, were subjected to biological characterization. As stated in the objective, cell
types originated from each germ layer, endoderm, mesoderm, and ectoderm, were used and

cell viability and growth, when seeded onto PEM coated surfaces, examined. 3T3 mouse
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fibroblast, HepG2 hepatocellular carcinoma cells and HaCaT human keratinocytes were used
for the examination. For all cell types, the PLL containing multilayers showed some problems,

related to the cytotoxicity of the polycation?3>23.

Especially the combination of lower
sulphated CS 1 and PCS 1 with reduce ion pairing resulted in a lower overall stability of the
PEM, allowing for the exertion of the cytotoxic effect auf PLL. For 3T3 cells, the adhesion, and
the unintentional detachment after a couple of days were noticeable shortcomings. The
alteration of the HepG2 phenotype and the poor initial adhesion and growth for HaCaT cells
added to the problematic biological interactions of PLL containing PEM. It should be
mentioned that especially PLL/PCS 2 multilayers showed the best results for all cell types, but
still not comparable to the viability and growth of the cells on TCPS. Under exclusion of the
obviously cytotoxic QCHI/CS 1 PEM films, due to low sulfation degree of CS 1 and hence low
PEM stability, the other QCHI-CS derivative-combinations showed promising cell viability
and growth results comparable to TCPS. The cytotoxic effect of the polycation is more
pronounced for PLL due to the presence in the surface region due to intermingling layers.
Even though, QCHI/CS 2 showed low cell adhesion and growth for HaCaT cells and
QCHI/PCS 1 showed for all types of cells lower cell viability and growth compared to TCPS.
The highest biocompatibility is ascribed to QCHI/PCS 2 films. All cell types were viable and
proliferated well, in the same manner as on TCPS. Additionally, the immunofluorescence
images revealed formation of strong actin fibers and focal adhesion complexes on QCHI/PCS
2 coated glass, supporting the biocompatibility of this system.

With regard the gathered results up to this point, the fabrication of CS and PCS
derivatives and the formation of multilayers with polycations was very successful, providing
biocompatible surface coatings for biomedical applications. But the biggest drawback that
could not be solved over the course of this study is the missing thermoresponsivity of the
PEM films. Cell detachment after different days of culture could not be observed at different
temperatures below 30 °C. Even though PCS showed thermoresponsive behavior when diluted
in water, the amount of the material incorporated in the multilayers is not enough or the
effect is somehow inhibited due to diverse interactions within the multilayer hindering the
conformational and hydrational property changes of PCS.

Nevertheless, this study might be a promising guideline for further research and
development towards the successful fabrication of thermoresponsive polyelectrolyte
multilayers of biopolymers using LbL technique. The potential to easily modify the multilayer
properties, the low-cost fabrication process, and the ability to incorporate proteins or growth

factors make them promising biomedical surface coatings for tissue engineering purposes.
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cultivation of 1, 4 or 7 days. Higher excitation value corresponds to higher cell activity,
meaning cells have proliferated and are viable over the course of time. ........c..cccceeeriennnn 79

Figure 22: Cell viability (A) and growth (B) assay of HepG2 cells on PEM-coated surfaces.
Bar graph (A) shows the cell density for living and dead cells on differently composed PEM
surfaces. Fluorescent images from which cell density was calculated (using FIJI) were taken
after 24 h of cell culture using laser scanning microscope. The cell growth assay (B) was
performed using a Deep Blue assay. Excitation was measured at day 1, 4 and 7 of cultivation.
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Figure 23: Cell viability (A) and growth (B) assay of HaCaT cells on PEM-coated surfaces.
Bar graph (A) shows the cell density for living and dead cells on differently composed PEM
surfaces. Fluorescent images from which cell density was calculated (using FIJI) were taken
after 24 h of cell culture using laser scanning microscope. The cell growth assay (B) was
performed using a Deep Blue assay. Excitation was measured at day 1, 4 and 7 of cultivation.
High excitation is proportional to more cell actiVity. ........ccccevcieririiriiiieniiceeeee 85

Figure 24: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin
fibers (red) and nuclei (blue) have been stained to gain qualitative information of cell adhesion
on clean glass substrates. The green, due to overlapping sometimes orange, spots at the end

of the red actin fibers represent focal adhesions of the cells, connections to the substrate. Scale

Figure 25: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin
fibers (red) and nuclei (blue) have been stained to gain qualitative information of cell adhesion
on PEMs with PLL as polycation. A and B show cells on PEM with CS 2 as polyanion (PLL/CS
2). C and D show the cells on PEM with PCS 2 as polyanion in the final three layers (PLL/PCS
2). At the end of some actin fibers, bigger green (due to overlapping sometimes orange) spots
are focal adhesions of the cells. The low number of FAs indicate a rather weak cell adhesion
and cells being ... Scale bar: 50 [M........coiiiiiiiiiiiieieeee e 89

Figure 26: Immunofluorescence staining of 3T3 mouse fibroblasts. Vinculin (green), actin
fibers (red) and nuclei (blue) have been stained to gain qualitative information of cell adhesion
on PEMs with QCHI as polycation. A and B show cells on PEM with CS 2 as polyanion
(QCHI/CS 2). C and D show the cells on PEM with PCS 2 as polyanion in the final three layers
(QCHI/PCS 2). At the end of many actin fibers bigger green spots are visible. These are focal
adhesions (FA) of the cells, their connection to the substrate. Scale bar: 50 pm.................... 90
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A. Appendix

A.1. Images of live/dead staining for different cell types

The following images were taken after cells were stained using Calcein AM and Ethidium
Homodimer IIT using a laser scanning microscope. Living cells were green fluorescent, while
the cell nuclei of dead cells was red fluorescent. The different cell types on the different PEM

films were combined in one montage each.
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Appendix Fig. 1: Montage of Live/Dead staining images of 3T3 cells on different PEM films and
TCPS. Cells were cultured for 24 h, living cell cytoskeleton is green, dead cell nuclei is red.
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Appendix Fig. 2: Montage of Live/Dead staining images of HepG2 cells on different PEM films and TCPS. Cells
were cultured for 24 h, living cell cytoskeleton is green, dead cell nuclei is red. Cells on PLL-containing PEM
films developed an atypical phenotype for HEpG2 cells. On QCHI-PEM films, the aggregated and less extended
phenotype classically ascribed to HepG2 cells was observable.
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Scale bar: 200 um

Appendix Fig. 3: Montage of Live/Dead staining images of HaCaT cells on different PEM films and TCPS. Cells
were cultured for 24 h, living cell cytoskeleton is green, dead cell nuclei is red. Cell number distinctly lower
compared to HepG2 or 3T3 cells seeded on the films. Surprisingly low cell attachment for QCHI/CS 2. Typical

HaCaT aggregates are visible.
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A2, Phase contrast images of different cell types

The following images were taken during the seven day Deep Blue assay using a phase
contrast microscope. The three different cell types over the course of seven days on TCPS
were summarized in one montage. The other image montages represent one of the used cell
types each, combining the different PEM films upon which the cells were seeded over the
course of seven days. The images show some artefacts due to the imaging conditions. The
darker areas in the images are artefacts caused by the small wells the cells were seeded in
when observed with the phase contrast microscope. The black dots visible in some images
were droplets that formed due to condensation because the cells were taken from 37 °C
cultivation temperature into room temperature and sealed (under sterile conditions) to reduce

chance of contamination using parafilm.

Appendix Fig. 4: Montage of phase contrast images of different cell types on TCPS substrates. Images
were taken according to the Deep Blue assay measurement time points on day 1, 4 and 7 of cell culture. All
cells grew well and in their typical manner on TCPS surfaces.
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Appendix Fig. 5: Montage of phase contrast images of 3T3 mouse fibroblast cells seeded in well plates coatec
with different PEM compositions. Images were taken in parallel to the Deep Blue assay measurement time points
onday 1, 4 and 7 of cell culture. The observed cell growth confirmed the results from the Deep Blue assay.
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Appendix Fig. 6: Montage of phase contrast images of HepG2 human hepatoma cells seeded in well plates coated
with different PEM compositions. Images were taken in parallel to the Deep Blue assay measurement time points
onday 1, 4 and 7 of cell culture. The observed cell growth confirmed the results from the Deep Blue assay.
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Appendix Fig. 7: Montage of phase contrast images of HaCaT human keratinocyte cells seeded in well plates
coated with different PEM compositions. Images were taken in parallel to the Deep Blue assay measurement
time points on day 1, 4 and 7 of cell culture. The observed cell growth confirmed the results from the Deep Blue
assay.
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