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ABSTRACT 

 

Controlling the surface properties is a key aspect in the field of biomaterials. Among the 

available surface modification techniques, a simple yet facile technique, called layer-by-layer 

(LBL) method, has been widely exploited due to its numerous applications including the 

biomedical field. LBL technique, based on the alternate adsorption of oppositely charged 

polyelectrolytes (PEL) onto charged surfaces, has been applied here to design multilayers of 

heparin (HEP) and cellulose sulfates (CS) as polyanions on glass as model substrate to obtain 

control over cell adhesion and growth. First studies were carried out with HEP and chitosan 

(CHI), which showed that a change of pH value during multilayer formation affected not only 

multilayer assembly and surface properties, but also adsorption of fibronectin (FN) and 

subsequent adhesion and growth of cells. Since HEP is a natural glycosaminoglycan with 

limited abundance, semi-synthetic cellulose derivatives were synthesized and studied towards 

their toxicity, interaction with fibroblast growth factor (FGF-2) and cell growth. CS with 

higher degree of sulfation were found to be as bioactive as HEP having significant mitogenic 

activity. Two different CS with high (CS2.6) and intermediate (CS1.6) sulfation degree were 

chosen as polyanions, along with HEP, and combined with CHI as polycation for assembling 

multilayers. A comparative study was executed using either HEP, CS1.6 or CS2.6 to study the 

effect of different molecular compositions of the polyanions on bulk and surface properties of 

multilayers along with effects on behaviour of C2C12 cells. The characterization process 

revealed differences in specific growth patterns, hydration, and surface properties of 

multilayers in dependence on the type of polyanions that also affected FN adsorption and 

cellular responses. Since the layer deposition conditions affect multilayer properties, here the 

pH variation during polyanion adsorption was used as tool to tailor the properties of HEP and 

CS1.6 multilayers. The results showed that changing pH (acidic to basic) strongly affected the 

bulk and surface properties of HEP-based multilayers as well as FN adsorption and cellular 

behaviour. These effects strongly differed on multilayers prepared at different pH conditions. 

In contrast, CS1.6 multilayers were not as pH responsive as HEP-based multilayers. They did 

not exhibit strong differences in their physical and biological characteristics when assembled 

at different pH conditions. Further, they positively affected cell interactions. In a final step, 

multilayers were prepared by blending HEP with CS as polyanions and a preferential 

incorporation of HEP was found, displacing CS despite their higher degree of sulfation. 

However, it apparently improved the bioactivity of HEP-containing multilayers formed at 

acidic pH. Overall, the present thesis aimed to investigate the effect of molecular composition 
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of polyanions and pH variation during formation of polyelectrolyte multilayers (PEM) to 

control cellular behaviour on multilayer coated substrates. It was proven that not only HEP, 

but also semi-synthetic CS as polyanions along with CHI as polycation are candidates for 

multilayer formation with high bioactivity that could be of great interest for different 

biomedical applications.  
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ZUSAMMENFASSUNG 

 

Die gezielte Anpassung von Biomaterialien an unterschiedliche Anwendungen wird häufig 

durch eine Modifizierung der Oberflächeneigenschaften erreicht. Neben anderen Methoden 

zur Oberflächenmodifizierung findet in jüngster Zeit die sogenannte Layer-by-Layer (LBL) 

Methode zunehmend Verwendung im Bereich der Biomaterialforschung. Die LBL-Methode, 

welche durch die abwechselnde Adsorption von Polyelektrolyten charakterisiert ist, wurde 

hier genutzt, um Multischichten aus Heparin (HEP) oder Zellulosesulfaten (CS) als 

Polyanionen auf Glas als Modellsubstrat herzustellen. Die so hergestellten 

Polyelektrolyt-Schichten sollen eine gezielte Steuerung von Zelladhäsion und Zellwachstum 

ermöglichen. Erste Versuche mit HEP als Polyanion und Chitosan als Polykation zeigten, 

dass eine Änderung des pH-Wertes während der Adsorption des Polyanions sowohl die 

Schichtbildung als auch deren Oberflächeneigenschaften beeinflussen, wodurch sich die 

Adsorption von Fibronektin und das anschließende Zellwachstum beeinflussen ließ. Da es 

sich bei HEP um ein natürliches Glykosaminoglykan handelt, welches nur in begrenzter 

Menge verfügbar ist, wurden halbsynthetische CS synthetisiert und hinsichtlich Toxizität, 

ihrem Einfluss auf das Bindungsvermögen von FGF-2 (fibroblast growth factor-2) und des 

Wachstums von Fibroblasten untersucht. Dabei zeigten CS mit einem höheren 

Sulfatierungsgrad eine erhöhte Bindung von FGF-2 und eine Verstärkung des Zellwachstums 

in ähnlicher Weise wie HEP. Zusammen mit Chitosan als Polykation wurden deshalb neben 

HEP auch ein hochsulfatiertes CS (CS2.6) und ein CS mit mittlerem 

Sulfatierungsgrad (CS1.6) als Polyanion für die Formierung von Multischichten verwendet. 

Die Charakterisierung der Multischichten mit den ausgewählten Polyanionen offenbarte 

Unterschiede hinsichtlich der Oberflächeneigenschaften, der Masse und des Wassergehaltes 

der Multischichten, was Auswirkungen auf die Adsorption von Fibronektin und die 

Wechselwirkung mit C2C12 Myoblasten hatte. Da auch die Beschichtungsbedingungen eine 

entscheidende Rolle auf die Adsorption von Polyelektrolyten haben, wurden unterschiedliche 

pH-Werte während der Adsorption der Polyanionen HEP und CS1.6 verwendet. Im Fall des 

HEP zeigte sich, dass ein Wechsel vom sauren zum basischen Milieu einen erheblichen 

Einfluss auf die resultierenden Volumen- und Oberflächeneigenschaften der Multischichten 

hatte. Dieser unterschiedliche Einfluss spiegelte sich auch bei der Adsorption von Fibronektin 

und im Zellverhalten wieder. Im Gegensatz dazu zeigten die Multischichten mit CS1.6 keine 

derartige Beeinflussung hinsichtlich ihrer physikalischen und biologischen Eigenschaften 

durch eine Änderung des pH-Wertes. Zusätzlich wurden auch Multischichten hergestellt, bei 
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denen HEP und CS gleichzeitig als Gemisch während der Formierung der Multischichten mit 

Chitosan als Polykation eingesetzt wurden. Die Untersuchungen zeigten eine bevorzugte 

Einlagerung von HEP anstelle von CS in die Multischichten, obwohl wegen des höheren 

Sulfatgehalts der CS das Gegenteil erwartet wurde. Zudem zeigte sich, dass die Bioaktivität 

der HEP-Schichten erhöht war, wenn die Multischichten im sauren Milieu hergestellt wurden. 

Zusammenfassend kann festgestellt werden, dass eine Änderung des pH-Wertes während der 

Ausbildung von Polyelektrolyt-Schichten eine Kontrolle von Proteinadsorption und des 

Zellverhaltens ermöglicht, was für die Beschichtung von Implantaten und Scaffolds im 

Bereich des Tissue Engineering nutzbar ist. Zudem konnte gezeigt werden, dass neben HEP 

auch halbsynthetische CS als Polyanionen zusammen mit Chitosan als Polykation die Bildung 

bioaktiver Multischichtsystemen ermöglicht, die in unterschiedlichen biomedizinischen 

Applikationen eingesetzt werden können. 
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Chapter 1 

 

Introduction 

1.1 Background 

In the past years, the field of implantable biomaterials and tissue engineered constructs has 

gained an increasing attention due to the limited accessibility of autografts as well as the 

immune response and the considerable problems associated with allografts [1] Once 

implanted, a biomaterial’s fate is strongly dependent on various parameters such as its 

localization in the tissues, size and shape as well as its surface and bulk properties [2]. The 

design of biomaterials with nanoscale precision and controlling their properties (bulk and 

surface) is a great challenge for scientists and engineers working in the field of biomaterials 

and regenerative medicine. The bulk properties are important for the overall properties of the 

material, especially the mechanical/ viscoelastic properties. However, surface properties are 

also of chief importance, since the material surface forms an interface between the material 

and the host tissue [3]. Surface properties influence subsequent tissue and cellular events 

including protein adsorption, cell adhesion and inflammatory responses, each of which are 

important for tissue remodelling [4, 5]. Once a biomaterial is implanted, a cascade of events 

occurs at the interface that is initiated by its interaction with the surroundings that contains a 

number of bioactive species [6-8]. The complex series of events that occurs in dependence on 

surface properties of the biomaterial and the surrounding environment is crucial for 

understanding the biocompatibility of the implant biomaterial. Surface properties like 

wettability, surface charge, topography etc. influence the adsorption of plasma proteins that, 

in turn, dictate cellular events which will establish a communication between the material 

surface and cell interior processes affecting its tissue compatibility [2] [9-11]. Currently, 

considerable efforts are being made in the direction of biomaterial surface functionalization 

that are generally used in tissue engineering (TE) and biomedical applications to render them 

with biological functionalities [12, 13]. Further, biomaterials are constantly developed by 

adding required features for improvement of biocompatibility involving their biodegradability, 

bioactivity etc. and efforts to avoid the undesirable reactions like foreign body reaction (FBR) 

or stress shielding. Biomaterials can be classified in three generations; first as bioinert 

materials, second as bioactive and biodegradable materials, and third as materials specifically 

designed to stimulate certain cellular responses [14]. Biomaterials used for TE generally 

belong to the latter one, designed to mimic the extracellular matrix (ECM) and to host cells 
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similar to their natural environment. These biomaterials are designed with biophysical and 

biochemical cues that direct cellular interactions [13] [15, 16]. Hence, the understanding of 

cellular interaction at the interface of biomaterials is important [8]. In general, the biomaterial 

should promote cellular events for the successful incorporation of implants [17]. The initial 

cell-biomaterial interaction is a multi-step paradigm initiated by adsorption of proteins from 

the surrounding fluids followed by cellular events like cell adhesion, spreading and 

polarization [18, 19]. The adsorption of proteins is of ultimate importance since it determines 

cell behaviour that is important for the constructive cell response, which, in turn, will be 

beneficial for wound healing and tissue integration  [20, 21]. 

 

1.2 Basics of cell adhesion on biomaterial surfaces 

Cell adhesion is a fundamental process that is extremely important for functionality of cells 

and proper arrangement of tissues. Hence, it is a prerequisite for the majority of biomedical 

applications in TE [12, 13]. When cells attach to the substratum, they form connections to the 

internal cytoskeleton through specific cell receptors like integrins that connect the 

extracellular space with the intracellular cytoskeleton. As a result, signaling molecules among 

other cell adhesion mechanisms help to translate the genetic information into the complex 

three-dimensional patterns of cells in tissues [22, 23]. It was found that the degree of cell 

spreading and shape of cells depends on strength of cell adhesion to the substrate [24] and that 

the shape of cells is the regulator of cellular functions [25, 26]. 

 

 

Figure 1.1: Impact of cell adhesion on different cellular processes (adapted from [15]). 



 12 

Attractive forces for cell adhesion on substratum can be both long and short range. Long 

range interactions are represented by Coulomb or electrostatic forces that are dependent on 

the charges of both, cell surface and substrate [27]. Cell surfaces are predominantly negatively 

charged, where as the charge of a substrate can vary resulting in repulsive or attractive forces 

between cells and material surfaces [27, 28]. Additionally, the presence of salt ions influences 

the degree of interactions, too. At high ionic strength, the charges on cells and surfaces may 

get shielded to a certain extent, whereas at lower salt concentration the electrostatic forces act 

at longer distances [29]. Attractive forces include also van-der-Waals forces, hydrogen 

bonding, hydrophobic and acid-base interactions. Short-range forces can also be repulsive and 

are exerted by hydration forces that are caused by the presence of bound water molecules on 

polar moieties. Further, steric hindrance generated by presence of hydrophilic mobile 

molecules on the material or cell surface is a repulsive barrier. More details on physics of cell 

adhesion are described elsewhere [27, 28]. It was found during basic studies on cell adhesion 

that surface charge strongly influences the adhesion of cells. Adhesion is promoted by 

positively charged surfaces while the negative ones reduce cell adhesion [27, 28]. At low 

ionic strength, cell adhesion is weak on a negatively charged substrate. This effect is altered 

by high ionic strength. Cell adhesion is strong at high salt concentration as electrostatic 

repulsion becomes negligible due to charge shielding and van-der-Waals forces start to 

dominate [29]. On the other hand, to prevent cell adhesion, effect of binding water to polar 

surfaces has been exploited. Water molecules bind to the head groups of phospholipids like 

phosphatidylcholine. Functionalization of surfaces with such phospholipids was used to 

prepare adhesion-preventing materials [30, 31]. The same effect can also be achieved by the 

immobilisation of hydrophilic macromolecules like poly (ethylene glycol) (PEG), which leads 

to a steric repulsion inhibiting cell attachment [32, 33]. Besides the physico-chemical 

properties of material surfaces, surface topography influences the cell adhesion, too, and it 

was found that roughened surfaces generally promoted cell adhesion to a higher extend [34, 

35]. Lastly but importantly, the viscoelastic properties of the substrata are being sensed by the 

cells, too. Cell adhesion might get inhibited by soft flexible substrata while stiff surfaces may 

promote it [36-38]. However, certain cell types like neuronal cells prefer soft substrata [39]. 

Additionally, cell adhesion and spreading behaviour differs for the cells of different origin 

(exoderm, mesoderm or endoderm) [40, 41].  

At physiological conditions, cells never directly contact with the biomaterial surface due to 

the presence of proteins in the surrounding fluids. This holds also for the majority of in vitro 

culture conditions, especially when serum is used as an ingredient of culture media. 
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Additionally, most of the cells secrete a multitude of proteins [42]. Therefore, before cells 

come in contact with the biomaterial surfaces, proteins are transported to the surface by 

diffusion or convection [43]. When a biomaterial is exposed to a biosystem, protein 

adsorption takes place instantaneously. The diffusion process, which is dependent on the bulk 

concentration and diffusion coefficient, is mainly responsible for the initial arrival of smaller 

proteins [44]. However, larger proteins that have higher affinity to the biomaterial surface 

subsequently dominate the next stage [45]. The conditions for protein adsorption are 

principally the same like cell adhesion. Indeed, the physicochemical properties such as 

chemistry, presence of certain atoms or chemical functional groups (e.g. carbon, amino 

groups, or hydroxyl groups), surface energy, wettability, size and curvature controls the 

adsorption of proteins [46-49]. Since proteins are the copolymers of amino acids, most of 

them carry acid and basic groups as well as hydrophilic and hydrophobic moieties. Hence, 

they are both amphoteric and amphiphilic. Depending on the isoelectric point pI) of proteins, 

they might be positively or negatively charged at physiological conditions [50]. The 

electrostatic state of proteins is determined by pH and ionic strength. When pH is equal to the 

pI, the charges are balanced. At high pH conditions, proteins are negatively charged (pH>pI) 

and they are positively charged at low pH. Additionally, even the net charge of proteins is 

negative it may carry positively charged residues and vice versa [51]. The body fluids contain 

various types of proteins which differ in amino acids content, structure (secondary and 

tertiary) and size [52]. Consequently, proteins are capable of interacting with different type of 

material surfaces, except on highly hydrophilic surfaces with tight water binding [31] or 

having coverage with hydrophilic macromolecules like PEG that creates a repulsive layer [32, 

33] [53]. Conformation of proteins can be altered by apolar or highly charged surfaces due to 

structural rearrangements upon adsorption to minimize the free Gibbs energy of the system 

[52]. The mechanism and driving forces that are involved in these rearrangements are 

described in detailed elsewhere [50] [52] [54]. Such conformational changes in proteins can 

lead to undesirable effects like activation of blood clotting as well as denaturation of epitopes 

for cell binding receptors or might also expose other domains that may provide signals for 

inflammation [55-58]. On the other hand, highly hydrophilic surfaces may allow only traces 

of proteins to get adsorbed, which might be desirable for blood contacting applications but not 

favourable for colonization of implants or scaffolds with tissue cells [50]. Hence, a prediction 

of orientational and conformational rearrangements that occur during protein adsorption on to 

material surfaces would very helpful to control cellular responses [21] [59-61].  
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It has been shown that adhesion of cells is linked to the presence and conformation of specific 

adhesive proteins on the material surface [62]. Attachment proteins such as fibronectin (FN), 

fibrinogen (FNG) and vitronectin (VN) belong to blood plasma and could adsorb on material 

surfaces [43]. The ECM, which surrounds cells in tissues, consists of structural proteins like 

collagen (COL), adhesive proteins and glycosaminoglycans (GAG) [63]. These proteins 

provide attachment to cellular receptors and transmit signals important for survival, growth 

and differentiation [64, 65]. Cell adhesion receptors are the transmembrane glycoproteins that 

mediate specific cell-cell and cell-ECM interactions. The members of this class of proteins are 

integrins, cadherins, IG-super family, selectins and proteoglycans (syndecans) [63]. The 

intracellular parts of these adhesion receptors are connected with the signalling molecules that 

transduce signals initiated at cell surface by the adhesion receptors for the further cellular 

events [23] [66]. Integrin receptors as transmembrane proteins are heterodimers of non-

covalently associated α and β subunits [63]. So far, 18 α and 8 β subunits have been identified 

in mammalian cells that are know to form 24 distinct family members [64]. There are specific 

cellular receptors for different ECM proteins such as integrin αvβ3 for VN and the integrin 

α5β1 for FN. The integrin αvβ3 is part of the focal adhesion (FA) contacts, usually located in 

the cell periphery as a flat and elongated structure while, α5β1 is part of the fibrillar adhesion, 

more centrally located, and consists of extracellular FN fibrils [67]. Integrins play a very 

important role in development, organization, maintenance and repair of tissues by providing 

anchorage and activating signals that in turn direct cell growth, migration and 

differentiation [68]. The activation and clustering of integrins initiates a cascade of 

biochemical events known as integrin signalling via different signalling molecules (Figure 

1.2). Integrins contribute to signal transmitting either from ECM into the cell (outside-in 

signalling), or in the other direction, from inside of the cells to regulate the extracellular 

binding activity towards matrix proteins (inside-out signalling) [69]. 
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Figure 1.2: Illustration of the cell adhesion complex. Proteins like vinculin, talin, paxillin, 

tensin anchor to integrin to mediate the cell behaviour (adapted from[70]) 

 

The ability of a biomaterial in context of its role in normal cell survival and growth can be 

tested as these signalling events are a tool to for biocompatibility assessment. By means of 

immunocytochemical methods, investigations in the last few years have revealed the 

relationship between biomaterial surface properties and the distribution and quantity of focal 

contacts. Examples include evaluation of focal contacts distribution (labelled with vinculin) 

on substrates with different roughness [70], and actin filaments (F-actin) cytoskeleton 

reorganization on various substrata [71]. 

The ECM contributes to the assembly of tissues and affects this process of tissue integration 

from individual cells at both receptor and cytoskeleton levels. The adhesion mediated 

signalling is dependent on the ability of cells to sense the chemical and physical properties 

[72].  
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Figure 3: Dynamic cross-talk between cells and ECM (adapted from [72]) 

 

1.3 Cell growth on biomaterial surfaces 

Cell adhesion and spreading are important prerequisites for cell growth and differentiation 

[26]. Well organized FA established during the progression of cell spreading, will contribute 

to integrin mediated signalling processes. This signalling connects numerous proteins like 

FAK (focal adhesion kinase), MAP (mitogen activated proteins) kinase, bone-specific 

transcription factor Runx2/Cbfa1, Ras homolog gene family member (Rho) family, conduct 

the signal transduction machinery, lead to organization of cytoskeletal structures and 

contractile activity and finally, to the progression of cell cycle, or various commitments of the 

cells [69] [73].  

Growth factors like fibroblast growth factor (FGF), epidermal growth factor (EGF) induces 

proliferation of different cells by forming complexes with their corresponding receptors. [74, 

75]. Fan and coworkers proposed the incorporation of epidermal growth factor (EGF) into a 

synthetic matrix surface that increased survival of mesenchymal stem cells (MSC) [76]. EGF 

activated intracellular signals via the extracellular-regulated kinase (ERK) and Akt pathways 

[77, 78]. These signals promoted migration, adhesion, proliferation and survival in various 

cell types [75] [77] [79]. Besides, diverse in vitro investigations of cell behaviour on scaffolds 

made of COL, hyaluronan (HA), gelatin (GEL), chitosan (CHI), chondroitin sulphate (CHS), 

fibrin etc., have also proved an optimal effect on cell viability, proliferation and 

differentiation [80, 81].  
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1.4 Surface modification of biomaterials 

Many contemporary materials that posses very useful physical and chemical properties, 

makes them attractive for biomedical applications. However, their clinical use can hamper 

some undesirable side effects, which are caused by uncontrolled protein adsorption and 

subsequent conformational changes. Since, only the surfaces of materials are in intimate 

contact with the surrounding biological environment, it is very important to modify the 

surface of the materials upto a size scale of few nano to micrometers. Surface properties of a 

material are directly related to in vitro biological performance such as protein adsorption and 

cellular responses, which are necessary for tissue remodelling [4] .The aim is to fully develop 

the biological model for surface science in a highly complex and interactive in vivo biological 

environment. Thus lot of efforts are being dedicated to engineer new forms of biomimetic 

surfaces by using a combination of cells, surface engineering and materials together with 

suitable biochemical and biophysical factors [40]. Untill now, numerous methods of surface 

modification have been developed to improve the biocompatibility of (biodegradable) 

polymers and other biomaterials. Typically, modifications can either alter the atoms, 

compounds, or molecules on the existing surface chemically or physically. In addition, 

coating with different materials can lead to specially modified surfaces [82]. Principally, 

surface modification techniques can be divided into two categories: physical and chemical. 

Physical techniques involved surface coating [83, 84], vapour deposition [85] and surface self 

assembly methods [86, 87]. Physical interactions related to these techniques are electrostatic 

interaction, van-der-Waals force, hydrogen bonding, hydrophobic interaction, etc. Physical 

techniques are often simple, which generally do not require large and expensive equipments. 

To this end thin film coatings by surface self-assembly methods deposited on the bulk 

materials offer great potentials. Therefore enormous efforts are being dedicated in engineering 

new biocompatible forms of biomimetic surfaces. Designing of thin films with controlled 

properties along with maintenance of the bioactivity of embedded molecules and adjusting 

their delivery is thus a great challenge. The importance of thin films does not only exist in 

biomedical field but also in many other areas such as electronics, optical devices, sensors and 

catalysts [88]. The use of thin films for a given application is motivated by a number of 

factors. In many cases, their use is generated from a desire to only modify the surface and 

keeping the bulk properties of the underlying material preserved, for instance, when an anti-

fog coating is applied to a mirror or a non-stick coating on a pan 

As a result, several techniques have thus been developed to design thin films at the molecular 

level. In the second half of the 20th century, two techniques dominated the thin films research 
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area: Langmuir–Blodgett (LB) [89] and self-assembled monolayers (SAMs) [90, 91]. These 

two sorts of films have shown a remarkable capability for immobilization of proteins and cells 

as well as subsequent applications in biocatalysis, controlled drug delivery, etc [90-92] [93]. 

However certain intrinsic drawbacks of both methods limit their applicability. The limitations 

associated with Langmuir–Blodgett deposition include the requirement of expensive 

instrumentation and long fabrication periods for preparation of the biomolecule films along 

with the disadvantage of the type of the molecules (amphiphilic) that can be embedded in the 

films. For SAMs, the disadvantages are due to the low loading capacity of films because of 

their monolayer nature and the need for the presence of thiols on the substrate (e.g., for only 

noble metals or silanes) in order to deposit [87]. A very considerable alternative to LB 

deposition and SAMs called layer-by-layer (LBL) assembly was introduced by Decher, Hong 

and co-workers in 1992 [94] for preparing structure-controlled thin films for biological 

applications.  

 

1.4.1. Layer-by-layer (LBL) Assembly 

The concept of thin film fabrication via alternating deposition of two oppositely charged 

species was firstly introduced by R. K. Iler in 1966 [95]. Based on his work, Decher and 

co-workers introduced the concept of creating multilayers of oppositely charged 

polymers/polyelectrolytes (PEL)-thus introducing the “polyelectrolyte multilayers” (PEM) 

[94] [96]. Ever since, the PEM research field has greatly expanded and thousands of 

publications have been reported where the deposition of PEM by LBL method have been 

employed. This self-assembly-driven surface modification method allows the construction of 

nano-scaled thin films onto substrates of any geometry (simple two-dimensional surfaces to 

more complex three-dimensional scaffolds and implants. In general, the alternate adsorption 

of PEL is typically driven by electrostatic attraction and subsequent ion pairing on to a 

charged substrate [97, 98]. As ion pairing is probably the most abundant driving force applied 

during the multilayer assemblies, other interactions are also involved in PEM assembly that 

include van-der-Waals forces, hydrogen bonding, hydrophobic interactions etc [99-101]. 

During the pioneering work by Schlenoff, the concept of intrinsic, (i.e., PEL of opposite 

charge) versus extrinsic (i.e., counterions) charge matching was introduced [98] [102]. 

However, it has been also described in literature that the multilayers formation is not only 

driven by the electrostatic interactions but also by the gain in entropy due to the release of 

counter-ions [103, 104]. The strength of the various interactions involved in multilayer 
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formation process might be influenced by certain other intrinsic factors such as the molecular 

weight, size, charge density etc of the PEL and by environmental conditions like temperature, 

pH and ionic strength of the solvent (described in details in the following section). Variation 

of one or more parameters can lead to desired interactions and properties of resulting 

multilayer films. This easy to perform strategy offers a fine control on designing the 

properties of material surface/structures, which are robust in physiological environment [99] 

[104, 105]. Figure 1.4 shows a schematic of the LBL fabrication method using PEL, where a 

positively charged substrate is dipped into a polyanion solution followed by rinsing and 

dipping into a polycation solution. The process is repeated several times until the desired 

number of layers is assembled. Each step of layer deposition is followed by washing/rinsing 

steps which are done to remove the loosely bound material. Washing steps are necessary to 

avoid complex formation between weakly adsorbed PEL and the next adsorbing layer. 

 

 

 

Figure 1.4: The multilayer build-up process using the LbL method [96]. 

 

1.4.1.1. General potential of LBL in biomedical applications 

A large variety of charged specimen are suitable for being adsorbed as multilayers that range 

from nanoparticles [106, 107], carbon nanotubes [108, 109], and synthetic polymers [110] to 

biogenic polysaccharides [111, 112], polypeptides [113-115], nucleic acids [116, 117] and 

viral components [118, 119]. In the past years, a lot of attention has been given to synthetic 

PEL, poly(styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) system has been 
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widely investigated [4]. It has been found that the thickness of (PSS/PAH) multilayer system 

can be precisely varied from few nanometers to few tens of nanometers [120]. Various cell 

types of cells such as endothelial cells, fibroblasts, osteoblasts, and hepatocytes [121-124] 

have been cultured on (PSS/PAH) films and in general these films supported cell adhesion 

growth. Additionally, a study by Guillaume-Gentil et al. using human MSCs, showed that 

(PSS/PAH) films on conductive indium tin oxide (ITO) electrodes can be used as a platform 

for growing viable cell sheets [125]. Another synthetic multilayer system, poly(acrylic 

acid)/ poly(allylamine hydrochloride) (PAA/PAH) films, initially developed by Rubner and 

his co-workers has also been studied in detail [110] [126]. The potential of (PAA/PAH) films 

for wound healing in cornea was investigated by Hajicharalambous and Rajagopalan et al 

[127]. During their studies by using corneal epithelial cells as cellular models, they found that 

cells undergone proliferation and migrated to the wound location. Nanoscale porous films 

were created that significantly enhanced the corneal epithelial cellular response. The well 

organized actin cytoskeleton and vinculin FA were found in cells present on nanoscale 

environment. Their studies suggested that the physical environment plays a defining role in 

guiding cell behaviour. 

However for the biomedical applications, many biopolymers like proteins, 

glycosaminoglycans (GAG) and DNA represent polyelectrolytes and can be applied to 

generate biomimetic multilayers on biomaterial surfaces with imprinted biological 

information [87] [97] [128]. In past years, several scientists have focused their research on 

using different polysaccharides for multilayer coatings, for example, HA, CHS, HEP, COL, 

CHI etc [112] [129-133]. These films made from natural polymers render compositional 

uniqueness, such as initiating specific cellular responses and provides both mechanical and 

biochemical signals. COL I is a major protein of fibrous connective tissues that provides 

mechanical support to the other tissues. COL is also a natural ligand for several cell receptors 

of the integrin family [134]. HA, CHS and HEP belong to the family of GAG that are made of 

disaccharide repeating units with a derivative of amino sugar such as glucosamine or 

galactosamine and an uronic acid. They are negatively charged due to the presence of 

carboxylate and sulfate groups [134]. HA and CHS are highly hydrated polymers surrounded 

by respectively ~20 and ~30 water molecules per disaccharide unit respectively by interaction 

through hydrogen bonds [135]. Importantly they both are the ingredients of the pericellular 

coat (glycocalyx) which play a major role in interaction of cells with their environment [136]. 

HEP is known for its anticoagulation activity as it binds specifically to antithrombin III, 

which accelerates the subsequestration of thrombin [137] and it is often applied as 
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anticoagulant coating of blood contacting devices [130] [138]. Additionally, HEP possesses a 

high affinity towards adhesive proteins (e.g. FN) and growth factors (e.g. bone morphogenic 

proteins (BMP)) interacting via specific HEP-binding domains [139]. Biopolymer-based 

multilayers are advantageous as they can specifically interact with living cells. The 

incorporation of biomolecules and bioavailability as well as the possibility of biodegradability 

due to presence of specific enzymes in tissues and biological fluids renders them with 

exclusive applications in the biomedical field.  

 

1.4.1.2. Effects of deposition conditions on multilayer properties 

Multilayer structure, growth and mechanical and other properties are controlled by the 

solution deposition conditions including PEL concentrations, type of PELs (their molecular 

weight, charge density etc) adsorption time, temperature, ionic strength and pH of the solution. 

There are also other conditions which can have influence on the film deposition like rinsing 

time, substrate charge density etc [140]. Changing the ionization of the PEL changes the 

chemical functionality of the molecule. Hence, it is reasonable that these changes affect the 

morphology and thickness of the assembled multilayer films. Generally, the PEL are long 

chains and the ionic charge is homogeneously distributed. Counter ions, usually through 

addition of salts, neutralize some fractions of the charges and reduce the repulsive forces 

among the PEL chain segments. By adsorbing polyions from salt solutions of varying 

electrolyte concentrations, film thickness can be tailored over a wide range [141]. During high 

salt conditions, polyion charges are screened leading to more coiled structures and smaller 

radius of gyration. Therefore adsorption of smaller coils will occupy lower surface area per 

chain, resulting into a larger density of segments and consequently higher thickness of the 

layer [128]. Many authors have shown in their studies that the thickness of CHI/HEP 

multilayers is affected by the ionic strength of the deposition solution [142] [143]. Another 

and important way to manipulate the charge and conformation of the PEL is to adjust the pH 

of the PEL solution [110] [144, 145]. This is specifically applicable for weak PEL as they 

dissociate in dependence on the solution pH. The linear charge density of weak PEL is 

sensitive to pH change and can vary considerably with change in pH when operating near the 

pKa value of the PEL [144]. Hence, a weak polycation tends to adsorb as a thin layer with a 

flat chain conformation when it is highly charged at acidic pH (highly protonated) and as 

thicker, more coiled structures when it is less charged (alkaline pH) [144] [146]. Vice versa, 

the same applies to the weak polyanions for opposite pH values (Figure 1.5). When both, 
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polycation and polyanion, are weak PEL, the pH of the dipping solution can be used to 

control the charge density of the adsorbing polymer, the pre-adsorbed polymer (i.e. the 

surface charge density) or both [110] [144]. This provides a great flexibility over the assembly 

of multilayers and the ability to tailor the thickness, ionic cross-link density and conformation 

of the adsorbed PEL as layers [141].  

 

 

Figure 1.5: Polyelectrolyte structure (weak polycation) at different pH values. The structure 

is more extended and elongated at acidic values whereas it is more coiled and loopy at 

alkaline values. The same holds for weak polyanions at opposite pH values. 

 

Furthermore, the temperature of the PEL solutions also affects the film morphology, since the 

solubility of the polymers as well as the shape of the polymer chains are influenced [147] 

[148]. It was found that a temperature increase resulted in a rise of the internal roughness of 

the multilayer systems after exceeding a certain salt concentration of the solutions, which also 

led to the formation of thicker layers [147]. Additionally, the results of high salt and low 

temperature combination were similar to that of low salt and high temperature [147]. Previous 

studies showed that film properties can be also tailored using thermoresponsive PEL. Films 

prepared from PEL closer to their lower critical solubility temperature resulted into smoother 

surfaces than films prepared far below this temperature [148]. 

In addition, the applied PEL pair for the multilayer construction influences the film structure. 

In literature, there have been mainly two types of film growth reported. The film thickness 

and adsorbed amount increase either linearly or exponentially with the number of layers as 
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thoroughly described by Picart [149] and von Klitzing [103]. In general, the strong synthetic 

PEL gives rise to linearly growing multilayers, whereas an exponential-like growth can be 

found for some weak natural PEL, mainly polysaccharides or polypeptides [103] [150, 151]. 

The observed exponential growth was explained by the diffusion theory, where at least one of 

the two PEL diffuses within the film [150]. According to this theory, the adsorbed amount of 

a PEL in a given deposition step not only depends on the amount of the oppositely charged 

PEL in the outermost layer, but also on the amount of free diffusing PEL available for 

complexation within the multilayer film. Diffusion of the PEL (fluorescently labelled) within 

very thick films (several µm) during their build-up was visualized by the confocal laser 

scanning microscopy (CLSM) technique [152, 153]. It has been suggested that linear growth 

can be turned into an exponential growth if the LBL conditions are changed so that the 

intermolecular forces/interactions are weakened enough between the PEL [154]. 

Surface properties such as surface charge, wettability and morphology are also dependent on 

the deposition conditions and have their influence on the interactions with the surrounding 

environment. The surface charge of the multilayer films can be tailored using either polyanion 

or polycation as the outermost layer which, in turn, results in negative or positive surface net 

charge [97] [128]. Another surface charge controlling parameter is the pH adjustments of the 

PEL, especially if weak ones are present [128]. The charges of such weak PEL are adjustable 

as the degree of dissociation of their functional groups depends on their pKa value [128]. 

Hence the overall surface charge can be controlled that later on and may have an impact on 

the protein adsorption and initial cellular events. Furthermore, the wetting properties of 

multilayer surfaces also depend on the deposition conditions. Many of the commonly used 

PEL (e.g. PSS) have a hydrophobic hydrocarbon chain as a backbone [128]. The charges on 

the PEL are present due to attached functional groups. If these charges are screened, may at 

high ionic strength, the hydrophobic character becomes dominant [128] that reduces the 

wettability of the surface. In addition to that, the rigidity of the multilayers is also influenced 

by the ionic strength as well as the type of PEL used [97] [128]. During the assembly of 

multilayers, low salt concentration leads to the stretched conformation of the PEL (due to high 

intramolecular repulsion forces between the charged functional groups) and the multilayers 

appear more rigid. Vice versa, at high ionic strength, the layers tend to be more flexible due 

the coiled conformation of the PEL as the high salt concentration screens the charges and the 

PEL chains are more like coils and appear more soft [128]. Therefore, rigidity of the 

multilayers can be controlled which tend to also affects the cell behaviour [36]. As described 

previously, the protein adsorption from the surrounding fluids depends on the characteristics 
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of the material surfaces [155] and consequently protein adsorption, cell adhesion and other 

related events are strongly influenced by the molecular composition of the material surface 

coatings. Therefore, surface modification by application of LBL technique can be a versatile 

tool to tailor the biocompatibility of the materials.  

 

1.4.1.3. LBL films prepared by blending of polyelectrolytes 

The conditions during the film construction and also the intrinsic properties of the PEL that 

are used in the formation of multilayers dictate the bulk properties of these films. Hence, 

controlling the chemical composition of multilayer films provides a further possibility of 

tuning their physical properties. With this as a goal, an innovative enhancement in LBL 

technique for tuning of film properties by blending of either polyanions or polycations has 

been introduced recently [156, 157]. Such blend films offer new possibilities for the 

modulation of film thickness, morphology and secondary structure [156] [158], degradation 

rates, protein adsorption or even mechanical properties [159]. A number of studies have 

reported the blending technique and its ability to enhance the functionality of the LBL films 

[160, 161]. When designing a PEL blend film, the control over the chemical composition of 

the film is of chief importance, as it is the origin of the desired, intrinsic and surface 

properties of the films. In many cases, preferential incorporation of one of the two PEL in the 

film has been reported. For example, the study on blends of polyanion (HA-PSS) built with 

poyl-l-lysine (PLL) had shown the preferential adsorption of PSS over HA and also 

anomalous evolution of film thickness [162]. Stability of films prepared from several low 

molecular weight species was also improved by blending them with PSS [163]. Caruso et al. 

has provided a wide overview about the different aspects and utilities of the blends in 

multilayers so far [160], although details of PEL arrangement within such films are still 

unresolved and are difficult to investigate. Additionally, Crouzier et al. showed how blending 

could improve the biological aspects. Their studies demonstrated the ability of HA-HEP blend 

films as potential growth factor reservoir and probed the bioactivity of these films by 

measuring the alkaline phosphatase (ALP) activity of C2C12 cells [161]. 

 

1.4.1.4. Controlling protein adsorption and cellular responses on LBL films 

Controlling protein adsorption and cellular behaviour on surfaces is one of the critical and 

important steps during development of a biomedical device. Adsorption of proteins on LBL 

films is a complex phenomenon attributed to electrostatic forces, hydrogen bonding, 
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hydrophobic interactions and hydrophilic repulsion [164-166]. A number of studies have 

shown the effect of multilayer surface charge on the adsorption behaviour of different proteins 

(serum albumin, FNG etc) [164] [166-169]. These studies showed that proteins strongly 

interact with LBL films regardless of the sign for both the multilayer surface and the proteins. 

When the sign of charges was similar, a monolayer of proteins was adsorbed due to hydrogen 

bonding and hydrophobic interactions. Whereas, when charges on protein and multilayer 

surface were opposite, electrostatic interactions became dominant and led to the adsorption of 

a thicker layer of proteins. Wittmer et al. added a final FN layer to PLL/ dextran sulfate (DS) 

films and found that higher amount of protein was observed on positively charged PLL 

ending films [170]. Cells were larger and more symmetrically spread on FN-coated films. 

Another study by Kirchhof and colleagues has used preadsorption of FN to enhance the cell 

adhesion that was strongly pH dependent on CHI/HEP multilayers [111] [131]. However, 

Salloum et al. exploited the hydrophilic repulsions to minimize the protein adsorption through 

fabrication of LBL films of a diblock-co-polymer comprising a hydrophilic poly(ethylene 

oxide) block [164].  

The flexible properties of multilayers have fostered studies on the influence of these 

properties on cell behaviour. Synthetic PEL like PSS, PAA or PAH have been widely used for 

cell studies on multilayers. In most cases, the cell attachment to the layer surface was 

mediated by electrostatic interactions, and more indirectly by adsorption of serum proteins. 

Apart from films of synthetic polymers, cell behaviour has been studied widely on multilayers 

from natural ECM components. Multilayers of ECM proteins, GAG and other 

polysaccharides have been subjected for cell studies and it was observed that cellular 

responses were dependent on both properties of layers (thickness, hydration and mechanical 

properties) and cell type. For example, most cells are known to adhere poorly on hydrated 

surfaces and materials that are soft [171]. This was observed for different cells on films of 

PLL/HA [172, 173], CHI/HA [86, 174] or PLL/PGA (poly(L-glutamic acid)) [175]. However, 

certain cell types prefer to adhere on soft substratum, like neuronal cells on COL/HA films 

[176]. Niepel et al. showed that surface wettability, surface charge and lateral structures of 

PEI/HEP multilayers were controlled by pH variation of HEP solution which also led to the 

modulation of fibroblast adhesion [112]. Another way to improve cell adhesion on multilayers 

is grafting peptides that are known to interact with specific cellular receptors. For instance, 

the RGD (arginine-glycine-aspartate) sequence, which is a central integrin-binding region 

present on fibronectin and collagen. Multilayers that exhibit poor adhesion properties can be 

very well use for such grafting functionalization. This was applied using poly(allylamine 
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hydrochloride) (PAH)-RGD and poly(L-glutamic acid) (PGA)-RGD for improvement of cell 

attachment [175] [177].  

 

1.4.2. Polyelectrolytes used during this study 

1.4.2.1. Polycations 

(a) Poly (ethyleneimine) (PEI) 

Poly (ethyleneimine) (PEI) is a highly water soluble, cationic synthetic polymer generated 

from the ethyleneimine monomer where every third atom is a nitrogen. It exists as a branched 

polymer as well as in linear form. PEI is generally available in a broad range of molecular 

weights Mw, from <1000 Da to 1.6 × 103 kDa. It was found that high Mw PEI lead to 

increased cytotoxicity [178, 179], where as low Mw PEI demonstrated a low cytotoxicity in 

cell culture studies [179-182]. PEI is a strongly alkaline molecule and approximately 20% of 

nitrogen atoms are protonated under physiological conditions [183]. As result it can change its 

ionization state over a broad range of pH. 

 

 

Figure 1.6: Molecular structure of Poly (ethyleneimine)  

 

PEI is widely used as a transfection agent as it condenses DNA into a globular nanostructure 

that can be internalized by the cells via endocytosis [184]. On the other hand, PEI has often 

been used in the field of PEL multilayers. Mostly it is used as a precursor uniform anchoring 

layer during LbL assembly to provide better bonding to the underlying substrate [185, 186]. 

The degree of dissociation of PEI, as weak polycation, is dependent on the pH of the solution 

and the reported pKa value is around 8.3 [187].  
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(b) Chitosan 

Chitosan (CHI) is a GAG and represents a co-polymer of N-acetylglucosamine and 

glucosamine linked via 1-4-beta glycosidic bonds produced by deacetylation of chitin. Chitin 

is a natural mucopolysacharide present in arthropods and is composed of β(1→4)-D-

glucosamine units with a variable degree of N-acetylation (DA) [188] The N-acetyl group 

distribution along the polymeric backbone may control the solubility. Chitin (DA~1) is 

insoluble in aqueous solutions. When the average DA is lower than approximately 0.5, the 

polymers are called CHI and become soluble in aqueous solutions in the presence of acids like 

acetic acid [189]. This is related to the fact that protonation of amino groups of glucosamine 

residues contributes to the disruption of hydrogen bonding. This is followed by solvation of 

cationic sites and leads to the solubilisation when the balance between solvent/ polymer and 

polymer/ polymer interactions becomes favourable. This limit is tightly related to the intrinsic 

pKa of CHI [190]. The DA influences the various properties of CHI like its solubility and 

biodegradability [191].  

 

 

Figure 1.7: Structural formula of chitosan  

 

The primary amines make CHI a weak PEL. It has an intrinsic pKa varying from 6.46 to 7.32 

[192]. The charge density and pH of the solution influences the conformation of the CHI 

chains [193]. Increase in solution pH or ionic strength reduces the charge density of chitosan 

which in turn results in reduction in chain dimensions corresponding to collapse of the 

polymer [194]. CHI possesses remarkable antimicrobial activity and promotes wound healing 

through a number of mechanisms [195, 196]. Hence, it is not surprising that CHI has been 

applied in different studies as polycation during multilayer formation [142, 143] [197]. 
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1.4.2.2. Polyanions 

(a) Heparin 

Heparin (HEP), the most sulfated GAG, represents a strong polyanion, composed of either 

β-D-glucuronic acid or α-D-iduronic acid and 2-N-sulfo-glucosamine connected by a 

1-4-glycosidic linkage. Generally, HEP has three different functional groups, sulphate 

monoesters, sulphamido groups and carboxylate groups [198]. The first two are highly acidic 

and have pKa values ranging from 0.5 to 1.5 while the third one is less acidic with a pKa 

value of 3.13 [198].  

 

Figure 1.8: Structural formula of Heparin 

 

HEP has the highest negative charge density of any known biological polyanion, due to the 

presence of carboxyl and sulfonate groups [199]. It interacts with a large variety of proteins 

that regulate adhesion, growth and differentiation of cells [200]. It is also commonly known 

for its anti-thrombogenic activity [201]. The biological activity and the degree of sulfation of 

HEP are dependent on the animal source of extraction [202]. Due to the high affinity of 

heparin towards several growth factors [203], it is often incorporated into the hydrogels [204] 

and also recently used in making multilayer coatings on biomaterial surfaces [129] [131].  

However, the use of HEP has certain draw-backs. The isolation of HEP from animal sources, 

e.g., porcine intestinal mucosa or bovine lung limits its availability in larger quantities and 

also leads to substantial chemical heterogeneity and variability of physiological activity [200]. 

Therefore, previous studies were conducted to replace HEP by modification of more 

abundantly occurring polysaccharides like cellulose to achieve heparinoid features as 

cellulose sulfates (CS) [205-207]. 
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(b) Cellulose sulfates 

The naturally occurring HEP exhibits various molecular compositions which results into 

different biological responses [208-210]. Therefore a wide variety of GAG-analogues have 

been derived by sulfating other abundantly available natural polysaccharides. For example, 

cellulose as a renewable resource has been exploited for the synthesis of a number of 

derivatives like carboxymethyl cellulose, cellulose acetate and cellulose sulfate (CS) [211-

214]. In contrast to cellulose, cellulose sulfates (CS) are the water soluble derivatives and thus 

exhibit diverse biological effects such as enzymatic degradability and anticoagulant activity 

[214, 215]. CS has been widely used in biotechnology and pharmaceutics to encapsulate 

enzymes and cells [216-218], as inhibitors for HIV viruses and anticoagulant effectors [205] 

[219, 220]. CS were prepared previously by regioselective sulfation of cellulose to achieve 

molecular similarity and bioactivity to HEP [207], particularly with respect to interaction with 

growth factors and cells. It was also found that CS with high substitution degree could bind to 

growth factors and promotes proliferation [221], while CS with intermediate sulfation degree 

had shown significant binding with BMP-2 and increased osteogenic activity in C2C12 cells 

[222].  

Different strategies have been developed to prepare CS with different substitution patterns. 

CS can be synthesized through either heterogeneous or homogeneous sulfation of cellulose 

with solvents like N,N-dimethylformamide (DMF), pyridine, dimethyl sulfoxide, N2O4·DMF 

system as well as ionic liquids. Different sulfating agents such as SO3, chlorosulfuric acid and 

SO3-DMF complex have also been applied [214] [223, 224].  

Additionally, protocols for cellulose sulfation as acetosulfation or as homogeneous sulfation 

in ionic liquids have been introduced [213] [221] [225, 226]. During our studies, synthesis of 

cellulose derivatives was carried out either as acetosulfation of cellulose or as direct sulfation 

of cellulose with different degrees of substitution with sulfate (DSS). CS containing carboxyl 

(CO) or carboxymethyl (CM) groups were also synthesized. The characterization was done by 

nuclear magnetic resonance and Raman spectroscopy. The details are described elsewhere 

[207] [222] [227].  
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Figure 1.9: Chemical synthesis of cellulose sulfate, carboxymethylated cellulose sulfate and 

carboxylated cellulose sulfate [222] 

 

1.5 Motivation 

In the field of biomedical materials, TE, and regenerative medicine constant efforts are being 

made in designing and development of functional nanostructured materials at the molecular 

level with specific bioactivity. This study was aimed to develop biomimetic surfaces with 

possible biospecific cues to obtain control over cell adhesion and growth by exploiting the 

layer-by-layer (LBL) technique. The main focus was on developing multilayers using 

different polyanions with varying chemical composition (sulfate groups) paired with CHI and 

studying the effect of distinct molecular compositions on the multilayer formation process, 

protein adsorption and cellular responses. Novel CS with controlled degree of sulfation (DSS) 

were synthesized and they demonstrated a significant FGF2-induced proliferation of 3T3 cells 
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and even stronger mitogenic effects than HEP. Since natural based HEP exhibits certain 

limitations, hence using these bioactive CS with heparinoid features as components of 

multilayers was a strong motivation with intensions of replacing HEP. 

Multilayers of CHI paired with either HEP or semi-synthetic CS that possessed a higher 

sulfation degree than HEP were assembled. Such multilayers were particularly of interest due 

to presence of different functional groups on HEP and CS, as HEP contains sulfate as well as 

carboxylic groups, whereas CS were having only sulfate groups. The study was aiming to 

interpret how the different degree of sulfation, presence or lack of carboxylic groups 

influences multilayer properties as well as to interpret the type of interactions that are 

involved in formation of multilayers (ion pairing to others such as hydrogen bonding etc.). 

Additionally, the influence of such distinct multilayer properties on protein adsorption (FN) 

and behaviour of C2C12 cells was investigated. 

Since deposition conditions of multilayer formation influence the properties (physico-

chemical and biological) of PEM, pH variation was used here as a tool to tailor the multilayer 

characteristics and their bioactivity. Multilayers of HEP and one of the CS were assembled at 

different pH conditions (acidic & basic) to study the effect of pH change on multilayer 

properties (bulk and surface) as well as on protein adsorption and bioactivity. 

Overall, the present study was attempted to design multilayered surfaces with varying 

molecular composition on glass as model substrate, exploiting different pH conditions to 

guide adhesion and growth of C2C12 skeletal muscle cells.  

 

1.6 Overview of thesis and summary of papers 

This thesis consists of five papers as chapters 2-6. Out of five papers, four are published and 

one accepted.  

Nano-structured multilayers of natural HEP and semi-synthetic cellulose sulfates were 

prepared on glass as model surfaces and explored physico-chemically and biologically. As 

also outlined in the introduction, deposition conditions influences the properties of multilayers. 

Therefore, the effect of pH variation on layer characteristics (in terms of physico-chemical 

and biological aspects) was studied in detail in the current work. Multilayers of HEP and CHI 

were constructed at different pH conditions, where the HEP solution was applied at pH 4, pH 

9, or at pH 4 during the formation of the first layers followed by pH 9 during the last steps of 

the multilayer assembly (annotated pH 4+9). These multilayers showed distinct properties and 
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also different cell behavior. As illustrated before, naturally occurring glycosaminoglycans (e.g. 

HEP) exhibit certain drawback and to this end cellulose derivatives were made and 

characterized to exploit them as promising candidates for replacement of HEP in different 

biomedical applications. In this perspective, a series of cellulose derivatives with defined 

substitution patterns of sulfate, carboxylate and carboxymethyl groups were prepared. These 

derivatives were examined for their cytotoxicity and mitogenic activity by modulation of 3T3 

fibroblast proliferation with or without exogenous fibroblast growth factor (FGF-2). It was 

found that none of the derivatives were toxic. Highly sulfated CS strongly promoted FGF2-

induced proliferation while CS with intermediate degree of sulfation exerted stronger 

mitogenic effects than HEP in the absence of FGF2. On the other hand, CO and CM did not 

show any significant promoting effects of on cell proliferation despite the structure of CO 

showed similarities to HEP. On the basis of this detailed study executed over these derivatives, 

middle and highly sulfated CS were chosen for further exploration of their bioactivity when 

surface immobilized in multilayers. Therefore, these two (middle and highly sulfated) CS 

along with HEP were applied as polyanions paired with CHI to construct PEL multilayer thin 

films on the model substrate glass. However, also to study the influence of deposition 

conditions, later on multilayers of HEP and middle sulfated CS were deposited under acidic 

(pH 4) and basic (pH 9) conditions of the adsorbing solutions. Another important aspect in the 

field of multilayers is the blending of PELs (polyanions/polycations) prior to film deposition 

to improve the properties of the layers. This possibility, by blending of HEP with CS was also 

explored during the course of this thesis work. Following is the summery of this complete 

study which includes the different objectives of the research and the achieved results in form 

of five papers.  

 

Summary – paper I (chapter 2) 

The first paper was aimed to delve into the effects of pH variation onto the physico-chemical 

properties and bioactivity of multilayers. Multilayer coatings from HEP and CHI were 

prepared at different pH to allow control of layer mass and surface properties, as well as 

protein adsorption, cell adhesion and growth. During the fabrication of multilayer films, the 

HEP solution was applied at varied pH values including pH 4, pH 9, or at pH 4 during the 

formation of the first layers followed by pH 9 during the last steps of the multilayer assembly 

(denoted pH 4+9). This study demonstrated a method to alternate between ion pairing and 

hydrogen bonding by varying the pH of the HEP solution from 4 to 9 that also led to 
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differences in both layer mass and adhesivity for C2C12 myoblast cells. A unique finding of 

this study was that a flip of pH from 4 to 9 allowed the formation of thicker multilayers with a 

high adhesivity for cells.  

As it was found that the multilayers assembled by applying the HEP solution at pH 9 were 

significantly more cell adhesive and supported growth of C2C12 cells to a higher extend  than 

layers assembled at pH 4 (cells adhered and grew poorly). However, the pH 4+9 condition 

improved cell adhesion and growth to a similar level as the PEM with HEP applied at pH 9. 

Therefore, this could be applied as a potential system for controlled release of growth factors 

in different tissue engineering applications. 

The PEM of CHI and HEP fabricated at different pH conditions were characterized by several 

methods. Water contact angles (WCA) between CHI and HEP layers changed alternately 

which correlates to the change in the composition of the terminal layer. The WCA results 

showed distinct pH-dependent changes in wettability with high differences between CHI and 

HEP terminal layers prepared at pH 4, while the differences were smaller for multilayers 

where the HEP was added at pH 9 or by the pH 4+9 sequence. The difference in WCA 

between the layers at pH 4 were larger which indicated a dominance of either CHI or HEP in 

the outer layers after the corresponding coating step. In contrast, the WCA differences 

between CHI and HEP layers were smaller during the adsorption of HEP at pH 9. In this case 

the previously adsorbed CHI is not charged at pH 9 and, hence, other mechanisms than ion 

pairing were expected to be responsible for the adsorption of HEP. Hydrogen bonding was 

assumed here as it was also reported for HEP/CHI interaction with FTIR studies by Dong 

et al.[228]. Likewise, a distinct change in surface wettability was seen as the pH of the HEP 

solution is changed form from 4 to 9 after the formation of 7th layer. The 8th layer (assembled 

at pH 9) became less hydrophilic than the ones assembled at pH 4. The WCA were even 

higher than compared to layers exclusively formed at pH 9, which pointed to a dominance of 

CHI in the outermost layers for systems formed at pH 9 as well as at pH 4+9 condition. 

Surface plasmon resonance (SPR) and quartz crystal microbalance with dissipation 

monitoring (QCM-D) investigations allowed both the measurement of adsorbed quantities of 

PEL and also an estimation of the water content of the layers. Both techniques showed 

differences in the biomolecular mass adsorption and hydration during the multilayer build-up 

at different pH conditions. Exponentially growing multilayers were obtained when the HEP 

solution was kept at pH 4, while only a slight linear mass increase was observed for 

multilayers prepared where the HEP solution was kept at pH 9. At pH 4, when ion pairing 
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should dominate due to the protonation of CHI amino groups, more mass was adsorbed at 

each step, while lower mass increase observed at pH 9 indicated the dominance of hydrogen 

bonding [228]. PEM formed at the pH 4+9 condition showed an arrest of mass increase upon 

switching from pH 4 to pH 9 (QCM-D), while a further increase of layer mass was evident by 

SPR. The calculated QCM-D layer masses were much larger than those measured by SPR, 

particularly for the pH 4 and pH 4+9 regime. This indicated a substantial amount of water 

bound to these layers. In contrast, multilayers prepared at the pH 9 regime had a lower water 

content since only a small layer growth was observed with QCM-D. The ability of such 

multilayers to adsorb proteins was also measured by QCM-D by exposing the terminal HEP 

layer (12th layer) to FN for 1 hour. FN was chosen as a model protein to illustrate adsorption 

of adhesive proteins from serum that are important prerequisites for cells to adhere on 

material surfaces. The results showed that multilayers prepared at pH 9 had a higher affinity 

to FN followed by pH 4+9 layers, whereas pH 4 layers did not supported FN adsorption. 

Atomic force microscopy (AFM) displayed a distinct surface morphology for each of the pH 

conditions with the smoothest granular surface topography for the multilayers prepared at 

pH 4 and the roughest globular structure when the HEP solution was applied at pH 9, while 

the pH 4+9 condition showed intermediate structures.  

The different multilayers were exposed to serum containing culture medium for subsequent 

studies with C2C12 mouse myoblast cells. The pH during multilayer formation showed a 

great effect on cell adhesion and spreading. In the case of pH 4 multilayers, in general, cells 

were round. In contrast, elongated and well spread C2C12 cells were found on multilayers 

prepared at pH 9. On pH 4+9 layers more cells adhered with a more spread phenotype that 

was similar to the pH 9 conditions. Quantitative data (obtained by analysis of phase contrast 

images) on cell adhesion and spreading also confirmed the qualitative observations. The 

higher adhesion and spreading of cells on pH 9 and pH 4+9 multilayer systems were in 

accordance with the findings on FN adsorption. 

The results of cell proliferation study revealed that cell spreading was improved on 

multilayers prepared at pH 4 although cell number was considerably lower. The cell coverage 

after 1 and 3 days was lowest on pH 4 multilayers followed by pH 4+9 and pH 9 layers. 

C2C12 cells were almost confluent after 3 days of culture on pH 9 layers and, hence, these 

layers are more proliferation supporting than pH 4 ones. The pH 4+9 layer setup also 

presented higher coverage of the surface with cells if compared with pH 4 layers which was in 

accordance with the cell adhesion results.  
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This work showed that multilayer coatings made from HEP (a strong PEL) and CHI (a weak 

PEL) can be used to affect adhesion and growth of C2C12 cells by simple adjustment of pH 

of HEP solution during multilayer assembly. This had a great effect on wetting properties of 

multilayers, their layer mass, water content and surface topography. Furthermore, the pH 

variation also influenced the subsequent adsorption of adhesive proteins like FN and adhesion 

and growth of cells. Therefore, multilayer systems prepared by variation of pH might be very 

useful to support initial cell attachment and growth, while at the same time providing 

additional functions, such as reservoirs and delivery systems for growth factors and similar 

molecules. 

 

Summary – paper II (chapter 3) 

The aim this following work was focused on synthesis of semi-synthetic cellulose derivatives 

and to explore the bioactivity of these cellulose derivatives by realizing their ability to 

cooperate with growth factors such as FGF-2 and modulate the growth of cells in comparison 

with the HEP.  

GAG like HEP or HEP sulfate interact with growth factors and plays pivotal roles in 

regulating cell proliferation and differentiation. Furthermore, GAG such as HEP not only 

prolong the half-life of growth factors, but can also directly control the proliferation of cells 

by modulating the cellular production of growth factors [229, 230]. Since naturally occurring 

HEPs differ greatly regarding their molecular composition, their biological activity depends 

on the source, too [200]. Therefore, synthetic routes to prepare substances with controlled 

heparinoid activity are attractive for a variety of biomedical applications. Cellulose is one of 

the most abundant natural occurring polysaccharides. CS have been synthesized by variety of 

methods and in contrast to cellulose, CS showed highly improved solubility in water and 

better enzymatic degradability. This study introduced novel routes of cellulose derivatisation 

to obtain defined substitution patterns with sulfate, carboxylate and also carboxymethyl 

groups. CS were synthesized through aceto-sulfation as well as direct sulfation, whereas CS 

containing CO or CM groups were prepared by TEMPO oxidation from low sulfated CS or by 

carboxymethylation with chloroacetic acid. CM groups with the methyl group as spacer 

element in CM were intended to enhance the potential steric accessibility of the carboxyl 

groups for interaction with FGF2. All derivatives were water soluble. A series of CS from low 

to high sulfation degree were prepared along with three types of CO and four types of CM 
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from different CS as starting materials. The derivatisation was characterized by nuclear 

magnetic resonance and Raman spectroscopy.  

Cytotoxicity measurements were performed with all the derivatives on 3T3-L1 fibroblast cells. 

All derivatives were non-toxic for 3T3 fibroblast cells. Most of the derivatives showed little 

but not significant reduction in cell viability. The derivatives were also investigated regarding 

their mitogenic activity by modulation of 3T3 fibroblast proliferation with or without 

exogenous FGF-2. For the CS, the degree of sulfation in both positions (6-O and 2-O) played 

an important role in the enhancement of the mitogenic activity of FGF-2. Additionally, in 

previous studies by Zhang et al. it was shown that CS with maximum sulfation at 

O-6-position and intermediate to high sulfation at O-2 position could accomplish a binding of 

FGF-2 [221]. With an increase in 6-O sulfation up to 1.0, the proliferation increased up to 

120 % of the control (10 ng ml-1 FGF2) and a further increase of sulfation at 2-O-position 

continuously increased the proliferation up to 160% of the control. In contrast to the finding 

with CS, only some of the carboxylated and carboxymethylated derivatives possessed a small 

mitogenic activity. Moreover, the mitogenic activity was not related to the degree of 

carboxylation or carboxymethylation as was observed for the degree of sulfation. The results 

confirmed that a higher degree of sulfation obviously provoked the enhanced mitogenic 

activity and also indicated that an increase in DSCOO (DS values of carboxyl groups) led to 

impaired proliferation, which was an unexpected finding if compared with HEP that possesses 

a similar DSCOO.  

Additionally, concentration-dependent effects of cellulose derivatives on 3T3 cell 

proliferation in the presence of exogenous FGF-2 were tested. All CS yielded results 

compared with HEP at a concentration of 1 mg ml-1 and increased the growth of 3T3 cells up 

to 195% compared with the control, which was DMEM with 10 ng ml-1 FGF-2 alone. The 

highest mitogenic activity was found for HEP (215% compared with the control), but only at 

a concentration of 100 µg ml-1. However, derivative CS-1.94 showed a remarkable mitogenic 

activity over the whole concentration range which was in correlation to the difference in 

degree of derivatisation and site. The reasons for the mitogenic property might be due to the 

prolonged life time of FGF-2 as well as the increased binding of FGF-2 to its receptor by CS, 

as also shown by Pye et al. for heparan sulfate oligosaccharides, where an increased sulfation 

was linked to elevated cell growth [231]. Later on, studies by Weltrowski et al. have shown 

that CS increased the stability of FGF-2 towards proteases alone or in contact with cells that 

might release MMPs (matrix metalloproteinases) [232]. 
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Another experiment was done where direct impact of the cellulose derivatives on the 

proliferation of 3T3-L1 fibroblasts was studied at the same concentrations as in the former 

experiments but without addition of FGF-2. The middle sulfated derivative CS-1.57 showed 

highest mitogenic activity at the lower concentration range. The mitogenic activity of CS-1.57 

even at lower concentrations exceeded that of HEP by far. Surprisingly, the highest sulfated 

CS-1.94 yielded a slight increase only at 1 mg ml-1 (131% of the FGF-2 control). Comparable 

to the results with the addition of FGF-2, CS-1.94 showed almost a constant mitogenic 

activity over the whole concentration range. But CS with lower degree of derivatisation, 

especially at 2-O-position led to higher mitogenic activity without FGF-2, even at relatively 

low concentrations. Hence, it was speculated that a certain degree of 2-O-sulfation can foster 

the mitogenic activity of the cellulose derivatives. With the exception of CM-1.09, all of the 

carboxylated and carboxymethylated CS did not show any promoting effect on cell growth. 

The results show that the mitogenic effects of the cellulose derivatives in the absence of 

exogenous growth factors depend highly on derivatisation, especially the degree of sulfation. 

Surprisingly none of the carboxylated CS expressed a remarkable mitogenic activity even 

their structure shows some similarities to HEP and this might be because their DSS was 

probably not high enough to become potent mitogenic inducers. CS with intermediate and 

high DSS possessed a mitogenic activity far exceeding that of HEP, which makes these 

materials alone, or more specifically, together with FGF-2, highly interesting. This study 

indicated that CS represented highly effective alternative to HEP in tissue culture applications 

as supplements to media, but more importantly as component of scaffolds, able to bind, 

protect and control the release of growth factors.  

 

Summary – paper III (chapter 4) 

The investigations of CS properties and their biological responses when applied as thin film 

coatings were aimed here. A comparative study on multilayers prepared from high (CS2.6) 

and middle sulfated CS (CS1.6) along with HEP was done to depict effect of chemical 

composition of polyanions (presence of sulfate groups and absence of carboxylic groups) on 

multilayer properties and their bioactivity.  

The ‘optical’ mass of the multilayers, measured by SPR, showed little differences in the total 

mass adsorbed irrespective of which polyanion was used. In the case of the CHI-HEP 

multilayer system, the layer growth was exponential. Multilayer mass of both CS systems 

(CHI-CS1.6 and CHI-CS2.6) was slightly larger, but with a different growth pattern. The CS 
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graphs appeared staircase-like indicating more mass adsorption during the CS1.6 and CS2.6 

deposition as compared to CHI. In contrast, ‘acoustic’ mass, calculated from QCM-D, showed 

the lowest mass and dissipation values for CS2.6 multilayers (highest sulfation degree) 

indicating the formation of stiffer layers compared to HEP and CS1.6 layers, who resulted in 

higher mass and dissipation values. The layer masses obtained from the QCM-D data were 

much larger than the corresponding masses measured by SPR, which indicated the hydrated 

nature of CHI-HEP multilayers. In contrast, the acoustic mass of CHI-CS2.6 layers was also 

very low and pointed to a highly condensed nature of these films. The dissipation values for 

the CHI-HEP system showed alternatingly increased values upon addition of CHI followed by 

strongly decreased values upon addition of HEP. The decrease of dissipation values after 

addition of HEP indicates a stiffening of the multilayer system. Such alternating changes in 

the dissipation curves were absent for the CHI-CS1.6 and CHI-CS2.6 systems. For the 

CHI-CS1.6 system, there was an almost linear increase, whereas the dissipation values 

remained almost constant in case of CHI-CS2.6, pointing again to the formation of highly 

condensed layers. The relative water content of these multilayers was calculated by 

comparison of layer mass calculated from SPR and QCM-D measurements. The staircase 

growth pattern observed for CS based multilayers indicated the dominating presence of CS in 

the CHI-CS1.6 and CHI-CS2.6 layer systems (unlike CHI-HEP system) that also draws the 

attention towards the fact that they contain only sulfate groups and no carboxylic groups like 

HEP. Dominance of sulfate groups over carboxylic groups in ion pairing has been observed 

previously by others, too [129].  

QCM-D measurements were also used to measure the adsorption of FN on the terminal 

polyanion layer to investigate the protein adsorption abilities (FN possesses HEP-binding 

domains). FN adsorption was very low and not detectable on the CHI-HEP layers as found in 

the previous Paper I, whereas both CHI-CS multilayers showed significant adsorption of FN. 

However, the quantity adsorbed on CHI-CS1.6 was higher compared to CHI-CS2.6 

multilayers. 

Water contact angle (WCA) and zeta potential measurements were executed to determine 

wettability and surface charge of HEP and CS multilayers. Both measurements indicated 

formation of more distinct layers using HEP as polyanion, while the employment of CS1.6 

and CS2.6 resulted into more fuzzy intermingled multilayers. CHI-HEP multilayers showed 

alternating values with lower WCA for HEP and higher for CHI and these differences in 

WCA values pointed to the formation of more separated layers of CHI-HEP system. In 

contrast, no such alternating WCA values were observed for CHI-CS1.6 or very low 
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differences were seen for CHI-CS2.6 system which hinted towards the formation of more 

intermingled multilayers. These observations were further affirmed by the zeta potential 

measurements.  

The biological behaviour of HEP and CS based multilayer films was studied by cell adhesion 

and growth experiments with C2C12 cells. The cell count and cell spreading (cell size) was 

significantly lower on the CHI-HEP multilayer system compared to both CS terminated 

multilayers, which was also in correlation with the lack of FN adsorption on CHI-HEP. The 

proliferation of C2C12 cells on different corresponding multilayer systems was studied after 

incubation periods of 24 and 72 h. On both CHI-HEP and CHI-CS1.6 layers, cells showed a 

reduced degree of spreading and a tendency to form bulky aggregates in contrast to cells 

seeded on CHI-CS2.6 layers, where cells had a more spread phenotype. The speculated reason 

might be the hydration of HEP and CS1.6 layers during the long term culture affecting the 

growth and phenotypes of the cells. From the above observations, one can conclude that 

multilayer coatings prepared from three different polyanions (HEP, CS1.6, CS2.6) can be 

used to attain multilayer systems with specific growth patterns, hydration, mechanical 

properties as well as fibronectin adsorption and cellular responses.  

 

Summary – paper IV (chapter 5) 

In continuation with the investigations of CS, this work was focused on the preparation of 

PEL multilayers at different pH conditions using HEP or middle sulfated CS as the polyanion 

and CHI as a polycation. The multilayers were prepared at pH 4 and 9 in analogy to paper I 

and shall help in understanding the effects of deposition conditions on the properties and 

bioactivity of the multilayers of CS along with HEP. This study provided the opportunity to 

learn whether a CS with slightly higher degree of sulfation and molecular weight but lack of 

carboxylic group would behave similarly to HEP regarding film formation, surface properties 

and bioactivity towards protein adsorption, cell adhesion and proliferation.  

PEM were again characterized by SPR, QCM-D, WCA and zeta potential measurements. 

Biological behavior of these multilayers was studied regarding FN adsorption and 

adhesion/ proliferation of C2C12 myoblast cells.  

Layer growth and dry mass were higher for both polyanions at pH 4. Layers grew 

exponentially and ion pairing occurred due to protonation of CHI at pH 4 [142]. On the other 

hand, at pH 9 condition only a low increment of layer mass was observed. Here, ion pairing 

was replaced by hydrogen bonding since the amino groups of the previously adsorbed CHI 
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are not protonated at pH 9. In contrast, a different behaviour was observed for CHI-CS 

multilayer systems. CS as polyanion resulted also in high layer growth and mass at pH 9 

(difference between pH 4 and 9 was moderate), indicating a much stronger effect of hydrogen 

bonding between CHI and CS. Also the growth pattern suggested a higher mass increase by 

CS, but lower with CHI. Findings of QCM-D measurements were in correlation with SPR 

studies for the CHI-HEP system, whereas CHI-CS had shown some discrepancy. In strong 

contrast to the CHI-HEP system, the layer mass at pH 9 regimes was higher than at pH 4 for 

the CHI-CS system. The calculated water content of these layers at pH 9 was higher than at 

pH 4, which indicates the reason for higher layers mass at pH 9. The CHI-CS multilayers at 

pH 4 were supposed to be more condensed due to electrostatic cross-linking than CHI-CS at 

pH 9, where hydrogen bonding might have anticipated. Further, the sulfate groups from CS 

and amino groups from CHI coupled counter ions and water, respectively. This showed that 

hydrogen bonding in the CHI-CS system might be an important parameter during multilayer 

formation.  

QCM-D studies were also used to measure the adsorption of FN on the terminal polyanion 

layer to investigate the protein adsorption abilities of these layers. CHI-HEP multilayers 

prepared at pH 9 had a higher affinity to FN as compared to those prepared at pH 4, which 

showed apparently no measurable FN adsorption. On the other hand, FN adsorption was seen 

for both of the CHI-CS systems, but was higher for CHI-CS multilayers prepared at pH 4. 

The wettability of CHI-HEP multilayers was alternating with lower WCA for HEP and higher 

for CHI at both pH regimes. The differences were greater for multilayers prepared at pH 4 

than those at pH 9. Such differences in WCA between the CHI and HEP layers solely 

represent the characteristics of terminal layer and indicated the formation of more distinct 

layers without or less intermingling of PEL during the fabrication of such multilayer systems. 

On the other hand, no such alternating WCA values were observed in CHI-CS multilayer 

systems formed at both pH 4 and 9 which indicated that CS was rather integrating into CHI 

layers than forming well separated layers. 

These observations were further supported by the zeta potential measurements of the terminal 

CHI and polyanion (HEP or CS) layers prepared at pH 4 and pH 9, which also indicated the 

formation of more separated layers in case of CHI-HEP multilayers prepared at pH 4 whereas 

more intermingled, fuzzy multilayers formed by CHI-CS at both pH conditions and CHI/HEP 

at pH 9. 
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Cell adhesion studies were performed to study the effect of multilayer composition, prepared 

from different polyanions and at different pH conditions on adhesion and growth of C2C12 

cells. The cell behaviour was highly dependent on pH for the CHI-HEP multilayers and was 

closely related to FN adsorption. The number of adhering cells and their spreading was 

significantly lower on CHI-HEP multilayers prepared at pH 4 condition as compared to the 

layers fabricated at pH 9 condition as also found in paper I. The lower cell adhesion and 

spreading on pH 4 layers was correlated to FN adsorption. In contrast, properties of CHI-CS 

layers did not show such strong dependency on pH value, where cell adhesion and spreading 

was high on multilayers prepared either at pH 4 or pH 9. Cell growth was studied also on 

terminal polyanion layers for 24 and 72 h and cell growth was lower on terminal HEP layers 

compared to CS terminal layers, which was closely related to FN adsorption on HEP terminal 

layers and also to the findings of adhesion studies. In case of CHI-HEP system, pH 9 

multilayers showed more surface cell coverage by cells as compared to pH 4 multilayers, 

supported by the quantitative measurements as well. C2C12 cell growth showed low 

dependence on pH during formation of CHI-CS multilayers  

The results of this study show that CS is an attractive candidate for multilayer formation that 

does not depend strongly on pH during multilayer formation. In addition, such multilayer 

system also represents a good substrate for cell interactions. Moreover, CS possessed a high 

bioactivity to promote adhesion and growth of cells on multilayers in addition to their ability 

to bind growth factors provides them with huge advantages for designing bioactive coatings 

for tissue engineering and implantology.  

 

Summary – paper V (chapter 6) 

PEL multilayers prepared via facile LBL technique offers the creation of a wide range of 

biomaterial coatings with potential adjustment of bioactivity towards proteins and cells. An 

enhancement of such versatile and useful technique was achieved by application of blended 

PEL during fabrication of multilayer films [160]. After exploring the potentials of semi-

synthetically derived CS, a comparative study was conducted on physical and biological 

multilayer film properties prepared from HEP, semi-synthetic CS and their blends.  

PEL multilayers were fabricated at pH 4 by blending HEP with either the intermediately 

sulfated cellulose (CS1.6) or highly sulfated cellulose (CS2.6) as polyanions paired with CHI 

as polycation. The different systems were designated as CHI-HEP, CHI-CS1.6, CHI-CS2.6, 

the blend of HEP and CS1.6 as CHI-(HEP+CS1.6) while the blend of HEP and CS2.6 as 
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CHI-(HEP+CS2.6). Multilayers growth was again monitored by SPR and QCM-D, whereas 

surface wettability was determined by WCA measurements. Both SPR and QCM-D showed 

clear differences in the multilayer growth patterns of the different polyanion systems. An 

exponential layer growth was visible for the CHI-HEP multilayer system as also shown before. 

Both multilayer systems of CS (CHI-CS1.6 and CHI-CS2.6) showed slightly larger adsorbed 

mass as well as different increment behaviour (staircase growth curves) compared to the 

CHI-HEP system, which was also shown in the previous paper III. Indeed, the 

CHI-(HEP+CS1.6) multilayer system expressed an exponential growth similar to CHI-HEP 

system, whereas a staircase-like pattern was achieved with the CHI-(HEP+CS2.6) (similar to  

the pure CS systems). 

The overall adsorbed mass increment (including water content) measured by QCM-D for each 

type of multilayer system (except for CHI-CS2.6 system, where layers seemed to be highly 

condensed as also shown in paper IV) was much larger than the corresponding mass measured 

by SPR, which indicated that a substantial amount of water was coupled within these 

multilayer systems. Both blend systems [CHI-(HEP+CS1.6) and CHI-(HEP+CS2.6)] showed 

oscillating dissipation values similar to the CHI-HEP system. The result of SPR and QCM-D 

indicated that HEP was capable to displace CS also with a high sulfation degree (CS2.6) 

during multilayer formation. This pointed to an important role of carboxylic groups (HEP) 

with amino groups (CHI) WCA measurements showed an alternating trend of WCA values 

for CHI-(HEP+CS1.6) like the CHI-HEP system, which indicated again a dominating 

incorporation of HEP over CS1.6. The changes in the WCA of CHI-CS2.6 multilayers were 

also very small which also pointed towards the formation of intermingled multilayers. While 

for the system of CS2.6 blended with HEP (CHI-(HEP+CS2.6), an oscillating trend of WCA 

similar to CHI-HEP system was found. These observations again pointed to the dominating 

presence of HEP in CHI-(HEP+CS2.6) multilayers, which is in line with the multilayer 

growth data from SPR and QCM-D. 

C2C12 cells were plated on the different multilayer surfaces (terminal polyanion, 8th layer) to 

reveal the effect of multilayer molecular composition on the cell attachment and morphology. 

The cell count as well as the cell spreading (cell size) were found to be significantly lower on 

both CHI-HEP and CHI-(HEP+CS1.6) multilayer systems in comparison to the other three 

CHI-CS1.6, CHI-CS2.6 and CHI-(HEP+CS2.6) systems. On the other hand, as shown in the 

previous paper, CHI-CS1.6 multilayers were capable of FN adsorption and supported cell 

adhesion and growth. Similar to the CHI-CS1.6, CHI-CS2.6 multilayer systems promoted 

also significantly cell adhesion and spreading. In case of blend multilayers, the 
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CHI-(HEP+CS1.6) multilayer system also did not support cell adhesion and spreading, very 

much similar to CHI-HEP multilayers, which again indicated the dominating presence of HEP 

over CS1.6. In contrast, the CHI-(HEP+CS2.6) multilayers provided the superior surface for 

cell attachment and spreading. The reason for such behaviour was speculated as the 

conformation of HEP in the ternary system of CHI-(HEP+CS2.6), which might be quite 

different than in the other systems [CHI-HEP and CHI-(HEP+CS1.6)]. Both (HEP and CS2.6) 

might have contributed in promotion of cell adhesion as CS2.6 was also found to support cell 

attachment. The morphology of C2C12 cells also supported the results of quantitative 

measurements. The CHI-(HEP+CS2.6) multilayers expressed most well developed FA with 

well-organized actin stress fibres. 

During this comparative study, it was found that blending of HEP with two different CS 

resulted in multilayers that differ dramatically in their bioactivity. This work was also 

beneficial as HEP is a natural GAG with limited abundance and CS represent potential 

alternative materials in making bioactive surface coatings. Hence, CS might be used as 

diluting agent of HEP in blends, thereby merging the useful properties of both natural and 

semi-synthetic PEL. Overall, the blending of PEL with different bioactivity in multilayer 

coatings can provide additional possibilities to regulate multilayer properties and their 

biological response.  
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2.1. Abstract 

Polyelectrolyte multilayers of chitosan and heparin were assembled on glass where heparin 

was applied at pH = 4, 9 and 4 during the formation of first layers followed by pH = 9 at the 

last steps (denoted pH 4+9). Measurements of wetting properties, layer mass and topography 

showed that multilayers formed at pH = 4 were thicker, contained more water and had a 

smoother surface compared to those prepared at pH = 9 while the pH = 4+9 multilayers 

expressed intermediate properties. pH = 9 multilayers were more cell adhesive and supported 

growth of C2C12 cells than pH = 4 ones. However, 4+9 pH condition improved the 

bioactivity to a similar level of pH = 9 layers. Multilayers prepared using pH 4+9 conditions 

form thick enough layers that may allow efficient loading of bioactive molecules as well as 

significantly bioactive surfaces. 
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2.2. Introduction 

In the field of tissue engineering and implantable biomaterials, the design of materials at 

micrometer or nanometer scale to control their bulk and surface properties still presents a 

great challenge. Although the bulk properties of a functional material, like mechanical 

strength, play an important role for biomedical applications but also surface properties are of 

chief importance.[1, 2] The material surface is the site where the biological events take place; 

from protein adsorption over the initial inflammatory response to the remodelling of tissue.[3] 

Hence, various techniques have been developed for the functionalization of biomaterial 

surfaces to make them more biocompatible and bioactive. Out of these techniques, 

polyelectrolyte multilayer (PEM) coatings offer great potential as an easy, non-covalent 

modification of biomaterial surfaces. Such multilayer thin films are prepared by exploiting a 

facile, yet elegant technique called the layer-by-layer (LBL) method, which was introduced 

by Decher and co-workers in 1990s.[4] Principally, this powerful technique is based on the 

alternating adsorption of oppositely charged polyelectrolytes onto a charged substrate. PEM 

characteristics like thickness, viscoelasticity, topography, surface charge and wettability are 

dependent on the adsorbed polyelectrolytes, i.e. intrinsic properties (molar mass, charge 

density, chain stiffness) as well as on the suspending solution properties (pH value, ionic 

strength, temperature) and also the type of substrate.[5-7] The LBL technique which has 

abundant tunable possibilities, enables the design of a vast range of material coatings with 

controlled intrinsic and extrinsic properties. The above mentioned technique is advantageous 

in making PEM films as layers which can be deposited on materials of varying size and of 

complex geometries like scaffolds and implants. It also allows for incorporation of charged 

species from biological sources [8, 9] to inorganic.[10] 

Precise control of cell adhesion and spreading on implant materials is crucial for desired cell 

growth and differentiation around these materials.[11] Moreover, release of bioactive 

molecules from the bulk of the implant [12] or from surface coatings [13] is often suggested as 

an additional tool to control cell differentiation in a desired direction. Immobilization of 

charged bio-macromolecules like glycosaminoglycans (GAGs) or proteins can lead to desired 

bioactivity of PEM films depending on the affinity of the molecules and the conditions of 

their deposition (e.g. pH).[5, 6][14] For example, the GAG heparin is a strong polyanion that 

possesses a high affinity towards adhesive proteins (e.g. fibronectin) and growth factors (e.g. 

bone morphogenic proteins) interacting via specific heparin-binding domains.[15, 16] Thereby, 

heparin may act as a reservoir system protecting growth factors from proteolytic digestion but 

also presenting them to their corresponding receptors.[17, 18] Hence heparin has been used as a 
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component of bioactive hydrogels in the field of tissue engineering [19] and recently also as a 

component of PEMs on biomaterials.[20, 21] Furthermore, recent work has shown that heparin 

can be used as a system for controlled release of growth factors, although in this case, loading 

efficiency of the heparin/poly-L-lysine multilayers was limited due to condensation of the 

multilayers.[22] Previous studies with heparin as a polyanion in multilayers showed that 

multilayers prepared at lower pH have a higher mass and are highly cell repulsive as 

compared to those prepared at higher pH.[20, 21] On the other hand, thicker multilayers were 

found to be more useful for loading and sustained release of growth factors.[23] 

Hence, in the present study, biomimetic multilayer coatings from heparin and chitosan were 

prepared at different pH to allow control of layer mass and surface properties, as well as 

protein adsorption, cell adhesion and growth. In contrast to many other studies with chitosan 

and heparin we present a method to alternate between ion pairing and hydrogen bonding by 

varying the pH of the heparin solution from 4 to 9 leading to differences in both layer mass 

and adhesivity for C2C12 myoblast cells. A particular novelty of this study was the finding 

that a change of the pH from 4 to 9 during a 7-layer-assembly allows formation of thicker 

multilayers with a high adhesivity for cells. In the future, this could be used as a system for 

controlled release of growth factors in different tissue engineering applications. 

 

2.3. Materials and Methods 

2.3.1. Materials 

Glass cover slips (Menzel, Germany) for PEM fabrication were cleaned for 2 hours with 0.5 

M NaOH (Roth, Germany) dissolved in 96% ethanol (Roth, Germany) followed by excessive 

rinsing with micropure water (10 X 5 minutes). Gold-coated sensors for SPR measurements 

were obtained from IBIS Technologies (Hengelo, The Netherlands). Gold-coated AT-cut 

quartz crystals for QCM-D measurements were obtained from Q-sense (Göteborg, Sweden). 

All new sensors were cleaned using 99.8% ethanol (Merck, Germany) and rinsed thoroughly 

with micropure Milli-Q water. Sensors were immediately incubated overnight in an 

ethanol (p.a.) solution of 2 mM mercaptoundecanoic acid (MUDA, 95%, Sigma, Deisenhofen, 

Germany) to obtain a negatively charged surface by the formation of a self-assembled 

monolayer exposing carboxyl groups. Silicon wafers (Silicon materials, Kaufering, Germany) 

with a size of 10 x 10 mm were treated with a solution of NH4OH (27%), H2O2 (30%) and 

water (1:1:5, v/v/v) at 70°C for 15 minutes and subsequently washed with Milli-Q water. 
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For the preparation of polyelectrolyte solutions, poly (ethylene imine) (PEI, P) 

(MW 750,000 g/mol, Sigma), heparin (min. 150 IU/mg, MW 8,000-15,000 g/mol, Applichem 

Darmstadt, Germany) and chitosan (medical grade) with a deacetylation degree of 85 % (MW 

500,000 g/ mol, 85/500/A1, Heppe, (Halle Saale, Germany) were dissolved in deionised water 

containing 0.14 M NaCl at a concentration of 2 mg/ml under stirring. Chitosan solution 

containing 0.05 M acetic acid was solubilised at 50°C for 3 h. 

 

2.3.2. Polyelectrolyte Multilayer (PEM) Assembly  

When appropriate, multilayer films were fabricated on cleaned glass and silicon (with its 

oxide layer on top) substrates (another version of the protocol was used in for the SPR and 

QCM-D experiments, see below).  

PEI was used as a first anchoring layer for homogenous coating of the surface with a positive 

charge followed by adsorption of polyanion layers of heparin (HEP, H) and polycation of 

chitosan (CHI, C). Each layer was formed by immersing the substrates in polyelectrolyte 

solutions for 7 minutes followed by rinsing with deionised water containing 0.14 M 

NaCl (3 X 4 minutes). By alternating adsorption of HEP and CHI, multilayers were built up to 

11 and 12 layers abbreviated as P(H-C)5 (PEI plus 5 bilayers of HEP and CHI) and 

P(H-C)5H (PEI plus 5 bilayers of HEP and CHI plus HEP), respectively. The pH of the PEI 

and polyanionic HEP solutions were adjusted to pH 4 or 9 with either HCl or NaOH, while 

the pH of the CHI solution was kept constant at pH 4 as it becomes insoluble at pH values 

higher than 6. Hence three sets of PEMs were prepared, where the pH of the HEP solution 

was applied either at acidic conditions, at basic conditions, or using a combination of both. In 

the later case, the PEI (for first layer) and HEP solution were applied at pH 4 up to the 

formation of 7th layer, and after the formation of 7th layer the pH of the HEP solution was 

adjusted to 9 which was maintained up to the 12th layer (named as 4+9). 

 

2.3.3. Physical Characterization of Multilayers 

Water contact angle (WCA) measurements were done by an OCA15+ device from 

Dataphysics (Filderstadt, Germany) to determine the wettability of multilayer surfaces. By 

applying the sessile drop method, 5 to 6 samples of each type of pH combination and terminal 

multilayer surfaces were measured by dispensing 3-4 drops of 3 µl pure water with a flow rate 

of 0.5 µl/s. For each droplet, at least 10 independent measurements were recorded by the 
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built-in software. The contact angle values presented here are the means of two independent 

measurements and each measurement was done in triplicates. 

The multilayer formation process was monitored by surface plasmon resonance (SPR) and 

quartz crystal microbalance with dissipation (QCM-D). SPR is based on the detection of 

changes in the refractive index (RI) at the gold-liquid interface of the SPR gold sensor surface 

caused by the adsorption of molecules. The resulting change in the SPR angle shift (m°) is 

proportional to the mass (ΓSPR) of adsorbed molecules on the surface i.e., [24] 

122 m° ≈ 1 ng/mm²                                                                                                                 (1) 

 For QCM-D, the technique is described elsewhere.[25] Briefly, when an alternating potential 

is applied, the QCM-D sensor (i.e. a quartz crystal disc) oscillates, and its resonance 

frequency, f, is subjected to change (∆f) by mass adsorption on the sensor surface. The 

dampening of the oscillatory motion as the driving potential is switched off is related to 

structural properties of the added layer on the sensor surface, and it is quantified as energy 

dissipation (∆D). 

 For thin, rigid, and evenly distributed surface films, resonance frequency shifts (∆f) can be 

related to changes in adsorbed mass on the sensor surface (∆mQCM-D) by using the Sauerbrey 

equation.[26] 

∆mQCM-D = - C∆fn/n                                                                                                                  (2) 

where n (n = 1, 3, 5,..., 13) is the overtone number and C is the mass sensitivity constant that 

depends on the quartz crystal. For the crystals applied here (f0 = 5 MHz), C = 0.177 mg/m²Hz. 

The water content of the adsorbed film can be determined by comparing the mass obtained by 

QCM-D and the mass obtained by SPR (assuming that the two masses were obtained under 

equivalent condition). Furthermore, the same data can be used to calculate the effective 

density of the layer using the following equation 

ρeff = ρf (ΓSPR/∆mQCM-D) + ρ0 (1 - ΓSPR/∆mQCM-D)                                                                    (3) 

where ΓSPR is adsorbed amount calculated from SPR measurements, ρf is the bulk density of 

polymer (ρCHI = 1410 Kgm-3), and ρ0 is the density of the liquid (997 Kgm-3).[27]  

Using the effective density, the layer thickness can be estimated by the following equation: 

d = ∆mQCM-D/ρeff                                                                                                                                                                                   (4)  

The procedure followed for the SPR and the QCM-D experiments was as follows. The 

measurements were carried out in the flow cell of the device using gold sensors treated with 
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mercaptoundecanoic acid (see above), thus providing negatively charged surfaces to be 

comparable with the multilayer formation on glass. First, the positively charged 

polyelectrolyte PEI was introduced to the sensor surface for 7 minutes, followed by 12 min of 

rinsing with sodium chloride solution of the same pH value. After the formation of the first 

layer of PEI, alternating layers of HEP and CHI were adsorbed up to 12 layers, where the 

HEP solution was applied at either pH 4 or pH 9, or at a combination of both; pH 4+9. Each 

adsorption step was followed by the rinsing step described above to remove unbound 

polyelectrolyte.  

Plasma fibronectin (pFN, Roche, Germany) was reconstituted and diluted to 20 µg/ml in 

phosphate buffered saline (PBS, 150 mM NaCl, pH 7.4). The fibronectin solution was 

introduced into the QCM-D flow cell after the formation of the 12th layer. The adsorption 

process was performed for 1 hour to measure the protein adsorption capacity of the terminal 

HEP layer. All measurements were done in duplicates and measured values are represented as 

averages. 

Multilayers prepared on cleaned silicon wafers were dried using compressed nitrogen and 

studied with a multimode atomic force microscope (AFM, Digital Instruments, Veeco, Santa 

Barbara, CA). Images were taken in tapping mode using low conductivity Antimony (n) 

doped Si tips (TESPA, Veeco/Bruker, Santa Barbara, CA) at a frequency of 360 kHz. The 

samples were prepared in triplicates and images were taken under ambient laboratory 

conditions. Surface topography and roughness were monitored and roughness analysis was 

performed using the software Gwyddion 2.30. 

 

2.3.4. Biological Investigations 

Short-term cell adhesion and cell proliferation studies were conducted with different 

multilayer coatings on glass slides using the skeletal muscle cell line C2C12 (DSMZ, 

Braunschweig, Germany, Product Nr.: ACC 565). Cryo conserved cells were thawed and 

expanded by culturing them in Dulbecco’s modified Eagle medium (DMEM, Biochrom AG, 

Berlin, Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom AG), 2 mM 

L-Glutamine, 100 U/ml Penicillin und 100 µg/ml Streptomycin (Biochrom AG). C2C12 cells 

were harvested from the culture flask by using 0.25% Trypsin, 0.02% EDTA (Biochrom AG) 

prior to reaching confluence followed by subsequent washing with DMEM and resuspended 

in DMEM with 10% FBS at a concentration of 25,000 cells/ml.  
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Glass cover slips with CHI and HEP terminated multilayers were placed into 12-well tissue 

culture plates. Sterilization of each sample was done by using 70% ethanol for 10 min 

followed by excessive rinsing with sterile PBS. The re-suspended cells were seeded on the 

sterilized samples and incubated at 37°C in a humidified 5% CO2/95% air atmosphere using a 

NUAIRE® DH Autoflow incubator (NuAire Crop., Plymouth, Minnesota, USA). For cell 

adhesion studies, cells were incubated for 4 hours while for cell proliferation, cell were 

cultured for 1 and 3 days. After the end of incubation periods, culture medium was aspirated 

and samples were washed with PBS to remove non-adherent cells. Cell fixation was done 

using 4% (w/v) phosphate buffered formaldehyde solution (Roti-Histofix, Roth, Germany) for 

5 minutes at room temperature. Later on phase contrast images were taken for analyzing the 

cell morphology and quantification of cell attachment and spreading. Morphological 

parameters and surface coverage by cells were analyzed by using Image processing software 

“ImageJ, NIH”. 

 

2.4. Results and Discussion 

2.4.1. Measurements of Wetting Properties during Multilayer Formation 

Static water contact angle (WCA) measurements have been applied frequently to characterize 

the change of terminal layer composition during assembly of multilayers and were used here 

to study wetting properties after the deposition of each layer prepared at specific pH value. 

Figure 2.1 shows the WCA values of clean glass and all subsequent PEI, CHI and HEP layers 

up to the 12th (HEP terminated) layer. The alternating contact angles between CHI and HEP 

layers correlate to the change in the composition of the terminating molecule layer. It is 

notable that the differences from one layer to the next layer were greater for layers prepared at 

pH 4 than pH 9. Since pure CHI films have been characterized as quite hydrophobic (WCA ~ 

100°) [28] while HEP films as hydrophilic (WCA ~ 25°), [29] the large difference in WCA 

between the layers at pH 4 illustrates a dominance of either CHI or HEP in the outer layers 

after the corresponding coating step. As CHI is a weak polyelectrolyte with a pKa value of 

around 6.5, its charge is highly affected by changes in pH during the assembly. In analogy to 

previous studies, adsorption of CHI was carried out at pH 4, at which pH CHI is highly 

charged.[30] Hence, for multilayers prepared at pH 4, when both HEP and CHI are charged, 

ion pairing should occur between the two polymers, leading to conditions under which a 

dominance of terminal composition by either the polycation CHI or polyanion HEP is 

achieved.[31] By contrast, the use of pH 9 during adsorption of HEP resulted in smaller WCA 
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differences between CHI and HEP layers. While the WCA of CHI layers remained 

comparable to CHI layers at pH 4, the WCA of HEP layers were shifted to higher values 

pointing to a higher proportion of CHI in the outer layer under this condition. Since the 

previously adsorbed CHI is not charged at pH 9, other mechanisms than ion pairing must be 

responsible for the adsorption of HEP. Such mechanisms could be based on the formation of 

hydrogen bonds, which has been reported for HEP-CHI interaction with FTIR studies.[32] 

Likewise, a distinct change in surface wettability can be seen in Figure 2.1 as the pH of the 

HEP solution is changed from 4 to 9 after the formation of 7th layer. The 8th layer (assembled 

at pH 9) became less hydrophilic than the ones assembled at pH 4. WCA became even higher 

than compared to layer exclusively formed at pH 9, which indicates a dominance of CHI in 

the outermost layers for systems formed with the HEP solution at pH 9 as well as by the 

pH 4+9 condition. Indeed, a dominance of CHI in CHI-HEP multilayers assembled at pH 4.2 

has been detected by Lundin et al. recently.[30]  

 

Figure 2.1: Static water contact angles (WCA) during multilayer formation up to 12 layers. 

WCA are plotted as a function of the pH of the heparin (HEP) solution (square) pH 4, (circle) 

pH 4+9 and (triangle) pH 9 during the multilayer formation process. pH value of chitosan 

(CHI) solution was kept constant at 4. (1-12; 1 = poly (ethylene imine), all odd numbers = 

CHI and even numbers = HEP). 
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2.4.2. Measurements of Multilayer Growth 

The multilayer growth dependence on the pH conditions used was measured by SPR and 

QCM-D, which in combination allow both the measurement of adsorbed quantities of 

polyelectrolytes and also an estimation of the water content of the layers. Figure 2.2 shows the 

effect of the pH condition on the adsorbed quantities of polyelectrolytes measured by SPR. 

The assembly process was strongly dependent on the pH conditions used and the multilayer 

growth seemed to be exponential in all cases, in accordance with observations for other 

polysaccharide-based multilayer systems.[33] Figure 2.2 shows that at pH 4, when ion pairing 

should dominate, more mass was adsorbed at each step.[34] A significantly lower mass 

increase was observed when the pH of the HEP solution was changed to 9. Here, ion pairing 

should not occur and hydrogen bonding should become the dominating mechanism.[32] Not 

surprisingly, the change in pH of the HEP solution after the 7th layer from 4 to 9 causes a 

decreased slope of the curve, similarly to formation at pH 9. However it should be underlined 

that no mass loss was observed under this condition, which would point to a decomposition of 

multilayers due to the change in complexation conditions.  

 

 

Figure 2.2: Accumulated mass during multilayer formation up to 12 layers calculated from 

SPR angle shifts. Layer mass ΓSPR is plotted as a function of the layer number for the different 

pH conditions of the heparin (HEP) solution during the multilayer formation process; (square) 

pH 4, (circle) pH 4+9 and (triangle) pH 9. The pH value of the chitosan (CHI) solution was 
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kept constant at pH 4. (1-12; 1 = poly (ethylene imine), odd numbers = CHI, even numbers = 

HEP). 

 

While SPR measures the mass of adsorbed polysaccharides based on changes in the refractive 

index near the sensor surface, QCM-D measures all mass which is acoustically coupled to the 

oscillatory motion of the QCM-D sensor, i.e. the polyelectrolyte mass and the solvent which 

is associated with it. The adsorbed mass in QCM-D was calculated from measured frequency 

shifts according to the Sauerbrey equation [26] and is shown in Figure 2.3 a. The Sauerbrey 

equation is only valid for rigid film and holds as a good approximation here since the 

dissipation response is less than 10% of the frequency response. Also, the separation between 

frequency overtones is negligible. Here, a similar trend of mass adsorption was obtained 

regarding the pH regimes as in the SPR measurements. Generally, the calculated QCM-D 

layer masses were much larger than those measured by SPR, particularly for the pH 4 and 

pH 4+9 regime. This indicates that a substantial amount of water was bound to these layers. 

By contrast, multilayers prepared at the pH 9 regime had a lower water content since only a 

small layer growth was observed with QCM-D. Table 2.1 compares layer masses obtained by 

SPR and QCM-D and the resulting water content along with the estimated thickness of 

terminal CHI (11th) and HEP (12th) layers. The layer masses and thicknesses obtained for the 

pH 4 regime are almost identical to those measured by others at pH 4.2 and 150 mM NaCl.[30] 

Furthermore, similar water contents in polyelectrolyte multilayers have been observed in 

multilayer systems prepared from polysaccharides at comparable ionic strength with 

poly-L-lysine as polycation.[33] For the pH 4+9 combination, it was also observed that the 

change of the pH value of the HEP solution from pH 4 to 9 from the 8th layer on resulted in a 

fluctuation of layer mass with an increase for CHI and a decrease for HEP. Since such 

behaviour was not seen during the SPR measurements, this indicates that there is a large 

change in water content after the change in pH, with higher water content after the adsorption 

of CHI and a decrease after the adsorption of HEP. The change in water content is also 

reflected by the decreased thickness of the multilayer to about 50% compared to the pH 4 

system. This is also in accordance with a shift to higher WCA that indicates a high proportion 

of CHI in the terminal layers when HEP is applied at pH 9. By contrast, the multilayer growth 

when applying HEP at pH 9 was very low, and the incremental mass increase was 

independent of the terminal layer, both with respect to layer mass and thickness as shown in 

Table 2.1. 
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The water content of the multilayers is related to their viscoelastic properties, and also to the 

ability of proteins and cells to adhere.[35] Dissipation values obtained from QCM-D 

measurements are shown in Figure 2.3 b. Under all conditions, the dissipation varies greatly 

between CHI and HEP layers and indicates a stiffening of the PEM after HEP adsorption. 

Such effect has been observed in previous studies and is likely related to diffusion of HEP 

into the underlying layers, leading to compaction and displacement of water molecules.[30][33] 

Figure 2.3 b also shows that the mean dissipation values were higher for multilayers formed at 

pH 4 , which is related to the higher water content (Table 2.1). It is also interesting to note 

that the addition of CHI during the 4+9 scheme causes a large increase in dissipation. This 

could indicate that previously bound HEP is leaving the multilayer system and being 

displaced by water molecules. An alternative interpretation of this result is that CHI inside the 

multilayer system exist in a more coiled and flexible conformation due to break of ionic bond 

within the multilayers that makes the whole systems more flexible. This is supported by the 

higher water content and layer thickness of the CHI terminated 11th multilayer compared to 

addition of HEP as the 12th layer.  

 

 

a 
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Figure 2.3: Multilayer assembled from chitosan (CHI) at pH 4 and Heparin (HEP) at (square) 

pH 4, (circle) pH 4+9 and (triangle) pH 9 measured with QCM-D. (a) QCM-D mass 

calculated from the Sauerbrey equation as a function of layer number. (b) Dissipation change 

∆D as a function of layer number. (1-12; 1 = poly (ethylene imine), all odd numbers = CHI 

and even numbers = HEP). Results represent values at the 5th overtone. 

 

Table 2.1: Mulitlayer mass, water content and layer thickness 

 
 

pH 
regime 

ΓSPR
a 

(ng/cm²) 

∆mQCM-D
 b 

(ng/cm
2
) 

Water 
contentc 

Layer 
thickness d 

(nm)  
pH 4 1426 4938 71% 44.3 

pH 4+9 1075 3151 66% 28 Until 11th 
(CHI layer) 

pH 9 663 991 33% 8 

pH 4 1727 5823 70% 52 

pH 4+9 1210 2797 57% 24 Until the 12th 
(HEP layer) 

pH 9 751 974 23% 7.4 
 

a)SPR masses were estimated using equation (1); b)QCM-D masses were estimated using the 

Saurbrey equation and the frequency shift at the 5th overtone; c)apparent water content was 

approximated by (mQCM-D - mSPR)/mQCM-D*100. d)Layer thickness was calculated as described 

above in section 2.3, equation (4) and (3). 

 

b 
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QCM-D was also used to measure the adsorption of plasma fibronectin on the terminal HEP 

layer (12th layer). Despite the fact that fibronectin is contained in serum only in smaller 

quantities, it was chosen as a model protein to illustrate adsorption of proteins with heparin-

binding domains in general that are important for cells to adhere and grow on material 

surfaces.[3, 15] Moreover most tissue cells are able to secrete fibronectin.[15] Fibronectin 

adsorbed on PEMs formed according to the pH 9 and pH 4+9 regime, indicated by a decrease 

in frequency (Table 2.2). The quantity of adsorbed protein was calculated from the Sauerbrey 

equation. In contrast, the pH 4 layers did not support adsorption on fibronectin. There is an 

increase in the frequency shift at pH 4 condition which indicate a decrease in the layer mass, 

but there was no protein adsorption as this has been also found previously by SPR 

measurements performed for fibronectin adsorption at pH 5 condition.[36] Adsorption was 

carried out under physiological pH 7.4, which will also affect hydration of the multilayers. 

However, the adsorbed quantities of fibronectin shown here are similar to those bound to 

multilayer systems composed of poly-L-lysine and dextran shown in another study.[37] The 

adsorption of fibronectin was measured on the terminal HEP layer only, but can also be used 

as an indicator for the ability of the previous CHI layer to bind this protein because of the 

intermingled composition of terminal layers at the pH 9 regime indicated by WCA 

measurements and results of previous studies that showed no significant differences in 

fibronectin adsorption either on heparin or chitosan terminal layers.[36] Overall, these results 

show that multilayers prepared at pH 9 have a higher affinity to adhesive proteins like 

fibronectin that possess HEP-binding domains, which confirms results of previous studies.[36]  

 

Table 2.2: Fibronectin (FN) adsorption on terminal HEP layer measured by QCM-D 

pH value pH 4 pH 4+9 pH 9 

∆f (Hz) 66 -25 -31 

FN adsorption 

(ng/cm²) 
0 443 548 

 

Resulting QCM-D frequency shifts (∆f) when adding fibronectin (FN), 20 µg FN/ml 

dissolved in PBS at pH 7.4 to terminal (12th) heparin (HEP) layer. Note that because of the 

increase of frequency on pH 4 multilayer system no adsorption of FN could be calculated.  
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2.4.3. Studies of Multilayer Surface Topography by Atomic Force Microscopy (AFM) 

The surface topography of clean Si wafers and multilayer surfaces prepared at different pH 

values was analyzed by AFM in dry state. Figure 2.4 shows that the topography of multilayers 

was highly dependent on the pH conditions during assembly and the terminal layer. All 

surfaces had a granular surface morphology with a roughness increasing from pH 4, pH 4+9 

to pH 9 (see also Table 2.3). It is also visible that the addition of HEP to the previous CHI 

layer leads to an increase granularity of multilayers, which might be explained by a 

compaction of multilayer systems observed by decreased dissipation values seen with 

QCM-D. It should be noted that multilayers prepared at pH 9 showed rather island like 

structures more prominently as compared to the layers prepared at pH 4. Since, surface 

topography was visualized from dry samples, the structures visible may swell upon hydration. 

However the differences in morphology indicate a more island-like structure of multilayers at 

pH 9 compared to smoother layers at pH 4. Similar findings have been made by others.[38] The 

coiled conformation of weak polyelectrolytes (PEI and indirectly CHI) at higher pH might 

contribute in the formation of more island like structures at pH 9 multilayer system.[36] In 

general, AFM investigations also showed that process parameters like pH condition and type 

of polyelectrolytes greatly affect the multilayer surface structure.[5] 

 

Figure 2.4: Atomic force microscopy images (AFM) images of chitosan (CHI) terminal 

layer (a-c) and heparin (HEP) terminal layer (d-f) prepared at pH 4 (a & d), pH 4+9 (b & e) 

and pH 9 (c & f). Scan size of all the images is 5x5 µm. 
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Table 2.3: PEM surface roughness evaluation by AFM in dry condition 

Roughness 

average                  

(Ra) (nm) 

pH 4 pH 4+9 pH 9 

11th (CHI layer) 3.3 3.8 4.8 

12th (HEP layer) 3.0 3.2 4.7 

 

2.4.4. Adhesion and Growth of C2C12 Cells on Multilayers 

PEM systems have been suggested for the coating of implant surfaces and tissue engineering 

scaffolds to improve cell attachment and growth.[35] In addition, such multilayer systems have 

been shown to be applicable as release system for growth factors that promote differentiation 

of cells.[13] Cell adhesion and spreading are perquisites for growth and differentiation, since 

related signal transduction processes require ligation of integrins to extracellular matrix 

components.[39] Hence cell adhesion studies were carried out on terminal CHI (11th) and 

HEP (12th) layers to learn how the pH value during the multilayer formation affects the 

interaction with cells. C2C12 cells were seeded on multilayers in the culture medium 

supplemented with 10% fetal bovine serum that contains so-called attachment factors 

particularly vitronectin and some fibronectin.[40] Figure 2.5 shows the morphology of C2C12 

cells 4 h after seeding on either terminal 11th CHI layer (upper row) or 12th HEP layer (lower 

row) by phase contrast microscopy. While the effect of terminal layer seems to be negligible, 

the pH during multilayer formation has obviously a great effect on cell adhesion and 

spreading. In the case of pH 4 multilayers (Figure 2.5 a & d), in general cells were round. 

There were no differences whether CHI or HEP was the terminal layer, which was surprising 

when the results of WCA measurements were considered. By contrast elongated and well 

spread C2C12 cells were found on multilayers prepared at pH 9 (Figure 2.6 c & f). pH 4+9 

combination layers also shows more cells adhering with a more spread phenotype that was 

similar to pH 9 conditions (see Figure 2.5 b & e). 
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Figure 2.5: Phase contrast images of C2C12 cells cultured in DMEM and 10% FBS for 4 h 

on multilayers prepared at different pH conditions; chitosan (CHI) terminated,11th layer (a-c) 

and heparin (HEP) terminated, 12th layer (d-f) on pH 4 (a & d), pH 4+9 (b & e) and pH 9 (c & 

f). 

 

Quantitative data on cell adhesion and spreading were obtained from analysis of phase 

contrast images and are presented in Figure 2.6 a & b. They confirm the qualitative 

observations and show that in any of the pH setups the terminal layers does not affect largely 

the degree of cell spreading (Figure 2.6 b) and also with one exception the number of cells 

adhering (see Figure 2.6 a). These investigations showed that multilayers assembled at pH 9 

were more adhesive for and promoted spreading of C2C12 cells in comparison to pH 4 layers, 

where fewer cells attached and spread only little. Similar observations were made with 

osteoblast previously.[20] The multilayers prepared with pH variation from 4 to 9 (layers with 

pH 4+9 condition) have shown a noticeable improvement in cell attachment or cell count. 

Here it was also found that cell adhesion on CHI-terminated layers was higher than on 

HEP-terminated layers. The higher adhesion and spreading of cells on pH 9 and pH 4+9 

multilayer systems is in accordance with the findings on fibronectin adsorption here and in 

recent work, that showed no measurable presence of fibronectin on multilayers prepared at 

low pH value while fibronectin adsorbed on multilayers prepared at higher pH values.[36] 
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Since during cell culture serum was used, the results can be interpreted in terms of adsorption 

of adhesive proteins with HEP binding domains (i.e. fibronectin and vitronectin). This is 

supported by assumptions from Lundin et al. using the same polyelectrolytes stating that the 

surface of multilayers has a rather heterogeneous composition.[30] Hence, the chemistry of 

surfaces exposed to serum and cells is obviously presenting both CHI and HEP in the case of 

pH 9 and pH 4+9 multilayer systems. The question remains, why multilayers prepared at pH 4 

do not adsorb fibronectin and support cell adhesion although, HEP should be present there 

particularly when HEP forms the terminal layer (see results of WCA measurements). One of 

the reasons for suppressed cell adhesion could be the high water content and with the swollen 

state of this multilayer the low stiffness of the substratum. Soft substrata have been found to 

suppress cell adhesion and spreading due to the suppressed signalling via integrins regarding 

mechanotransduction.[41] This has been also observed in several studies on 

polysaccharide-based multilayers where their flexibility was reduced by chemical 

cross-linking and subsequent increased cell adhesion.[42] However, even then the lack of any 

measurable adsorption of fibronectin despite the presence of HEP indicates also that during 

ion-pairing HEP is engaged in interaction with CHI that jeopardizes its interaction with 

HEP-binding epitopes in proteins like fibronectin and vitronectin. Hence the reason for the 

low adhesivity of multilayers prepared here at low pH could be twofold, namely a soft nature 

of the substratum and the lack of protein adsorption.  

 

  

a 
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Figure 2.6: (a) Cell adhesion and (b) spreading of C2C12 cell (cell area) evaluation by 

C2C12 cells after 4 hours culture in DMEM with 10% FBS on chitosan (CHI) terminated and 

heparin (HEP) terminated multilayers prepared at different pH conditions (pH 4 – grey, 

pH 4+9 – hatched and pH 9 – black bars). 

 

To see whether initial effect of multilayers on cell adhesion would also prevail during longer 

culture of cells, proliferation studies were done with C2C12 cells for 1 and 3 days. Figure 2.7 

shows the morphology of cells during the culture period only on HEP-terminated multilayers 

since they were no noticeable differences in cell growth on either terminal layer.  

As can be seen in Figure 2.7 cells were able to grow on all substrata and cell numbers 

increased from 1 (left lane) to 3 (right lane) days. It is also obvious that cell spreading was 

improved on multilayers prepared at pH 4 although cell number was considerably lower. The 

phase contrast micrographs show that the cell coverage after 1 and 3 days was lowest on pH 4 

multilayers followed by pH 4+9 and pH 9 layers. On pH 9 layers C2C12 cells have almost 

reached confluence after 3 days of culturing and hence they are more proliferation supporting 

than pH 4 ones. pH 4+9 layer setup also shows more coverage of the surface by the cells if 

compared with pH 4 layers which is in good agreement with the cell adhesion results. 

 

b 
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Figure 2.7: Phase contrast images of C2C12 cells cultured in DMEM and 10% FBS on 

heparin (HEP)-terminated multilayers prepared at different pH conditions; pH 4 (a & b), 

pH 4+9 (c & d) and pH 9 (e & f); for 1 day (a,c,e) and 3 days (b,d,f). 

 

Quantitative data on cell proliferation were obtained by analysis of surface coverage from 

phase contrast images over the culture period of 3 days. Results in Figure 2.8 show a 

remarkable coincidence with that of adhesion studies and confirm the lower cytocompatibility 

of multilayers prepared at pH 4 vs. those prepared at pH 9 and pH 4+9 in a quantitative 

manner. Since cell adhesion and related signal transduction processed during ligation of 

integrins drive mitogenic responses of cells via mitogen-activated protein kinase (MAPK) 

pathway [43], the reduced cell growth shows the important role of adhesivity of substrata. The 

application of distinct pH regimes during assembly of multilayer systems and choice of 
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biogenic polyelectrolytes particularly polysaccharides and glycosaminoglycans provides a 

tool to modulate cell adhesion to the desired extent as it has been shown in this and our 

previous work. [20, 21] [44, 45] 

 

Figure 2.8: Surface coverage evaluation by C2C12 cells after culture in DMEM and 10% 

FBS on chitosan (CHI) terminated and heparin (HEP) terminated multilayers prepared at 

different pH conditions (pH 4 – grey bars, pH 4+9 – hatched bars and pH 9 – black bars) after 

1 and 3 days of cultivation. 

 

2.5. Conclusion 

We could show in this work that polyelectrolyte multilayer (PEM) coatings made from 

heparin (HEP) (a strong polyelectrolyte) and chitosan (CHI) (a weak polyelectrolyte) can be 

used to affect adhesion and growth of C2C12 cells by simple adjustment of pH of HEP 

solution during multilayer assembly (the pH of the CHI solution was kept constant at pH 4 

throughout the experiments). The conditions for the HEP adsorption had a great effect on the 

wetting properties of multilayers and particularly the layer mass, its water content and surface 

topography. The pH value of HEP solution was varied from pH 4 to pH 9. These differences 

are likely due to the charge and conformation of the previously adsorbed CHI layer that 

changes the adsorption of HEP from preferential ion pairing to hydrogen bonding (at pH 9). 

The idea of the current work was to optimize multilayer thickness vs. its adhesiveness for 

cells. Since cell adhesion is dependent on both the mechanical properties of the substrate and 

the ability to bind proteins that allow ligation of integrins, we have applied here a specific pH 
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regime with formation of layers of higher mass at low pH 4 (this can potentially be exploited 

in future studies to load growth factor in to the film), followed by a switch to pH 9 leading to 

a suspension of layer growth. Furthermore, the surface properties achieved under these 

circumstances allowed the subsequent adsorption of adhesive proteins like fibronectin and 

promoted adhesion and growth of cells to a similar extent like thin, rigid multilayers prepared 

at pH 9. Hence, such multilayer system prepared by variation of pH might be very useful to 

support initial cell attachment and growth while at the same time also providing multilayers 

with additional functions, such as reservoirs and delivery systems for growth factors and 

similar molecules. 
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Chapter 3 

 
Synthesis of novel cellulose derivatives and investigation of their mitogenic 

activity in the presence and absence of FGF2 

 

D. Peschel, K. Zhang, N. Aggarwal, E. Brendler, S. Fischer, T. Groth 

 

3.1. Abstract 

Novel cellulose sulfates (CS) with controlled degree of sulfation (DSS) were synthesized 

through acetosulfation as well as direct sulfation. CS containing carboxyl (CO) or 

carboxymethyl (CM) groups were prepared by TEMPO oxidation or by carboxymethylation 

with chloroacetic acid. The derivatization was characterized by nuclear magnetic resonance 

and Raman spectroscopy. The derivatives were investigated regarding their cytotoxicity and 

mitogenic activity by modulation of 3T3 fibroblast proliferation with or without exogenous 

FGF2. All derivatives were non-toxic for 3T3 cells. CS strongly promoted FGF2-induced 

proliferation, which was positively related to overall DSS. In the absence of FGF2, minute 

quantities of CS with intermediate degree of sulfation exerted stronger mitogenic effects than 

heparin. No significant promoting effects of CO and CM on cell proliferation were found 

though the structure of CO shows similarities to heparin.  

 

3.2. Introduction 

Glycosaminoglycans (GAG) like heparin or heparan sulfate cooperate with growth factors and 

play pivotal roles for the regulation of proliferation and differentiation of cells. The 

participation of GAG in the formation of growth factor receptor-ligand complexes to initiate 

signal transduction in cells is well described [1-3]. Studies with heparin oligosaccharides have 

shown that the increase in fibroblast growth factor (FGF2)-induced proliferation depends on 

the degree of sulfation, especially at 6-O-position [4]. X-ray analysis of the crystal structure 

of the ternary FGF-FGF receptor-heparin complex demonstrated that the binding of the amino 

groups of FGF to heparin is realised by hydrogen bonds to the 2-O, N, 6-O sulfate and 6-COO 

groups [5]. It should be noted that sulfated polysaccharides can also lead to suppression of the 

effects of growth factors by inhibiting the binding to its receptor as described for FGF2 [6,7]. 
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It was shown in this context that polysulfated compounds, unlike heparin, have the feasibility 

to dock into the heparin-binding domain of FGF2, demonstrated by molecular modelling 

studies [8]. Therefore sulfated polysaccharides like maltohexaose sulfate have been used as 

suppressors of tumour growth, showing that the suppressing effect was critically dependent on 

the chain length and degree of sulfation [9]. It should be noted that several of these 

compounds also expressed cytotoxic effects, especially an increasing degree of sulfation 

[10,11]. 

Furthermore, GAG such as heparin and other sulfated polysaccharides also prolong the half 

life of growth factors owing to the formation of reservoirs and protection against proteolytic 

digestion or acidic conditions [12,14]. In this respect, it was observed that the sulfation pattern 

of GAG which prolong the half life can differ from that forming the receptor-ligand complex 

[3]. The “reservoir” function of heparin has been exploited in several tissue engineering 

applications, showing sustained release of growth factors from different scaffold materials 

[15,17]. However, GAG such as heparin not only prolong the half life of growth factors, but 

can also directly control the proliferation of cells by modulating the cellular production of 

growth factors such as FGF2 and transforming growth factor (TGF) β1 [18,19].  Because of 

the multiple effects of GAG such as heparin on cells, several sulfated polysaccharides and 

other compounds have been synthesized in the past. An increase in FGF-induced mitogenic 

activity was found with dextran sulphate, (1-6)-α-D-mannopyranan sulphate and sulfonated 

polymers such as poly (vinylsulfonate) [20,10]. The potentiating effect increased with higher 

degree of sulfation, although the underlying mechanisms were not further investigated.  

Naturally occurring heparins differ greatly regarding their molecular composition, and hence 

their biological activity depends on the source [1]. Therefore, synthetic routes to preparing 

substances with controlled heparinoid activity may be attractive for a variety of biomedical 

but also biotechnological applications. So far, many compounds with heparinoid activity have 

been synthesized [7-10], but relatively little attention has been paid to cellulose derivatives. 

Cellulose is one of the most abundant natural occurring polysaccharides, and thus it can be 

obtained in large quantities. Cellulose sulfates (CS) have been synthesized by variety of 

methods with heterogeneous or homogeneous sulfation in different solvents [21-25]. In 

contrast to cellulose, CS shows highly improved solubility in water and better enzymatic 

degradability [21,23]. Because of that, CS found a wide use in biotechnology and 

pharmaceutics to encapsulate enzymes and cells [26-28], as inhibitors for HIV viruses and 

anticoagulant effectors [29-31]. Other derivatives of cellulose like carboxymethyl and 

carboxyl cellulose have high commercial importance in the paper, cosmetic and 
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pharmaceutical industries [32]. However, the derivatisation of cellulose with sulfate as well as 

carboxymethyl or carboxyl groups has rarely been done [33]. Moreover, the ability of 

cellulose derivatives to cooperate with growth factors and to modulate growth and 

differentiation of cells has never been investigated.  

The present study introduced novel routes of cellulose derivatisation to obtain defined 

substitution patterns with sulfate, carboxylate and also carboxymethyl groups. Moreover, it 

showed that certain derivatives particularly CS have strong mitogenic activity not only in the 

presence of FGF2, but also without the addition of growth factor, on 3T3 mouse fibroblasts, 

which were used as a model  system for other cells also responding to FGF2.  These results 

indicate strongly that CS may deserve application in the field of tissue engineering as scaffold 

components which help to control cellular behaviour. 

 

3.3. Experimental  

3.3.1. Cellulose materials for chemical modification 

Native cellulose (AC, with 97.0% alpha cellulose) with an average degree of polymerisation 

(DP) of 1180 was purchased from Buckeye Technologies Inc. (Memphis, USA). 

Microcrystalline cellulose (MCC) with a DP of 275-277 was obtained from J. Rettenmaier & 

Söhne GmbH (Rosenberg, Germany). Irradiated cellulose (IC) with an average DP of 113 was 

attained through treating cellulose (DP ~ 500) with electron-beam. Cellulose-2.5-acetate 

(C2.5A) with a degree of substitution by acetyl groups of 2.5 was obtained from M&G Group 

(Verbania-Pallanza, Italy). C2.5A and cellulose were used without further treatment. 

Dimethylformamide (DMF), dimethylacetamide (DMAc) and dimethyl sulfoxide (DMSO) 

were freshly distilled before use. Deionized water was used. Other chemicals were all of 

laboratory grade and used as received. The dialysis membrane used for purification of 

products was purchased from Spectrum Laboratories Inc. (Rancho Dominquez, USA) and had 

an approximate molecular weight cut-off of 500 Da. 

 

3.3.2. Synthesis of cellulose sulfates (CS) 

The synthesis of CS was carried out either as acetosulfation of cellulose or as direct sulfation 

of cellulose and C2.5A to obtain products with different degrees of substitution with sulfate 

(DSS). For a typical acetosulfation, 10 g cellulose were swollen in 500 ml anhydrous DMF at 

room temperature (RT) for 14 h. The reaction agent – either chlorosulfuric acid or sulfuric 

acid and acetic anhydride in DMF or DMAc – was dropped into the cellulose suspension 



 89 

under vigorous stirring within 15 min. Then the temperature was raised to 50°C, and the 

system was kept at 50°C for 5 h. After that the mixture was cooled down to RT and poured 

into a saturated solution of anhydrous sodium acetate in ethanol. Thereafter, the precipitate 

was washed with 4% sodium acetate solution in ethanol and deacetylated with 1 M ethanolic 

solution of sodium hydroxide for 15 h. The pH value was adjusted to 8.0 with acetic 

acid/ethanol (50/50, w/w). After washing with ethanol the product was collected through 

centrifugation, then dissolved in water, filtered, dialysed in deionized water and lyophilized. 

For direct sulfation, the cellulose was suspended in DMF for 14 h, and C2.5A was dissolved 

in DMF. Chlorosulfuric acid was then dropped into the suspension or the solution within 15 

min. After that, the mixture was kept at RT for a designated duration. After reaction, the 

mixture was poured into the saturated solution of anhydrous sodium acetate in ethanol and 

washed with 4% sodium acetate solution in ethanol. Then the product was dissolved in water 

and the pH was adjusted to 8.0 with acetic acid/ethanol (50/50, w/w). After being washed 

with ethanol the product was collected through centrifugation, then dissolved in water, 

filtered, dialysed in deionized water and lyophilized.  

 

3.3.3. Oxidation of CS 

CS from different starting materials (MCC, IC, AC) were used for carboxylation according to 

the oxidation method in Ref. 41 to obtain products with different DSCOO. First 1 g CS was 

dissolved in 60 ml water. The oxidation agent consisting of 2,2,6,6-tetramethylpiperidine-1-

oxyl radical (TEMPO), NaBr and NaOCl was dissolved in water under stirring until complete 

dissolution. Then the oxidation agent was added slowly to the solution of CS. The remaining 

NaOCl was dropped into the solution to maintain the pH at 10.5. After addition of the 

remaining NaOCl, the pH was maintained constant for up to 4 h using 0.5 M NaOH solution. 

Thereafter 5 ml of methanol was added to stop oxidation, and the pH was then adjusted to 7.5 

with 0.5 M HCl solution. The mixture was then poured into 300 ml ethanol and the product 

was obtained by centrifugation. The precipitate was washed with ethanol/water (80/20, v/v), 

dissolved in water, filtered, dialysed in deionized water and lyophilized. 

 

3.3.4. Carboxymethylation of CS 

CS from different starting materials (MCC, C2.5A) were used for carboxymethylation to 

obtain products with different DSCM. First, 1.5 g CS suspended in 75 ml isopropyl alcohol 

(IPA) or dissolved in 175 ml DMSO was stirred for 0.5 h. Then 22 ml NaOH aqueous 



 90 

solution (3.75 M) was dropped into the suspension. After stirring for another 3 h, 3.85 g 

chloroacetic acid was added in solid state. The temperature of the reaction mixture was raised 

to 55°C, and it was maintained for 5 h. After being cooled down to RT, the reaction mixture 

was precipitated in five vol. of ethanol under stirring for 0.5 h. The precipitate, isolated by 

centrifugation, was dissolved afterwards in water, and the pH value was adjusted to 7.5 with 

acetic acid/water (50/50, v/v). This solution was precipitated again in 5 vol. of ethanol, and 

the product was collected by centrifugation. After being washed three times with 

ethanol/water (80/20, v/v), the product was dissolved in water, filtered, dialysed in deionized 

water and lyophilized. 

 

3.3.5. Characterization of reaction products 

The 13C NMR spectra were recorded at RT using a Bruker DFX 400 spectrometer with 

samples dissolved in D2O, with a frequency of 100.13 MHz, 30° pulse length, 0.3 acq. time 

and a relaxation delay of 3 s. Scans between 5000 and 20000 were accumulated.  
1H NMR was carried out according to Refs. 37 and 38, and the spectra were obtained after the 

hydrolysis in 25% D2SO4/D2O using a Bruker Ultrashield 500 Plus spectrometer with a 

frequency of 500.13 MHz and accumulation number between 8 and 16. 

Fourier Transform Raman spectra of the samples in small aluminium discs were recorded 

with a Bruker MultiRam spectrometer with a liquid-nitrogen-cooled Ge diode as detector. The 

spectra were recorded over a range of 3500-0 cm-1 with an operating spectral resolution of 3 

cm-1. 

 

3.3.6. Preparation of solutions of heparin and cellulose derivatives for biological 

experiments 

Porcine intestinal mucosa (PIM) heparin was obtained from Calbiochem (Gibbstown, USA). 

Cellulose derivatives used in the biological studies were named according to their substituent 

and overall degree of substitution, such as CS-X for cellulose sulfates, CO-X for carboxylated 

cellulose derivatives and CM-X for carboxymethylated cellulose derivatives.  Heparin and 

cellulose derivatives were dissolved in cell culture media for the cytotoxicity assays and the 

investigation of mitogenic effects.  After dissolving at RT over night, the polysaccharides 

were sterilised by filtering through a 0.2 µm filter and further diluted in cell culture media.  
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3.3.7. Cell culture 

3T3-L1 fibroblast cells obtained from ATCC (Manassas, USA) were cultured in flasks (75cm², 

Greiner bio-one, Frickenhausen, Germany) in Dulbecco´s modified Eagle medium (DMEM, 

Biochrom AG, Berlin, Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom 

AG) and 1% penicillin-streptomycin-fungizone (PSF, Promocell, Heidelberg, Germany) in a 

37°C humidified atmosphere of 5% CO2 and 95% air. Cells were harvested by treatment with 

trypsin/EDTA (Biochrom AG). Trypsinization was stopped by addition of FBS and cells were 

washed twice with DMEM. 

 

3.3.8. Cytotoxicity assay 

The cellulose derivatives and heparin were dissolved in DMEM without FBS, but with 1% 

PSF (Promocell, Heidelberg, Germany) and 1% insulin-transferrin-selenium A (ITS, Gibco, 

NewYork, USA) at concentrations of 10 µg and 1000 µg ml-1. 3T3-L1 fibroblast cells were 

seeded at a density of 40,000 cells/well in 96-well plates (Greiner bio-one) in DMEM 

supplemented with 10% FBS and 1% PSF, and cultured for 48 h to reach confluence. Then 

the plates were washed once with DMEM only and 200 µl of either DMEM with dissolved 

cellulose derivatives, heparin for comparison or DMEM (control) alone were added. Cells 

were incubated as described above for further 24 h. The viability of cells was measured with 

QBlue assay (BioChain, Hayward, USA). This assay is based on the utilization of the redox 

dye resazurin, which is converted into a highly fluorescent product (resorufin) by reductases 

of metabolically active cells. The fluorescent intensity was measured with an excitation 

wavelength of 544 nm and an emission wavelength of 590 nm by the plate reader Fluostar 

Optima (BMG Labtech, Offenburg, Germany). The viability was calculated as a ratio to the 

control. Measurements were carried out in quadruplicates and given as means ± standard 

deviation. 

 

3.3.9. Investigation of mitogenic effects of cellulose derivatives on 3T3-L1 fibroblasts  

3T3-L1 fibroblast cells were seeded at a density of 10,000 cells/well in black 96-well plates 

(Greiner bio-one) in DMEM supplemented with 10% FBS and 1% PSF and cultured for 24.  

After washing the plates with DMEM only, the cellulose derivatives or heparin were applied 

to the cells in DMEM without FBS at a concentration range of 1 - 1000 µg ml-1 for 48 h in the 

presence or absence of 10 ng ml-1 FGF2. Proliferation was measured on the basis of the DNA 

content using the Quant -iTTM PicoGreen dsDNA quantification assay (Invitrogen, Karlsruhe, 
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Germany). The fluorescent intensity was measured with excitation wavelength of 485 nm and 

an emission wavelength of 520 nm by the Fluostar Optima plate reader. The proliferation was 

expressed as a ratio of the control wells with 10 ng ml-1 FGF2. All experiments were carried 

out with six wells per sample and dilution from which means and standard deviation were 

calculated.  

 

3.4. Results and discussion 

3.4.1. Synthesis of CS 

The substitution of cellulose by sulfate groups and their distribution were analyzed by 13C 

NMR. Figure 3.1 shows the 13C NMR spectra of heparin (for comparison) and selected CS 

with different DSS values. The spectrum of heparin shown in Figure 3.1a yielded expectable 

results regarding the distribution of substituents, but was carried out for comparison with 

biological effects of cellulose derivatives. The presence of sulfate groups on C6 of heparin 

was observed based on a chemical shift from 60.5 to 67 ppm. Also the peak of C1 of heparin 

was shifted from 102.5 ppm to 99.8 and 97.2 ppm, which indicates the presence of sulfate 

groups on C2 in both repeating units of heparin [34-36]. Furthermore, a peak at 175 ppm was 

found, which indicates the presence of carboxyl groups on C6 of heparin. Figure 3.1b also 

shows that the peaks of unsubstituted C1-C6 of anhydro glucose unit (AGU) of cellulose are 

located at 102.3, 74.7, 73.9, 78.3, 72.9 and 60 ppm. After sulfation at the 6-O-, 2-O- or 3-O-

positions, the signals of the relevant carbons were shifted (see Figure 3.1 b-d). The signal of 

C6 was shifted from 60 to around 66.4 ppm after sulfation and that of C2 from 74.7 to 80.8 

ppm. It is also visible that there was no shift of the signal of 3-O-position.  

Figure 3.2 shows the Raman spectra of MCC and two CS with different DSS values. Three 

peaks at 1096, 1121 and 1152 cm-1 in the MCC spectrum disappeared and two new peaks at 

1072 and 1123 cm-1 in the Raman spectra of CS emerged. In addition, the intensity of the 

peak at 1040 cm-1, which stands for OH vibration, became weaker in CS until it almost 

vanished if CS had a high DSS value like CS-1.69. There were also other newly emerging 

peaks at 1272 and 829 cm-1 because of the sulfation of cellulose. The former could be 

assigned to the asymmetric S-O stretching vibration and the latter should be caused by the 

asymmetric and symmetric S-O-C stretching vibrations [37, 38].  

The DSS values of the synthesized CS were calculated on the basis of the integrated peak 

areas of 13C NMR [35] and are summarized in Table 3.1. It has been reported that the 

analytical results of 13C NMR have only small variations of 1-2%, which makes this approach 
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feasible for calculating the degree of derivatisation [39]. As shown in Table 3.1, sulfation of 

cellulose could be successfully achieved through either acetosulfation or direct sulfation. 

Based on the DSS values shown in Table 3.1 determined by 13C NMR, it can be stated that the 

sulfation took place primarily at 6-O-position, especially when the DSS values of CS were not 

very high. CS with higher DSS values above 1.5 became more intensively substituted in the 2-

O-position as well. When the DS was about 2, as in CS-1.94, the 2-O-position was sulfated 

almost completely (DSS2 value of 0.94). By contrast, only a weak substitution could be 

detected with 13C NMR spectroscopy at the 3-O-position (as a peak at around 82.1 ppm). 

Therefore, the calculation of the DSS value at 3-O-position was not possible here.  

 

 

Figure 3.1: 13C NMR spectra (180-50 ppm) of heparin and CS in D2O at RT: (a) heparin; 

(b) CS-0.37; (c) CS-0.92 ; and (d) CS-1.80 
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Figure 3.2: Raman spectra (1600-700 cm-1) of (a) MCC; (b) CS-0.58; and (c) CS-1.69. 

 

In earlier studies, CS were synthesized in a variety of ways mostly by heterogeneous reactions 

[21-23]. So far, only a few quasi-homogeneous sulfations have been performed, but the 

distribution of sulfate groups was not analyzed in contrast to the present study [24, 25]. CS 

with higher DSS were obtained previously. However, the products with low DSS were not 

water soluble as here. According to the data in Table 3.1, the acetosulfation resulted in a 

primary sulfation of 6-O-position. Higher reaction temperatures resulted here in a decrease of 

DSS. It can also be seen from Table 3.1 that with an increasing amount of chlorosulfuric acid 

up to 3 mol mol-1 AGU, the DSS6 and DSS2 rose to 0.77 and 0.15 respectively. In contrast, the 

use of sulfuric acid as sulfating agent resulted in complete sulfation at 6-O-position and much 

higher DSS2 up to 0.69. The highest DSS were achieved after direct sulfation, where the 

primary hydroxyl groups were completely sulfated. The hydroxyl groups at 2-O-position 

could be sulfated up to 94% under these conditions. It should also be emphasized that all CS 

obtained in this study were water soluble. Wang et al. [36] synthesized CS through direct 

sulfation of cellulose with chlorosulfuric acid. They observed that a concentration of the 

sulfating agent of 4.5 mol mol-1 AGU yielded a DSS value of only 1.70 under RT [36]. It 

should be noted that a product with higher DSS value was obtained here using the same 

sulfating agent and reaction temperature, presumably due to the different reaction time and 

starting material. Taken together, by choosing specific reaction parameters, it was possible 

obtain gradually increasing DSS values in 2-O-position and 6-O-position whereas 3-O-
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position was not modified.  

 

3.4.2. Oxidation of CS 

To follow the change in substitution pattern of CS, Figure 3.3 shows a comparison of 13C 

NMR spectra of CS-0.37 (Figure 3.3a) with that of oxidized CS (CO-0.67, Figure 3.3b). It 

shows that a new signal emerges at 175.5 ppm representing the shifted signal of C6 (see 

Figure 3.3b). However, also the signal of sulfated C6 at 66.4 ppm was also still visible. These 

results indicate that cellulose derivatives contained both carboxyl and sulfate groups at 6-O-

position after oxidation. The quantity of carboxyl groups at the 6-O-position was also 

determined by 13C NMR, and is listed in Table 3.2. It is visible that an increased concentration 

of oxidation agents raised the DSCOO values of derivatives during oxidation of low sulfated 

cellulose. At the end, a DSCOO value as high as 0.67 could be obtained under the application 

of 0.1 mol TEMPO, 3 mol NaBr and 16 mol NaClO per mol of free primary hydroxyl groups.  

It is well known that native cellulose is resistant to TEMPO oxidation because of its 

crystallinity and limited accessibility of the primary hydroxyl groups [40, 41]. Apparently, the 

good solubility of CS in water and its lack of crystalline regions promoted the successful 

carboxylation of cellulose here. The results of carboxylation of CO-0.11 and CO-0.31, which 

used higher (CS-0.97) and lower (CS-0.39) sulfated cellulose also demonstrate a certain 

dilemma. A larger quantity of the oxidation agent in the case of CO-0.11 did not lead to a 

higher oxidation yield at the 6-O-position (see Table 3.2). This finding can be related to the 

quantity of non-sulfated 6-O-positions, which is lower in the case of CO-0.31 and implies that 

highly sulfated CS are less useful for carboxylation. Hence, products that are highly sulfated 

at 2-O-position and have a mixed functionalization at 6-O-position with carboxyl and sulfate 

groups are probably difficult to obtain. Table 3.2 also shows the similarities between CO-0.67 

and heparin regarding the degree of derivatisation at 6-O-position. However, sulfation at 2-O- 

position in CO-0.67 was negligible in comparison with heparin. 

 

3.4.3. Carboxymethylation of CS 

To enhance the potential steric accessibility of the carboxyl groups for interaction with FGF2, 

cellulose derivatives containing carboxymethyl groups with the methyl group as spacer 

element were synthesized. The obtained products were all water soluble. Figure 3.3c also 

shows the 13C NMR spectroscopy of one carboxymethlated product, namely CM-1.01. It can 

be seen in Figure 3.3c that new signals at 178.4, 178.5 and 179.3 ppm emerged in the 
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spectrum of CM-1.01 compared with CS-0.37 (Figure 3.3a), which represent the carbonyl 

groups of the carboxymethyl groups at 2-O-, 3-O- and 6-O-position. Moreover, new peaks in 

the spectrum of CM-1.01 at 71.8, 70.9 and 70.2 ppm were detected, which correspond to 

methylene groups at 2-O-, 3-O- and 6-O-position; peaks at 82.7 and 69.3 ppm as a result of 

the presence of carboxymethyl groups were also found. Based on these observations, it was 

concluded that CS was carboxymethylated at all three positions. The DSCM values were also 

determined with 1H NMR (spectra not shown here) according to Refs. [32, 42, 43] and can be 

found in Table 3.3. According to previous work [32], one-step reactions normally lead to a 

maximum DSCM value of about 1.3–1.5. From the results presented here, it is apparent that a 

total DSCM of 1.47 was obtained after a one-step reaction. The 6-O- and 2-O-positions seemed 

to be preferred during the substitution reaction in IPA. It can be concluded that the reactivity 

of all three positions follow the order 6-O>2-O>>3-O.  

In the current study, the effects of different solvents such as IPA or in DMSO on 

carboxymethylation of CS were also studied as shown in Table 3.3. Both solvents led to 

similar DSCM values. It is noteworthy that the application of larger volume of IPA resulted in 

higher DSCM, which becomes apparent comparing CM-1.09 and CM-1.47 (see Table 3.3 

also). Use of DMSO as solvent did not show any particular advantages over IPA concerning 

the overall degree of derivatisation. Even with increased concentrations of NaOH and 

ClCH2COOH, a DSCM of only 1.25 was obtained. However, it seems that with DMSO as 

solvent, the carboxymethyl groups are more evenly distributed in CM-1.25 than in other CM 

samples. These results are consistent with results of other studies showing that the use of IPA 

as solvent during the mercerisation increased carboxymethylation, particularly at 6-O-position 

[44]. Overall, products with a similar sulfation degree could be obtained, differing in degree 

of substitution and distribution of carboxymethyl groups in the 2-O-, 3-O- and 6-O-positions.  
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Table 3.1: Synthesis of CS using chlorosulfuric acid or sulfuric acid as sulfating agent under 

different conditions  

DSS (13C NMR)c Samples starting 

material 

molar 

ratioa 

Tb 

(°C) DSS6 DSS2 DSS3 Total 

CS-0.31 C2.5A 2,35 RT 0.24 0.07 0d 0.31 

CS-0.37 AC 0.85 / 8 60 0.33 0.04 0 0.37 

CS-0.39 IC 0.85 / 8 70 0.36 0.03 0 0.39 

CS-0.40 MCC 0.85 / 8 70 0.38 0.02 0 0.40 

CS-0.43 MCC 0.55 / 8 50 0.38 0.05 0 0.43 

CS-0.58 IC 0.85 / 8 50 0.52 0.06 0 0.58 

CS-0.66 AC 0.85 / 8 40 0.60 0.06 0 0.66 

CS-0.92 AC 3 / 8 50 0.77 0.15 0 0.92 

CS-0.97 MCC 3 / 8 50 0.73 0.24 0 0.97 

CS-1.57 MCC 3 / 8 50 1 0.57 0 1.57 

CS-1.69 MCC 3 / 8 50 1 0.69 0 1.69 

CS-1.80 MCC 4.5 / 0 RT 1 0.80 n. d. > 1.80 

CS-1.94 MCC 13 / 0 RT 1 0.94 n. d. > 1.94 
a Molar ratio in mol sulfating agent/acetylating agent per mol AGU. Sulfating agent: sulfuric 
acid for CS-1.57 and CS-1.69 with DMAc and DMF as reaction medium, chlorosulfuric acid 
for other samples with DMF as reaction medium. 
b T: reaction temperature in °C. The reaction duration was 5 h. For CS-1.57, CS-1.80 and CS-
1.94, they were 6, 6 and 3 h respectively. 
c DSSX: DS values of sulfate groups on carbon C6, C3 or C2, determined with 13C-NMR. 
d 0: no substitution at 3-O-position and DSS3 = 0; n. d.: substitution not determined. 
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Figure 3.3: 13C NMR spectra (200-40 ppm) of NaCS and NaCS containing carboxyl or 

carboxymethyl groups in D2O at RT: (a) CS-0.37; (b) CO-0.67; and (c) CM-1.01. 

 

 

Table 3.2: Oxidation of CS with TEMPO/NaBr/NaClO at RT and pH 10.5 in water. 

Mol ratio (mol per mol 

primary OH-groups) 

DS (13C NMR) Samples Starting 

material 

TEMPO NaBr NaClO 

Duration 

of 

reaction 

(h) 

DSS6
a DSS2

a DSCOO
b 

Heparin      0.43 0.83 0.54 

CO-0.11 CS-0.97 0.05 1.5 8 1 0.73 0.24 0.11 

CO-0.31 CS-0.39 0.0275 0.85 4 2 0.36 0.04 0.31 

CO-0.67 CS-0.37 0.1 3 16 3 0.33 0.04 0.67 
a DS values of sulfate groups on carbon C6 or C2, determined with 13C-NMR. 
b DS values of carboxyl groups on C6, determined by 13C-NMR. 
 

 

 

 

 

 



 99 

Table 3.3: Carboxymethylation of CS with ClCH2COOH and NaOH at 55°C for 5 h. 

Mol ratio (mol per mol free 

OH-groups of NaCS) 

DSCM
a Samples Starting 

material 

NaOH ClCH2COOH DSCM2 DSCM3 DSCM6 

DSs
b 

 

CM-1.01c CS-0.40 4 2 0.3 0.25 0.46 0.40 

CM-1.09c CS-0.31 4 2 0.36 0.20 0.53 0.31 

CM-1.25c CS-0.43 6 3 0.41 0.37 0.47 0.43 

CM-1.47c CS-0.31 4 2 0.54 0.26 0.67 0.31 
a DS values of carboxymethyl groups, determined with 1H-NMR.  
b Overall DS values of sulfate groups with majority on C6, determined with 13C NMR. 
c Intermediate NaCS for the carboxymethylation dispersed in 75 ml (CM-1.01 and CM-1.09) 
or 150 ml IPA (CM-1.47) or dissolved in 175 ml DMSO (CM-1.25). 
 

3.4.4. Cytotoxicity measurements  

Cytotoxicity measurements were performed with derivatives to be further investigated 

regarding their mitogenic activity. For comparison with the mitogenic effects (see next 

paragraph), only the higher sulfated celluloses are shown in Figure 3.4A. By contrast, all the 

carboxylated derivatives are presented in Fig. 3.4B. Obviously, for most derivatives little but 

no significant reduced viability was observed at concentrations of 10 µg and 1000 µg ml-1. 

The carboxymethylated derivative CM-1.47 showed some cytotoxic effect at 1000 µg ml-1, 

but this effect was not significant (Figure 3.4B). Other sulfated polysaccharides such as 

dextran sulfate bearing (1→6) glycosidic bonds and (1→6)-α-D-mannopyranan sulfate 

possess some cytotoxicity for the same cell type only at a high degree of sulfation and 

molecular weight. The overall sulfation degree of the toxic products was more than 1.56, and 

the molecular weight higher than 100 kDa [11]. Polysulfonated anions such as polystyrene 

sulfonate or poly vinyl sulfonate also lead to an impaired viability, even in the presence of 

FGF2 [10]. Sulfated hyaluronan with a DSS of 1.0 and a molecular weight 200 kDa 

significantly decreased the viability of human astrocytes after one week with 100 µg ml-1 [45]. 

Taken together, the cellulose derivatives synthesized in this study did not show any 

significant negative impact on the viability of 3T3-L1 fibroblasts after 24 h. Hence, it was 

concluded that they may be suitable for experiments investigating their mitogenic effect on 

cells.  
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Figure 3.4: Measurement of cytotoxity of the cellulose derivatives. Viability was measured 

by QBlue assay with 3T3-L1 fibroblast cells treated with cellulose derivatives or heparin at 

concentrations of 10 µg and 1000 µg ml-1 for 24 h and compared to cells in DMEM only 

(control): (A) heparin and sulphated celluloses and (B) carboxylated and carboxymethylated 

CS. 
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3.4.5. Screening investigation on mitogenic effects of cellulose derivatives in the 

presence of FGF2  

To obtain an overview on the mitogenic activity of the various cellulose derivatives 

synthesised in this study, their effect on the growth of 3T3 fibroblasts was tested at a 

concentration of 1 mg ml-1 in combination with 10 ng ml-1 FGF2 after 48 h incubation. To 

prevent any influence of other growth factors, neither FBS nor ITS (containing insulin) were 

added to the medium. It was observed that cellulose sulfates with a DSS below 0.66 did not 

promote or even slightly inhibited the proliferation of 3T3-L1 fibroblast cells (data not shown 

here). Only the derivative CS-0.37 as one representative of them is shown in Figure 3.5A. 

With an increase in 6-O sulfation up to 1.0, the proliferation increased up to 120 % of the 

control (10 ng ml-1 FGF2 only). Although the derivative CS-1.57 has a 2-O sulfation of 0.57, 

the increase in proliferation up to this derivative strongly depended on the degree of 6-O-

sulfation. With a further increase of sulfation at 2-O-position, the proliferation continuously 

increased up to 160% of the control. Hence, it seems that the degree of sulfation in both 

positions plays an important role in the enhancement of the mitogenic activity of FGF2.  

In contrast to the finding with CS, only some of the carboxylated and carboxymethylated 

derivatives possessed a small mitogenic activity as shown in Figure 3.5B. Moreover, the 

mitogenic activity was not related to the degree of carboxylation or carboxymethylation as 

was observed for the degree of sulfation. The highest mitogenic activity of carboxylated 

cellulose was found for the derivative CO-0.11(120%), although the difference from CO-0.31 

was not significant. It should be noted here that CO-0.11 possessed the highest sulfation 

degree in the 2-O- and 6-O-positions, but only a small DSCOO of 0.11 at 6-O-position (see 

Table 3.2). Notably, the lowest mitogenic activity was found for CO-0.67 (77 %), which has a 

similar degree of sulfation to CO-0.31, but the highest DSCOO at 6-O. The results confirm that 

a higher degree of sulfation obviously provokes enhanced mitogenic activity. They also 

indicate that an increase in DSCOO leads to impaired proliferation, which was an unexpected 

finding if one considers that heparin possesses a similar DSCOO (see Table 3.2 for comparison) 

Figure 3.5B also demonstrates that the mitogenic activity correlated with neither the degree of 

carboxymethylation nor distribution of carboxymethyl groups (compare with Table 3.3). The 

lowest activity was observed for CM-1.01, which caused a slightly impaired proliferation of 

82%. The strongest mitogenic activity was seen for CM-1.09 (110%). The higher 

carboxymethylated derivatives CM-1.25, CM-1.47 again led to a slight decline in 

proliferation. Compared with the sulfated derivatives, the maximum mitogenic activity 

corresponds to the lower sulfated derivative CS-0.66 (108%). This may be considered as a 
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first indicator that the concept to enhance the biological activity by increasing the accessibility 

of carboxylic groups by a methyl spacer does not work. 
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Figure 3.5: Mitogenic activity of 1 mg ml-1 of sulfated celluloses and 

carboxylated/carboxymethylated CS in the presence of FGF2. Proliferation was measured by 

incubation of 3T3-L1 fibroblasts with 1 mg ml-1 of cellulose derivatives and 10 ng ml-1 FGF2 

for 48 h and related to the control with 10 ng ml-1 FGF2 only: (A) sulfated celluloses and (B) 

carboxylated and carboxymethylated cellulose sulfates. 
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3.4.6. Concentration-dependent effects of cellulose derivatives on 3T3 cell proliferation 

in the presence of exogenous FGF2 

To learn more about the concentration-dependent mitogenic effects of the cellulose 

derivatives, selected derivatives were investigated in a range from 1 µg to 1 mg in the 

presence of 10 ng ml-1 FGF2. Most of the CS, which have shown an increase in proliferation 

of >20% compared with the control during the previous experiment, starting from CS-0.92, 

were included in this study.  All CS yielded results compared with heparin at a concentration 

of 1 mg ml-1 (Figure 3.6A) and increased the growth of 3T3 cells up to 195% compared with 

the control, which was DMEM with 10 ng ml-1 FGF2 alone. The cellulose derivative with 

comparatively low degree of sulfation, CS-0.92, increased the proliferation only at 

concentrations of 500 µg ml-1 and 1 mg ml-1 up to 169%; at lower concentrations it led even 

to a slightly but not significantly impaired proliferation. With increasing DSS, the 

concentration of CS necessary to elevate the proliferation became lower, down to 1 µg ml-1 

for CS-1.94. In general, a stepwise concentration related increase in proliferation from the 

lower to the higher sulfated derivatives was observed, which is also clearly visible from the 

effective dose (ED50) values in Table 3.4, which define the 50% value regarding the range of 

mitogenic activity of curves in Figure 3.6A.  The highest mitogenic activity was found for 

heparin (215% compared with the control), but only at a concentration of 100 µg ml-1. It is 

remarkable that derivative CS-1.94 showed a remarkable mitogenic activity over the whole 

concentration range, which was higher than that of heparin particularly at lower 

concentrations. This holds also for the other highly sulfated cellulose sulfate CS-1.80 at 

concentrations <100 µg ml-1.  

For the concentration-dependent investigations of the carboxylated and carboxymethylated 

cellulose derivatives, only those with an increased mitogenic activity in the first assay (1mg 

ml-1) were selected, except for the carboxymethylated derivative CM-1.25. Figure 3.6B 

demonstrates that all of them showed an increased mitogenic activity only at concentrations of 

500 µg ml-1 and 1 mg ml-1 with a maximum of 149% compared to FGF2 control for derivative 

CO-0.11. This derivative also possessed the highest mitogenic activity among the 

carboxylated/ carboxymethlyated derivatives in the former assay (see Figure 3.4). Compared 

with the derivative CS-0.92, which possessed a similar degree of sulfation at 2-O- and 6-O-

positions (see Table 3.1), CS-0.11 had a reduced mitogenic activity, especially at 500 µg ml-1. 

The carboxyl groups at this higher degree of sulfation possibly impair the activity of the 

derivative. The carboxymethylated derivatives also show similar results to the first assay, with 
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an increase up to 137% at 1 mg ml-1. At concentrations <500 µg ml-1, a slight decrease in 

proliferation down to 72% compared to the control with FGF2 was evident for all derivatives.  

The remarkable mitogenic activity of higher sulfated cellulose derivatives in comparison with 

heparin is certainly related to the difference in degree of derivatisation and site. Heparin from 

PIM used in this study possesses a 6-O-sulfation of only 0.43 (besides a 6-O-carboxylation of 

0.54) and a 2-O-sulfation of 0.83 in comparison with 1.0 and 0.94 for CS-1.94 respectively 

(see Table 3.2 for comparison). Obviously, the higher degree of sulfation at these positions is 

related to the higher mitogenic activity of cellulose derivatives. Nevertheless, although the 

present investigation does not allow any firm conclusions about the mechanism of mitogenic 

activity of CS something can be learnt from previous work with other sulfated compounds. 

Several studies have shown the effects of polysulfated compounds on growth factor-induced 

cellular behaviour [7,8,10,20]. First, protection against proteolytic degradation of FGF2 

prolonging its biological activity was shown not only for heparin, but also a (1→3)-β-galactan 

sulfate with a high DSS of 2.0, and several other polysulfated compounds [13,46,8]. Thus a 

prolonged life time of FGF2 can be expected also in the current study as one reason for the 

mitogenic activity, particularly of higher sulfated cellulose derivatives. Another possible 

explanation for the mitogenic activity of CS is the increased binding of FGF2 to its receptor, 

which was also shown by Pye et al. for heparan sulfate oligosaccharides, where an increased 

sulfation was linked to elevated cell growth [4].  
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Figure 3.6: Mitogenic activity of the cellulose derivatives in the presence of FGF2. 

Proliferation was measured by incubation of the 3T3-L1 fibroblast cells with 1 µg ml-1 up to 1 

mg ml-1 of selected cellulose derivatives or heparin and 10 ng ml-1 FGF2 for 48 h. Data are 

expressed as percentage of the control with 10 ng ml-1 FGF2, only: (A) heparin (□), sulfated 

cellulose CS-0.92 (●), CS-1.57 (▲), CS-1.80 (○), CS-1.94 (◄) and (B) carboxylated and 

carboxymethylated CS CO-0.31 (□), CO-0.11 (●),CM-1.09 (▲), CM-1.25 (○). 

 

In contrast to CS, only some of the other cellulose derivatives (CO and CM) expressed a low 

mitogenic activity, which seems to be related rather to the presence of sulfate than of carboxyl 

and carboxymethyl groups. Other studies have shown no mitogenic activity of carboxymethyl 

cellulose in the presence of FGF2 with the same cell type [10]. Although in this study the 

DSCOO was 1.5-2.4 per AGU, concentrations up to 60 µg ml-1 were not enough to induce any 

mitogenic activity [10]. Since, it is desirable to obtain mitogenic effects already at minimal 

concentrations, CS seems to have clear advantages over carboxylated and carboxymethylated 

derivatives. 
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Table 3.4: ED50 values of the mitogenic activity of sulfated celluloses in the presence of 10 

ng ml-1 FGF2 

Samples ED50a % mitogenic 

activityb 

heparin 73.73 157.59 

CS-0.92 303.10 134.61 

CS-1.57 80.39 147.45 

CS-1.80 32.40 139.99 

CS-1.94 < 1 µg ml-1 137.85 
a effective doses for 50% activity in µg ml-1  
b mitogenic activity (compared to the control with 10 ng ml-1 FGF2) at the respective ED50 
values  
 

3.4.7. Concentration-dependent effects of cellulose derivatives on 3T3 cell proliferation 

in the absence of exogenous FGF2 

The direct impact of the cellulose derivatives on the proliferation of 3T3-L1 fibroblasts was 

studied at the same concentrations as in the former experiments but without addition of FGF2. 

The data were related to 3T3 cells cultured in medium without FGF2, which was considered 

as control. The results were interesting, and differed strongly from that in the presence of 

FGF2. Most obviously, almost all CS investigated either decreased or increased the 

proliferation in a concentration-dependent manner (see Figure 3.7A), because of the diverse 

effects at different concentrations, ED50 values were not calculated here. The derivative CS-

0.92 showed increased proliferation compared with the control only at a concentration of 1 

mg ml-1. The highest mitogenic activity at the lower concentration range was observed for the 

middle sulfated derivative CS-1.57 (222% at 50 µg ml-1). It should be noted that its mitogenic 

activity at lower concentrations exceeded that of heparin by far. Higher concentrations of CS-

1.57 caused only a slight reduction. CS-1.80 caused an increase only at concentrations > 100 

µg ml-1 (190% with 100 µg ml-1), but lower concentrations suppressed the proliferation (55% 

with 50 µg ml-1), these concentration-dependent effects strongly resembled that of heparin, 

although heparin was less effective at higher concentrations. Interestingly, the overall degree 

of derivatisation at 2-O- and 6-O-positions is similar in CS-1.80 and heparin (see Table 3.2 

for comparison). Surprisingly, the highest sulfated product, CS-1.94, yielded a slight increase 

only at 1 mg ml-1 (131% of the FGF2 control), but a suppression of proliferation was not 

obvious at any concentration. Comparable to the results with the addition of FGF2, CS-1.94 

showed almost a constant mitogenic activity over the whole concentration range. But CS with 
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lower degree of derivatisation, especially at 2-O-position lead to higher mitogenic activity 

without FGF2, even at relatively low concentrations. Hence, it seems that a certain degree of 

2-O-sulfation can foster the mitogenic activity of the cellulose derivatives. With the exception 

of CM-1.09, all of the carboxylated and carboxymethylated CS did not show any promoting 

effect on cell growth. By contrast, a slight decrease in comparison with the control without 

FGF2 was observed for some of them (see Figure 3.7B). The results above show that the 

effects of the cellulose derivatives in the absence of exogenous growth factors depend highly 

on derivatisation, especially the degree of sulfation. Indeed, the findings in this experiment 

were puzzling, since both promoting and inhibiting effects were observed.  

There are a number of explanations for the mitogenic activity of CS in dependence on the DSS 

and sulfation site. Other studies have shown a dramatic increase in the production of growth 

factor FGF2 after addition of heparin to fibroblasts, but accompanied by a reduction in 

population doubling time [18]. Similar studies with heparin also resulted in reduced cell 

growth, but increased expression of FGF2, FGF receptor 1 and cell-associated heparan sulfate 

proteoglycans [47]. These effects could not be elicited by other GAG such as chondroitin 

sulfate or hyaluronan, which are less or not sulfated [47]. Suppression of cell proliferation in 

the presence of heparin was found to be related to inhibition of the first cell cycle traverse 

[48], a blockade of the induction of histone H3 RNA and ATP/ADP carrier protein 2F1 [49]. 

For heparin, antagonism to the action of inositol 1,4,5-triphosphate-activated Ca2+ release [50] 

and suppression of the induction of c-fos, by inhibiting the activation of the MAPK [51] has 

been shown. Promoting effects, in contrast, have also been described and were related to 

protection of growth factors from proteolytic degradation [13,46] and presentation of growth 

factor to its receptor forming a ternary complex [4,5]. Since all these effects are dependent on 

degree and site of functionalization/derivatisation, molecular weight and concentration, it is 

quite difficult to compare effects of previous work with the findings of the current study. 

Indeed, it was to some extend surprising that none of the carboxylated CS expressed a 

remarkable mitogenic activity because their structure shows some similarities to heparin. 

Their DSS was probably not high enough to become potent mitogenic inducers. In contrast, 

CS with intermediate and high DSS possessed a mitogenic activity far exceeding that of 

heparin, which makes these materials alone, or more specifically, together with FGF2, highly 

interesting for applications to improve wound healing, smooth muscle growth, vascularization, 

haematopoiesis or differentiation of nerve cells [52-55]. The substances can be used as part of 

scaffolds to incorporate and release growth factors with defined kinetics. Further studies will 
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be devoted to the use of the cellulose derivatives in three-dimensional tissue culture 

applications.  
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Figure 3.7: Mitogenic activity of cellulose derivatives in the absence of FGF2. Proliferation 

was measured by incubation of the 3T3-L1 fibroblast cells with 1 µg ml-1 up to 1 mg ml-1 of 

selected cellulose derivatives or heparin without the addition of FGF2 for 48 h. Data are 

expressed as percentage of the control without FGF2:. (A) heparin (□), sulphated cellulose 

CS-0.92 (●), CS-1.57 (▲),CS-1.80 (○), CS-1.94 (◄), 10 ng ml-1 FGF2 only (◊) and (B) 

carboxylated and carboxymethylated cellulose sulfates CO-0.31 (□), CO-0.11 (●),CM-1.09 

(▲), CM-1.25 (○),10 ng ml-1 FGF2 only (◊). 
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3.5. Summary and Conclusions 

This study introduced a number of routes to obtain cellulose derivatives with different degrees 

and patterns of sulfation and carboxylation/carboxymethylation. It should be noted that, by 

the selection of starting material, means of derivatization and conditions, a gradual increase in 

2-O- and 6-O-sulfation and differences in carboxylation/carboxymethylation degree and 

distribution could be obtained. Middle and highly sulfated celluloses far exceeded the 

mitogenic activity of heparin, notably at lower concentrations. Carboxylated and 

carboxymethylated CS were less competent to enhance the activity of FGF2, possibly due to a 

lower degree of sulfation in 2-O- and 6-O-position. Highly sulfated celluloses enhanced cell 

growth remarkably also without any additional growth factor at lower concentrations. The 

results obtained in this study indicate that CS represent a highly effective alternative to 

heparin in tissue culture applications as supplements to media, but more importantly as 

component of scaffolds, able to bind, protect and control the release of growth factors. Further 

studies are needed to understand the underlying mechanism of mitogenic activity of CS 

stimulating the proliferation of cells.  
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4.1. Abstract  

Multilayer coatings of polycationic chitosan paired with polyanionic semi-synthetic cellulose 

sulfates or heparin were prepared by the layer-by-layer method. Two different cellulose 

sulfates (CS) with high (CS2.6) and intermediate (CS1.6) sulfation degree were prepared by 

sulfation of cellulose. Multilayers were fabricated at pH 4 and the resulting films were 

characterized by several methods. The multilayer ‘optical’ mass, measured by surface 

plasmon resonance, showed little differences in the total mass adsorbed irrespective of which 

polyanion was used. In contrast, ‘acoustic’ mass, calculated from quartz crystal micro balance 

with dissipation monitoring, showed the lowest mass and dissipation values for 

CS2.6 (highest sulfation degree) multilayers indicating formation of stiffer layers compared to 

heparin and CS1.6 layers which led to higher mass and dissipation values. Water contact 

angle and zeta potential measurements indicated formation of more distinct layers with using 

heparin as polyanion, while use of CS1.6 and CS2.6 resulted into more fuzzy intermingled 
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multilayers. CS1.6 multilayers significantly supported adhesion and growth of C2C12 cells 

where as only few cells attached and started to spread initially on CS2.6 layers but favored 

long term cell growth. Contrastingly cells adhered and grew poorly on to the layers of heparin. 

This present study shows that cellulose sulfates are attractive candidates for multilayer 

formation as potential substratum for controlled cell adhesion. Since a peculiar interaction of 

cellulose sulfates with growth factors was found during previous studies, immobilization of 

cellulose sulfate in multilayer systems might be of great interest for tissue engineering 

applications. 

 

4.2 Introduction 

In the field of tissue engineering and implantable biomaterials, the appropriate design of 

biomaterials at micro and nanometer scale to control their bulk and surface properties to direct 

cell fate is a great challenge. Apart from bulk composition, which controls mechanical and 

other properties, the biomaterial surface features are of prime importance in dictating the 

interaction of the material with its environment.[1],[2] Hence, surface modification and 

functionalization of biomaterials have become very important for biomaterials research and a 

large number of techniques have been developed for this purpose.[3],[4] A physical surface 

modification technique called the layer-by-layer (LbL) technique, introduced by Decher and 

co-workers in 1990s [5], has been adopted for biomaterials surface modification to improve 

their biocompatibility during the last years.[6] The LbL technique is based on electrostatic 

attraction and ion-pairing of oppositely charged polyelectrolytes that are alternatingly 

adsorbed onto charged substrata.[7] It is important to note that the conditions during 

complexation of the polyelectrolytes, e.g., temperature, pH and ionic strength, control the 

multilayer properties, particularly when weak polyelectrolytes are involved.[8] The selection 

of appropriate polyelectrolytes and complexation conditions allows the design of material 

coatings with controlled intrinsic (bulk) and extrinsic (surface) properties.[9] While the 

majority of research with the layer-by-layer method is based on fully synthetic 

polyelectrolytes, multilayer films consisting of charged polysaccharides have gained an 

increasing attention during the last years.[10, 11]  

Glycosaminoglycans (GAGs), a class of polysaccharides, are an important component of the 

extracellular matrix (ECM). The GAGs are built from sugar rings, which are linked by 

glycosidic bonds and possess various charged functional moieties, like amino, sulfate or 

carboxylic groups. Many GAGs like heparin and chondroitin sulfate are strong polyanions 
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due to the presence of sulfate groups. In addition, they have a bioactivity that is expressed by 

specific interactions with proteins and cells. For example, heparin possesses a multitude of 

binding partners such as adhesive proteins (e.g. fibronectin) and growth factors (e.g. bone 

morphogenic proteins), which regulate adhesion, movement, growth and differentiation of 

cells.[12] Therefore heparin has been used as a component of multilayer coatings on 

biomaterial surfaces.[13],[14] Despite the exceptional multifunctionality of heparin, it is 

associated with certain drawbacks like the isolation from animal sources, e.g., porcine mucosa 

or bovine lung, which limits availability in larger quantities and contributes also to chemical 

heterogeneity and variability of physiological activity.[12, 15]. Therefore a chemical 

modification of more abundantly occurring polysaccharides like cellulose to achieve 

heparinoid features has been suggested previously.[16] In this regard, regioselective sulfation 

of cellulose has been shown particularly effective to achieve a bioactivity comparable to that 

of heparin with respect to growth factors and cell interactions.[17],[18] Because of the 

inherent charge density depending on the degree of sulfation, cellulose sulfates are interesting 

candidates for the LbL technique, and such multilayers were used previously to generate 

blood compatible surfaces.[19] Also other studies have shown the usage of sulfated 

polysaccharides including cellulose sulfates in multilayers and investigated the influence of 

charge density on internal structure of multilayers and their biological interactions.[20, 21] On 

the other hand, many of the natural polycations are weak polyelectrolytes with amino groups 

as the charged moieties. Such weak polycations used in the LbL technique are often 

polypeptides like poly-L-lysin[14] or polysaccharides like chitosan.[22] Chitosan is a co-

polymer of N-acetylglucosamine and glucosamine linked via 1-4-beta glycosidic bonds 

produced by deacetylation of chitin, which is also available in huge quantities. However, the 

degree of deacetylation influences the various properties of chitosan like its solubility, 

biodegradability [23]. Chitosan possesses remarkable antimicrobial activity and promotes 

wound healing through a number of mechanisms.[24],[25] Hence, it is not surprising that 

chitosan has been applied in different studies as polycation during multilayer 

formation.[13],[22]  

Polysaccharide-based multilayer formation has been studied recently showing that the charge 

of GAGs and the deposition conditions like pH and ionic strength allow to control the 

multilayer composition and thickness.[26],[27] It was shown that film thickness increases 

when the pH of the adsorbing polyelectrolyte is close to its pKa value and the ionic strength 

increases within a narrow range [27],[28], which affects also the hydration and swelling 

properties of the films [29]. It is also important to note that during the construction of 
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multilayer films, the local interactions inside the multilayers are likely to depend on the nature 

of the polyelectrolytes that forms the outer layer. As shown by Xie et al., the ionization of 

weak polyelectrolytes inside multilayers, when interacting with strong polyelectrolytes, is 

dependent on the nature of the outermost layer of the film [30]. That means the ionization of 

weak polyelectrolytes changes during the subsequent addition of polyelectrolytes leading also 

to variations in corresponding film properties like thickness, hydration and mechanical 

properties [10], which in turn leads to differences in protein adsorption, controlled release of 

bioactive molecules like growth factors and cell responses [31]. Along with the presence of 

GAGs (e.g. heparin) in the outermost layers, adsorption of adhesive proteins like fibronectin 

or vitronectin may be affected [32],[33], that is crucial for interactions with cells, which 

require specific adhesive ligands for communication with integrin cell receptors [34],[35]. 

Hence, the use of natural or semi-synthetic GAGs bears great advantages for multilayer 

formation because of the change of multilayer properties due to the different charge density of 

molecules and dependence of charge and conformation on pH value and ionic strength 

[14],[10]. In addition, the intrinsic bioactivity and biodegradability of these polyelectrolytes 

allows for highly biocompatible and bioresponsive surface coatings that are useful for a large 

variety of biomedical applications like blood compatible surface [36] or new approaches for 

making scaffolds and systems for different tissue engineering applications [37],[38]. 

The current study investigates the construction of polyelectrolyte multilayers (PEM) 

assembled from semi-synthetic cellulose sulfates and heparin as polyanions in a comparative 

manner. Chitosan was used as polycation to pair with the polyanions. Additionally, 

poly (ethylene imine) (PEI) was applied to make the first polycation layer as a uniform 

anchoring layer to provide a better bonding to the underlying model glass or gold surfaces 

[39]. Two different cellulose sulfates (CS), CS2.6 and CS1.6 (where 2.6 and 1.6 shows the 

number of sulfate groups per repeating unit) with high and intermediate sulfation degree were 

used to study the multilayer formation process as well as their biological responses in 

comparison to heparin, that has only one sulfate group per repeating unit. The results of the 

study show significant differences in the multilayer properties from cellulose sulfates and 

heparin in relation to layer mass, amount of coupled water during layer growth, and other 

surface properties for the different polyanions, which in turn affected the adsorption of 

fibronectin and adhesion and growth of C2C12 myoblast cells. 
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4.3. Experimental Section 

4.3.1. Materials 

Microcrystalline cellulose (MCC) with an average DP of 276 was received from 

J. Rettenmaier & Söhne GmbH (Germany). Chlorosulfonic acid was purchased from Merck 

Schuchardt OHG (Germany) and sulfuric acid (98%) from Carl Roth GmbH (Germany). N,N-

dimethylformamide (DMF) was freshly distilled before synthesis. Deionized water was used 

in all experiments. Dialysis membrane with a molecular weight cut off of 500 Daltons was 

obtained from Spectrum Laboratories Inc (Rancho Dominquez, USA). Other chemicals were 

all of analysis grade and used as received. 

Multilayers were fabricated on microscopy glass cover slips (Menzel, Germany). Prior to 

layer formation cover slips were cleaned for 2 hours with 0.5 M NaOH (Roth, Germany) 

dissolved in 96% ethanol (Roth, Germany) followed by excessive rinsing with micropure 

water (10 x 5 min). New gold coated sensors for SPR (IBIS Technologies, Hengelo, The 

Netherlands) and AT-cut gold-coated quartz crystals for QCM-D (Q-sense, Gothenburg, 

Sweden) measurements were cleaned with 99.8% ethanol (Merck, Germany) and rinsed 

thoroughly with micropure water. After rinsing sensors were dried with nitrogen (1 bar) and 

placed immediately overnight in an ethanol (p.a.) solution of 2 mM mercaptoundecanoic 

acid (MUDA, 95%, Sigma, Germany) to obtain a negatively charged surface by the formation 

of a self-assembled monolayer exposing carboxyl groups [40].  

For preparing polyelectrolyte solutions, poly (ethylene imine) (PEI) (MW 750,000 g/mol, 

Sigma, Germany), heparin (min 150 IU/mg, MW 8000-15,000 g/mol, Applichem, Germany), 

and two different cellulose sulfates synthesized (see below) CS1.6 and CS2.6 were dissolved 

under stirring at a concentration of 2 mg/ml in water containing 0.14 M NaCl. Chitosan 

solution was prepared from medical grade chitosan with a deacetylation degree of 

85 % (MW 500,000 g/ mol, 85/ 500/ A1, Heppe, Germany) in 0.14 M NaCl and 0.05 M acetic 

acid at 50°C for 3 h.  

 

4.3.2 Synthesis of cellulose sulfates (CS)  

Cellulose sulfates (CS) were prepared via direct sulfation or acetosulfation of cellulose as 

described before [41]. Briefly, 0.5 g MCC was suspended in 25 ml DMF for overnight. The 

sulfating reagent, chlorosulfonic acid in DMF or the mixture of sulfuric acid and acetic 

anhydride in DMF was added slowly to the cellulose suspension. After the incubation at room 
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temperature (RT) or 50°C for the desired time, the solution was cooled down to RT and 

poured into a saturated ethanolic solution of anhydrous sodium acetate. The precipitate was 

collected for further treatment. During the acetosulfation of cellulose, a deacetylation of the 

product using 1 M ethanolic solution of sodium hydroxide was carried out at RT for 15 h and 

the deacetylated product was collected via centrifugation. After washing with 4% sodium 

acetate solution in ethanol, final products were dissolved in water. The pH value of the 

solution was adjusted to 8.0 with acetic acid/ethanol (50/50, w/w) and the solution was 

filtered, dialyzed against deionized water and lyophilized. 

 

4.3.3. Characterization of cellulose sulfate (CS) and heparin 

The contents of carbon, hydrogen and nitrogen were determined with Elemental Analyser 

vario EL from Elementar (Hanau, Germany). The content of sulfur was measured with 

Elemental Analyser Eltra CS 500 (Neuss, Germany). Total degree of sulfation DSS was 

calculated according to the equation: total DSS = (S%/32)/(C%/72). Molecular weights of CS 

are measured using size exclusion chromatography (SEC) with PSS Suprema 3000 and 100 Å 

columns (Polymer Standards Service GmbH, Mainz, Germany). The detection was carried out 

with a Waters 410 reflective index (RI) detector (Waters Corporation, Milford, MA, USA) 

and 0.1 mol/l NaCl aqueous buffer was used as mobile phase. The columns were calibrated 

with pullulan standards (Sigma-Aldrich, Switzerland). Empower Pro software (Waters 

Corporation) was used for the analysis. The 13C NMR spectra were recorded at RT on Bruker 

DFX 400 spectrometer (Bruker) with a frequency of 100.13 MHz, 30° pulse length, 0.35 acq. 

time and a relaxation delay of 3 s. The scans of 20000 were accumulated and D2O was used. 

FT Raman spectra were recorded on a Bruker MultiRam spectrometer (Bruker, Ettlingen, 

Germany) Ge diode as detector that is cooled with liquid-nitrogen. A cw-Nd:YAG-laser with 

an exciting line of 1064 nm was applied as light source for the excitation of Raman scattering. 

The spectra were recorded over a range of 3500-150 cm-1 using an operating spectral 

resolution of 3 cm-1 and a laser power output of 100 mW.  

 

4.3.4. Polyelectrolyte Multilayer Formation 

Polyelectrolyte multilayers were assembled on cleaned glass cover slips or on gold coated 

sensor substrates (see above) using the following steps (the protocol was adapted for SPR and 

QCM-D measurements as described below). The gold sensors were functionalized by 

mercaptoundecanoic acid (MUDA) to achieve the negative charge on the sensor surfaces 
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comparable to glass which was used as a substrate to make multilayers. A first anchoring 

layer of PEI was formed on the glass to obtain a surface with a positive charge. This was 

followed by adsorption of polyanion layers of heparin (HEP) or CS1.6 or CS2.6 and then 

polycation layer of chitosan (CHI). Each of the layers was prepared by incubation of glass 

surfaces in polyelectrolyte solutions for 7 min followed by rinsing with an aqueous solution 

containing 0.14 M NaCl (3 x 4 min). Multilayers were built up to the 7th and 8th layer by 

alternating deposition of polyanion and polycation. The pH value of each polyelectrolyte 

solution and rinsing solution was adjusted to pH 4 by using either HCl or NaOH. 

 

4.3.5. Characterization of Multilayer 

4.3.5.1. Measurement of mass adsorption and multilayer growth: 

The multilayer build-up and measurement of adsorbed mass was studied by surface plasmon 

resonance (SPR) (IBIS-iSPR equipment IBIS Technologies B.V., Hengelo, Netherlands) and 

quartz crystal microbalance with dissipation monitoring (QCM-D) (E4 instrument Q-Sense, 

Gothenburg, Sweden) techniques. The ‘optical’ mass of the adsorbed molecules during the 

formation of each layer was calculated by Eq. (1) as the change in SPR angle shift (m°) is 

proportional to the mass (ΓSPR) of adsorbed molecules on the surface [42]. 

122 m° ≈ 1 ng/mm2          (1) 

QCM-D measurements were performed to quantify adsorbed ‘acoustic’ mass on the sensor. 

For rigid and evenly distributed films, the resonance frequency shifts (∆f) can be related to 

changes in mass that is acoustically coupled to the sensor surface (∆mQCM-D) by using the 

Sauerbrey equation Eq. (2) [43].  

∆m = - C∆f/n           (2) 

where n (n = 1, 3, 5,..., 13) is the overtone number and C is the mass sensitivity constant 

specific for the quartz crystal, here C = 0.177 mg/m²Hz for (f0 = 5 MHz). The dissipation 

factor (D) is a measure of the dampening of the oscillatory motion when the driving voltage 

of the quartz crystal is shut off. It can be related to structural properties of the added layer on 

the sensor surface.  

The calculations for the measurements of coupled/trapped water in the multilayer systems 

were determined by comparing the masses obtained by QCM-D and SPR, under the 

assumption that the two masses were obtained for equivalent multilayer structures. 
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The SPR and the QCM-D measurements were made in the flow cell of each of the device 

using cleaned gold sensors previously treated with MUDA (see above). The treatment with 

MUDA was done to acquire a negative charge on sensor surfaces that provides similar 

conditions like a negatively charged glass substrate used for the WCA, zeta potential and 

biological studies. After fixation of sensors in the flow chamber, firstly, the polycation PEI 

solution was introduced to the chamber exposing the sensor surface for 7 min, followed by 

rinsing of 12 min with water containing 0.14 M NaCl. Formation of the primary PEI layer 

was followed by alternate introduction of the polyanion HEP/CS1.6/CS2.6 and the polycation 

CHI to form the subsequent layers of CHI-HEP and CHI-CS systems. The layers were 

adsorbed up to 8 layers and all the polyelectrolyte and rinsing solutions were applied at 

pH 4.The rinsing steps were done after each layer deposition to remove unbound 

polyelectrolyte. 

The protein binding ability of these different multilayer surfaces were studied by QCM-D. 

Plasma fibronectin (pFN, Roche, Germany) was used as the model protein. 20 µg/ml 

fibronectin was reconstituted in phosphate buffered saline (PBS, 150 mM NaCl, pH 7.4) and 

introduced into the QCM-D flow cell after the formation of final (polyanaion) layer. The 

adsorption process was performed for 1 hour. All the measurements were done in duplicates 

and represented as average. 

 

4.3.5.2. Water contact angle and zeta potential measurements 

The surface wettability of the multilayers was determined by water contact angle (WCA) 

measurements using an OCA15+ device from Dataphysics (Filderstadt, Germany). By 

applying the sessile drop method, 3-4 cover slips from each type of multilayer system and 

terminal layer surface were studied by dispensing 3-4 drops of 3 µl of water at a flow rate of 

0.5 µl/s. At least 10 independent measurements were recorded for each droplet by the built-in 

software and the contact angle values presented here are the means of two independent 

measurements.  

Zeta (ζ) potentials of the multilayer surfaces were measured by SurPASS device (Anton Paar, 

Graz, Austria). Specially designed glass cover slips for the measuring chamber were used for 

multilayer deposition followed by streaming potential measurements. Two cover slips, 

modified identically with multilayer fabrication procedure were fixed on the stamps and 

placed oppositely in the flow chamber. A flow rate of 100-150 ml/min was achieved at a 

maximum pressure of 300 mbar by adjusting the width of the flow chamber. 1 mM potassium 
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chloride was used as electrolyte and 0.1 N HCl for pH titration. The measurements from 

pH 10.5 to 2.25 were performed by an automated titration program. 

 

4.3.6. Biological Investigations  

4.3.6.1. Cell culture 

In all of the cell studies, the skeletal muscle cell line C2C12 (DSMZ, Germany, Product Nr.: 

ACC 565) was used. Cryo conserved C2C12 cells were thawed and cultured in Dulbecco’s 

modified Eagle medium (DMEM, Biochrom AG, Germany) supplemented with 10% fetal 

bovine serum (FBS, Biochrom AG), 2 mM L-Glutamine, 100 U/ml Penicillin and 100 µg/ml 

Streptomycin (Biochrom AG) at 37ºC in humidified 5% CO2/95% air atmosphere using a 

NUAIRE® DH Autoflow incubator (NuAire corp., Plymouth, Minnesota, USA). Cells were 

harvested from pre-confluent cultures by trypsinization using 0.25% Trypsin, 0.02% EDTA 

followed by subsequent washing with DMEM and resuspended in DMEM with 10% FBS at a 

concentration of 25,000 cells/ml. 

 

4.3.6.2. Cell adhesion and spreading  

Short-term cell adhesion studies were conducted on different multilayer coatings of CHI and 

polyanion (HEP or both CS) terminated on glass slides. These multilayer coated glass 

substrates were placed in 12-well tissue culture plates followed by sterilization with 

70% ethanol for 10 min and excessive washing with sterile PBS. C2C12 cells in DMEM with 

a concentration of 25,000 cells/ml were seeded on the sterilized multilayer surfaces and 

incubated for 4 h at 37°C in a humidified 5% CO2/95% air atmosphere. After 4 h, culture 

medium was aspirated and exchanged with fresh medium twice so that non-adherent cells 

could be removed. The attached cells were stained by adding 5 µl FDA (fluorescein diacetate) 

solution (0.01% vol/vol) to each well containing 1 ml of cell culture medium (over the 

multilayer samples) and incubated for 3-5 min. Images were made after the staining with a 

fluorescence microscope Axiovert 100 (Carl Zeiss Microimaging, Jena, Germany) fitted with 

a CCD camera for analyzing the cell morphology and quantification of cell attachment and 

spreading. Image processing software “ImageJ, NIH” was used for analyzing all the required 

parameters. 
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4.3.6.3. Cell morphology 

Immunofluorescence staining was performed on the polyanion terminal layers (HEP or both 

CS) after 4 h of cell culture at 37ºC in DMEM supplemented with 10% FBS (Biochrom AG) 

by immunofluorescence microscopy. Adherent cells were fixed with Roti® – Histofix (Roth, 

Karlsruhe, Germany) for 15 min and rinsed with PBS. After fixing, permeabilization of cells 

was done by 0.1% (v/v) Triton X-100 in PBS for 10 min followed by three times rinsing with 

PBS. Non-specific binding sites were blocked by incubation with 1% bovine serum 

albumin (BSA, Sigma, Germany) in PBS at RT for 30 min. Adherent cells were triple stained 

by subsequent staining of focal adhesion complexes with mouse monoclonal antibody against 

vinculin (Sigma, Germany) and Cy2®conjugated AffiniPure Goat Anti-Mouse 

IgG-conjugated anti-mouse immunoglobulin (Dianova, Germany). Actin filaments and nuclei 

were stained with BODIPY®phalloidin (5µM, Molecular Probes, Germany) and 

TO-PRO3 (1µM, Molecular Probes, Germany), respectively. Each incubation step was 

performed for 30 min followed by extensive washing with PBS. Finally all samples were 

mounted on objective slides with Mowiol® 4-88 (Merck, Germany) and investigated with a 

confocal laser scanning microscope (LSM 710, Carl Zeiss MicroImaging GmbH, Jena, 

Germany) using a 63x immersion oil objective. The acquired images were processed with 

ZEN software. 

 

4.3.6.4. Cell growth measurements 

Cell proliferation measurements were conducted on multilayers terminated by the 

polyanions (HEP or both CS) on coated glass slides placed in 12-well plates. Similar to cell 

adhesion studies, the samples were sterilized and seeded with the cell density of 

25,000 cells/ml in DMEM with 10% FBS. Cells were seeded on the polyanion (HEP or both 

CS) terminal layers and cultured for 1 and 3 days. Phase contrast images were taken with 

Axiovert 100 microscope equipped with a CCD camera at the different days of culture 

followed by quantification of viable cells. QBlue fluorescence assay (BioChain, USA), which 

quantifies the metabolic activity of cells was employed here to measure the quantity of viable 

cells at the end of culture period. The slides with cells were transferred to the new 12-well 

plates (to avoid the inclusion of cells grown on well plate surface) and were washed with 

DMEM. This was followed by addition of 500 µl fresh DMEM and 50 µl of Qblue assay 

reagent. After 3 h of incubation at 37ºC, 100 µl of the supernatant was transferred from each 

well to a 96-well black plate and fluorescence intensity (excitation wavelength 544 nm, 
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emission wavelength 590 nm) was measured with a fluorescence plate reader (BMG 

LABTECH, Fluostar OPTIMA, Offenburg, Germany). All biological data were statistically 

analyzed by one-way ANOVA (analysis of variance) and the means were compared by Tukey 

test at a significance level of 0.05. 

 

4.4. Results and Discussion 

4.4.1. Cellulose sulfates and heparin 

Two different CS variants with intermediate and high degree of sulfation (DSS) were 

synthesized. CS1.6 with a DSS of 1.57 was prepared via acetosulfation using sulfuric acid as 

sulfating agent, while CS2.6 with a DSS of 2.59 was obtained after direct sulfation using 

chlorosulfonic acid as sulfating agent. FT Raman spectroscopic analysis of these CS 

variants (Figure 4.1A) showed characteristic bands at 1075, 847 and 589 cm-1 ascribed to the 

following vibrational modes of the sulfate groups νs(O=S=O), ν(C-O-S) and δ(O=S=O), 

respectively [44]. After the normalization of the spectra with respect to the band at 1380 cm-1, 

attributed to vibrations of cellulose backbone [41], it is visible that the intensities of the three 

bands ascribed to vibrations of sulfate groups increase with higher total DSS of CS. In 

addition, it is visible that the intensities of the bands at 2896 and 2966 cm-1 representing the 

stretching vibrations of CH and CH2 change their relationship after the sulfation. 

In addition to FT Raman spectroscopy, 13C NMR spectra of CS and HEP showed the typical 

chemical shifts of carbons due to the sulfation of hydroxyl groups of their repeating 

units (Figure 4.1B). With the sulfation at C6 position in anhydroglucose unit (AGU) of 

cellulose, the signal of C6 shifted from 60 ppm to 66.5 ppm, while new signals were 

detectable between 80 and 85 ppm due to the sulfation at C2 and C3 positions. Moreover, the 

signal of C1 shifted from 102 ppm to 100 ppm when the C2 position is sulfated. Based on the 

integrals of the signals attributed to original as well as substituted C6 and C1 of AGU, the 

ratio of sulfated C6 and C2 positions can be calculated, which are corresponding to the partial 

DSS at these positions [41]. Accordingly, CS2.6 has a complete sulfation of hydroxyl groups 

at C6 and C2 position due to the complete shift of the signals derived from C6 and C1. CS1.6 

has a complete sulfation of primary hydroxyl groups (C6) and partial sulfation of hydroxyl 

groups at C2 position. In comparison, HEP has an intermediate to high degree of sulfation 

depending on the source, but it contains also carboxyl groups at C6 position of the uronic acid 

monomer, which is visible by the large peak around 175 ppm in Figure 4.1B-iii [45]. 

Moreover, it is also notable that HEP has a higher DS at C2 position compared to C6 position. 
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Figure 4.1: (A) FT Raman spectra (3100-500 cm-1) of (i) microcrystalline cellulose, (ii) 

CS1.6 and (iii) CS2.6. and (B) 13C NMR spectra (180-10 ppm) of (i) CS2.6, (ii) CS1.6and (iii) 

heparin in D2O. 

 

The total DSS of CS and HEP was assessed by elemental analysis. The total DSS of 2.6 for 

CS2.6 is much higher than the sum of partial DSS2 and DSS6, which were estimated using 
13C NMR spectroscopy. This fact indicates a substantial sulfation at C3 position for CS2.6. 

This discrepancy is due to the fact that the partial DSS3 cannot be exactly calculated using 
13C NMR spectroscopy due to the broad signals of C2S/C3S, which are also partly overlapped 

by C4-signal. It is also interesting to note that the DSS of HEP is lower than that of both CS. 

Molecular weights of cellulose sulfates (Mn and MW) were assessed by gel permeation 

chromatography (Table 4.1). Due to the high amount of chlorosulfonic acid (13 mol/mol 

AGU) used for the direct sulfation, the resulting total DSS of CS2.6 is much higher than of 

CS1.6. However, the average molecular weight of CS2.6 is smaller than of CS1.6 (Table 4.1), 

although the sulfation temperature for CS2.6 (RT) was lower than that for CS1.6 (50°C). Thus, 

a higher total DSS of CS may often be accompanied by a lower molecular weight [46]. 

Possibly, there is a balance between the acidic hydrolysis of cellulose during the sulfation and 

the DS of the final products.  

 

 

 

 

 

 

B A 
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Table 4.1: Synthesis and characterization of CS and heparin 

DSS
b Samples Molar 

ratioa 

Reaction 

temperature 

(°C) /duration 

(h) 

DSS6 DSS2 total 

DSS 

DOb MWw MWn MWw/MWn 

CS1.6 3/8 50 / 6 0.91 0.55 1.57 0 77748 37549 2.07 

CS2.6 13 RT / 2.5 1 1 2.59 0 64961 36197 1.79 

Heparin

(HEP) 

n.a. n.a. 0.27 0.8 1.01 0.26  *8000-

25000 

 

a molar ratios in mol sulfuric acid and mol acetic anhydride per mol AGU for CS1.6 and mol 

chlorosulfonic acid per mol AGU for CS2.6, respectively.b DSS6, DSS2 and DO (degree of 

oxidation) were analysed with 13C NMR spectroscopy. The total DSs was determined by 

elemental analysis. *MWw of heparin: provided by the data sheet from the supplier. 

 

In summary, the degree of sulfation of the polyanions rises from HEP to CS1.6 and CS2.6. 

Additionally, HEP possesses also carboxyl groups at C6 position not present in CS. Because 

of the varying degree of derivatisation, different effects of polyanions on multilayer properties 

were expected. 

 

4.4.2. Characterization of multilayer formation 

Studies on the multilayer formation were performed by the surface sensitive analytical 

techniques SPR and QCM-D. SPR is an optical technique that allows for the determination of 

adsorbed mass of macromolecules (‘optical’ mass), while QCM-D is an acoustic technique 

and provides complementary information about adsorbed mass of macromolecules including 

their hydration state as total absorbed mass (‘acoustic’ mass). In addition, the dissipation 

measurements by QCM-D provide information about the viscoelastic properties of the 

adsorbed layers.  
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Figures 4.2 and 4.3 shows the SPR and the QCM-D results, respectively, obtained during 

adsorption of CHI-HEP, CHI-CS1.6 and CHI-CS2.6 using similar experimental conditions. 

The layer masses calculated from SPR data (angle shifts) by using Eq. (1) are displayed in 

Figure 4.2. The results obtained show clear differences in the mass adsorption pattern caused 

by the use of different polyanions (HEP/CS1.6/CS2.6) paired with CHI. In the case of the 

CHI-HEP multilayer system, the layer growth was exponential, which was also shown 

previously for other polysaccharide-based multilayers systems [14]. Besides the growth 

behaviour, the multilayer mass was also in accordance with previous studies obtained under 

comparable conditions for CHI-HEP multilayers [22]. Multilayer mass of systems with 

CS (CHI-CS1.6 & CHI-CS2.6) was slightly larger, but showed also a different increment 

behavior compared to the CHI-HEP system. For both CHI-CS systems, the mass evolution by 

SPR for each layer appeared staircase-like indicating more mass adsorption during the CS1.6 

and CS2.6 deposition of the polyanion (even layer numbers) as compared to the CHI 

deposition steps (odd layer number except the first).  

 

 
 
Figure 4.2: Multilayer mass ΓSPR calculated from SPR angle shifts. Layer 1 is always PEI. 

Even layers: polyanions, odd layers: polycation CHI Solid lines (■): CHI-HEP system, dashed 

lines (▲): CHI-CS1.6 system and grey solid lines (●): CHI-CS2.6 system  

 

Figure 4.3A shows result of QCM-D measurements where the change in adsorbed mass 

calculated by the Sauerbrey equation (2) is plotted against the layer number. The Sauerbrey 

equation is only valid for rigid films and here it holds as a good approximation since the 
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dissipation response shown in Figure 4.3B are relatively small compared to the frequency 

response. QCM-D measurements showed in Figure 4.3A also depicted exponential multilayer 

growth for the CHI-HEP system. The layer masses obtained from the QCM-D data were 

much larger than the corresponding masses measured by SPR, which points to a substantial 

amount of water entrapped in the CHI-HEP multilayers. Similar to the SPR results during 

CHI-CS1.6 multilayer formation, although less striking, the adsorbed mass increase measured 

by QCM-D also showed a staircase shaped curve. A similar trend was reported in a previous 

study during multilayer formation from poly-L-lysin and hyaluronan [14]. In contrast, a very 

low mass increase was measured by QCM-D during CHI-CS2.6 multilayer formation. The 

dissipation values for the CHI-HEP system showed alternatingly increased values upon 

addition of CHI followed by strongly decreased values upon addition of HEP. The decrease of 

dissipation values after addition of HEP indicates a stiffening of the multilayer system. Such 

alternating changes were absent in the dissipation values measured for the CHI-CS1.6 and 

CHI-CS2.6 systems. For the CHI-CS1.6 system, an almost linear increase was observed with 

addition of either CHI or CS1.6. The monotonic increase in the dissipation values for the 

CHI-CS1.6 system suggests that the nature of the film is more homogeneous[22]. On contrary 

the CHI-CS2.6 layer system seemed to be very condensed as the dissipation values remained 

almost constant by the addition of either polyelectrolytes.  

 

 
 
Figure 4.3: (A) The mass for increasing numbers of layers in the multilayer structures 

obtained by QCM-D and modelling using the Sauerbrey equation and (B) the corresponding 

QCM-D dissipation change (∆D). Layer 1 is always PEI. Even layers: polyanions, odd layers: 

polycation chitosan. Solid lines (■): CHI-HEP system, dashed lines (▲): CHI-CS1.6 system 

and grey solid lines (●): CHI-CS2.6 system. 

A B 
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Comparison of layer masses obtained by SPR and QCM-D and the resulting water content of 

the terminal CHI (7th) and polyanion (8th) layers are summarized in Table 4.2. The CHI-HEP 

layer system seemed to be more hydrated than the CHI-CS systems. It is also important to 

note that the addition of HEP did not change the relatively high water content of 

multilayers (75%). Also the CHI-CS1.6 multilayer had a relatively high water content of 

about 60%. By contrast, the total adsorbed (“acoustic”) mass measured by QCM-D was lower 

for CHI-CS2.6 multilayer system and also lower than the optical mass estimated by SPR. This 

points to an overestimation of layer mass by SPR due to a strong condensation of the 

multilayer system. These layers might also have a very different refractive index because of 

the high degree of sulfation. Using the Sauerbrey equation to estimate the mass from QCM-D 

measurements always leads to an underestimation. More extensive modelling was done, 

taking viscoelasticity into account (Voigt model), but this did not solve the SPR/QCM-D 

discrepancy for CS 2.6 (modelling data is added in supplementary information). This 

indicates that the water content of CHI-CS2.6 multilayers was very low.  

 

CHI-HEP system assembled at pH 4 showed an exponential growth behaviour, which was 

also observed in other studies for these polyelectrolytes [22]. Ion pairing is most likely the 

prevailing mechanism of multilayer formation due to the protonation of amino groups of CHI 

that interact with carboxylic and sulfate groups of HEP [27]. The SPR curve for CHI-HEP 

system depicts nearly an equal contribution of both polyelectrolytes to the multilayer mass. 

Moreover, the comparison of layer mass calculated from SPR and QCM-D measurements 

reveals a relatively high water content of these multilayers. It is also interesting to note from 

dissipation measurements that addition of HEP leads always to a stiffening of multilayers 

while addition of CHI reverses this. This implies diffusion of HEP in and out of multilayers 

contributing to exponential film growth and electrostatic cross-linking that changes 

mechanical properties of films described previously for other polysaccharide-based 

multilayers [14, 22]. SPR measurements showed also higher layer masses adsorbed for 

CS-based systems and indicated also a dominance of the polyanion with less contribution of 

CHI to layer mass. Such dominating presence of CS in the CHI-CS1.6/CS2.6 layer 

systems (unlike CHI-HEP system) draws the attention towards the fact that they contain only 

sulfate groups and no carboxylic groups like HEP. Dominance of sulfate groups over 

carboxylic groups in ion-pairing has been observed before by others during the multilayer 

formation with poly-L-lysine and different GAGs [14]. However, additional contribution of 

cellulose sulfate adsorption during the multilayer formation may originate from hydrogen 
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bonding to CHI by remaining hydroxyl groups of cellulose. Adsorption of CHI under acidic 

and basic conditions on cellulose has also been reported previously and was explained by the 

structural similarity of both polymer backbones and hydrogen bonding [47]. This could also 

explain why more cellulose sulfates adsorb than simple ion pairing would allow and could 

lead to the observed dominance of polyanions. On the other hand, QCM-D measurements 

revealed that water content of multilayers CHI-HEP and CHI-CS1.6 was quite similar. 

Dissipation values increased with each adsorption step of the CHI-CS1.6 films. This points to 

the inability of CS to diffuse into the films and also to the fact that particlularly films from 

CHI-CS1.6 may bind substantial quantites of water, probably again due to the larger number 

of unmodified hydroxyl groups. The obvious lack of reversibility of CS1.6 adsorption further 

supports the idea that not only ion pairing but also hydrogen bonding contributes to multilayer 

formation. By contrast, multilayer mass of CHI-CS2.6 measured by QCM-D was lower than 

SPR calculated mass. Since calculation of layer mass from SPR angle shift was approximated 

byEq. (1), changes in refractive index during layer growth were not considered. Hence, 

changes of refractive index could be responsible for higher layer mass measured by SPR 

compared to QCM-D for the CHI-CS2.6 system.  

 

4.2.2.1. Measurement of fibronectin adsorption by QCM-D 

Fibronectin adsorption on the terminal polyanion layers measured by QCM-D is displayed in 

Table 4.2. No decrease in frequency was observed on CHI-HEP multilayer which indicates 

that fibronectin adsorption was very low and not detectable there, which is in agreement with 

previous studies [48],[49]. The CHI-CS1.6 and CHI-CS2.6 multilayers systems showed a 

decrease in frequency that indicates adsorption of fibronectin. The quantity of fibronectin 

adsorbed on CHI-CS1.6 was higher compared to CHI-CS2.6 multilayers. The ability of both 

CS to adsorb fibronectin goes along with previous reports of our group about capacity of 

cellulose sulfates to bind growth factors that possess HEP-binding domains [17],[18]. It 

indicates also that in contrast to HEP, both CS are contained in multilayers in a conformation 

that allows interaction with proteins. Furthermore, the effects of sulfation patterns of 

CS (CS1.6 & CS2.6) might play an additional role in interaction with proteins as also shown 

in some previous work [50] and influence the protein binding abilities of different multilayers. 

However, this could not be further explored in the present study due to the low number of 

derivatives. 
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Table 4.2: Multilayer mass, water content and fibronectin adsorption 

Multilayer systems 

 
ΓSPR

a 
(ng/cm²) 

∆mQCM-D
b 

(ng/cm
2
) 

Water 
contentc 

Fibronectin 
adsorptiond

 

(ng/cm²) 
7th layer (HEP-CHI) 663 2655 75%  

CHI-HEP 
8th layer (CHI-HEP) 812 3257 75%     -** 

7th layer (CS1.6-CHI) 749 1837 59%  
CHI-CS1.6 

8th layer (CHI-CS1.6) 924 2085 56% 832 

7th layer (CS2.6-CHI) 643 312 -  
CHI-CS2.6 

8th layer (CHI-CS2.6) 796 354 - 301 
 
a)SPR masses were estimated using Eq. (1); b)QCM-D masses were estimated using the 

Saurbrey equation and the frequency shift at the 5th overtone by Eq. (2); c)apparent water 

content was approximated by (mQCM-D - mSPR)/mQCM-D*100. Water content was not calculated 

for CS2.6. d)QCM-D frequency shifts (∆f) were used for calculation of fibronectin adsorption 

by Sauerbrey equation (2).**Fibronectin adsorption was not detectable in case of CHI-HEP 

multilayers. 

 

4.4.3. Water contact angle (WCA) and zeta potential measurements  

Figure 4.4A shows the results of static water contact angle (WCA) measurements (clean glass, 

PEI -1, polyanions -even numbers and CHI -odd numbers), which were executed after the 

deposition of each layer for all multilayer systems. CHI-HEP multilayers showed alternating 

values with lower WCA for HEP and higher for CHI. These differences in WCA values point 

to the formation of more separated layers constituted by either CHI or HEP dominating the 

wetting properties of the surface. While immobilized CHI as polysaccharide with primary 

amino groups represents a less wettable material, binding of HEP with carboxylic and sulfate 

groups makes a highly wettable surface. Such oscillating behaviour of water contact angles 

during multilayer formation from CHI and HEP at acidic pH values and the same ionic 

strength was also reported in previous studies [22]. By contrast no such alternating WCA 

values were observed for CHI-CS1.6 or very low differences were seen for CHI-CS2.6 system. 

Figure 4.4A illustrates that WCA of CHI-CS1.6 did only increase slightly after adsorption of 

PEI and subsequent addition of CS1.6 and CHI. No alternating WCA were observed here. The 

average WCA were also highest from all multilayer systems. This suggests a dominance of 

one polyelectrolyte in the system, which is probably CS1.6 when results of SPR 

measurements are taken into account. Also CHI-CS2.6 showed only small changes with each 
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layer adsorption step, which points towards the formation of more intermingled multilayers, 

composed of both CHI and CS2.6.  

Figure 4.4B shows the zeta potential of multilayers terminated either by CHI or the 

polyanions (HEP/CS1.6/CS2.6) in dependence on pH value of electrolyte solution (1 mM 

KCl). It should be noted that zeta potential measurements of polyelectrolyte multilayer 

systems are not only sensitive to outermost layer composition, but represent rather the 

potential of a permeable swollen surface layer [51]. Therefore it was observed that for each 

type of multilayer system and regardless of terminal layer type (either CHI or polyanion) zeta 

potentials were positive at acidic pH when CHI is the potential-determining polyelectrolyte 

and became negative at basic pH when polyanion charges become dominant.  

This indicates that besides electrostatic attraction of polyelectrolytes also changes in the 

chemical potential of molecules between multilayers and surrounding liquid phases could 

drive diffusion of polyelectrolytes to the interface and inside multilayers as also discussed 

previously by Picart and Boudou et al.[52], [53]. When comparing the three different systems 

at pH 3 and CHI was the terminal layer, the potentials of CHI-CS1.6 and CHI-CS2.6 

multilayers were about 20 mV lower than CHI-HEP. This is in agreement with conclusion 

deduced by the SPR studies that CHI is a minor component in CHI-CS multilayers. On the 

other hand, zeta potentials of the multilayer made of CHI-HEP and CHI-CS2.6 that bind 

probably pre-dominantly by ion pairing were also higher at basic pH values, which indicates 

more adsorption of chitosan than on CS1.6. The point of zero charge (when zeta potential is 

zero) was about one pH unit lower for CHI-CS1.6 systems in comparison to CHI-HEP 

independent on terminal layer which further supports the above idea of lesser contribution by 

CHI. Besides that when CHI was the terminal layer the zeta potentials for the CHI-CS1.6 and 

CHI-CS2.6 systems shows equal or lower potentials and that may be due to the higher content 

in sulfate groups of CS compared to HEP. On the other hand zeta potentials of the HEP 

terminating layers in the basic range (above pH 7, Figure 4.4B) show lower zeta potentials for 

the CHI-HEP system which indicates a different way of HEP adsorption compared to CS. It 

has been suggested that HEP diffuses in and out of multilayers, which is probably also easier 

due to its lower molecular weight. Interpenetration of HEP in the CHI layers has also been 

reported before [54]. Such interpenetration by HEP would also disturb the expected 

interaction with HEP-binding domains of proteins like fibronectin as observed also in the 

present study. By contrast, both cellulose sulfates are larger with CS1.6 being largest and able 

to integrate not only by ion pairing but also hydrogen bonding, which could hamper diffusion 

of both. This was also supported by dissipation measurements showing only striking changes 
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after HEP addition. Hence, possibly more HEP may protrude into the multilayer system, 

which makes the zeta potential of these multilayers more negative than that of the CS. Such 

differences and domination of either of the polyelectrolyte were absent in the CHI-CS1.6 and 

CHI-CS2.6 multilayers which indicates the formation of intermingled terminal layers. 

 

 

Figure 4.4: (A) Static water contact angles (WCA) plotted as function of layer number and 

layer 1 is always PEI, even layers: polyanion, odd layers: polycation (CHI). (B) Zeta (ζ) 

B 

CHI terminal 

Polyanion terminal 

A 
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potential measurements of the outermost CHI (7th) and polyanion (8th) layers. ζ potentials are 

plotted as function of pH value. Solid lines (■): CHI-HEP system, dashed lines (▲): 

CHI-CS1.6 system and grey solid lines (●): CHI-CS2.6 system. 

 

4.4.4. Adhesion and growth of C2C12 cells on multilayers 

Polyelectrolyte multilayers coatings on implants and tissue engineering scaffolds have been 

suggested for the improvement of cell attachment [55]. As cell adhesion and spreading are the 

prerequisites for growth and differentiation [56], such studies were carried out here with 

C2C12 cells on terminal CHI (7th) and polyanion (HEP/CS1.6/CS2.6) (8th) layers to learn 

about the effect of multilayer composition on adhesion and growth of cells. C2C12 cells were 

chosen because of their ability to differentiate into osteoblast-like cells or myotubes 

depending on the presence of growth factor like BMP-2 as well as on the mechanical 

properties of the substratum [31],[57],[18]. C2C12 cells were seeded on multilayer surfaces in 

the culture medium supplemented with 10% fetal bovine serum that contains attachment 

factors like vitronectin and fibronectin [58]. After 4 h incubation, fluorescein diacetate (FDA) 

and immunofluorescence staining was performed on cells, and analysis of cell count and size 

was done using the micrographs. Figure 4.5A shows the cell counts while the figure for cell 

size is provided in the supplementary document as Figure S4.2. Indeed, a close correlation of 

fibronectin adsorption results with cell adhesion and spreading was observed. The cell count 

as well as the cell spreading (cell size) was significantly lower on the CHI-HEP multilayer 

system (p ≤ 0.05) compared to both CS terminated multilayers, which is also in agreement 

with the lack of fibronectin adsorption on CHI-HEP. It is important to note that fibronectin 

was used as a model protein that possess HEP-binding domains (to study the interaction of 

multilayer surfaces with adhesive protiens) like other proteins in serum that are related to 

adhesion (e.g. vitronectin) and growth of cells (e.g. FGFs). As mentioned above fibronectin is 

present in serum and is also secreted by many cell types including C2C12 cells.[59],[60] 

According to previous studies, HEP should support the binding of fibronectin[12], which is 

not seen here and points to an unfavorable conformation of HEP in the multilayer system. 

Others also found low binding of BMP-2 growth factor to HEP in ternary multilayer systems 

with HEP and hyaluronan as polyanions [61]. On the other hand, even the higher water 

content and dissipation of CHI-CS1.6 multilayers did not inhibit cell adhesion as these layers 

showed the highest cell count and spreading along with highest adsorption of fibronectin. This 

indicates that the amount of water which was coupled in these multilayers was not blocking 
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cell adhesion and spreading, also implying that the primary reason for low cell attachment on 

CHI-HEP multilayers was the lack of interaction of HEP with adhesive proteins.  

Figure 4.5B shows the morphology of C2C12 cells seeded in the presence of 10% FBS that 

supports the results of quantitative measurements. In general cells were round and loosely 

attached on CHI-HEP multilayers (Figure 4.5B-i). Therefore, they were detached during 

washing steps included in the immunofluorescence staining procedure and no cells were 

found on HEP-terminated multilayers in the microscopic survey (Figure 4.5B-ii). Oppositely 

elongated and well spread C2C12 cells were found on CHI-CS1.6 multilayer surfaces (Figure 

4.5B-iii and iv). CHI-CS2.6 multilayers (Figure 4.5B-v and vi) provoked more spreading of 

cells in comparison to CHI-HEP layers, but less then CHI-CS1.6. There were very minor 

differences in the appearance and size of cells on CHI and polyanion (HEP/CS1.6/CS2.6) 

terminal layers. Hence quantitative data and images achieved on polyanion terminal layers are 

shown here only. Figure 4.5B-iv and vi shows the staining of actin cytoskeleton by 

BODIPY-phalloidin (red), focal adhesions with vinculin by a monoclonal antibody (green) 

and nuclei by TO-PRO-3 (blue). Cells seeded on CHI-CS1.6 layers expressed longitudinal 

stress fibres with many focal adhesion plaques (Figure 4.5B-iv), whereas cells on terminal 

CS2.6 layers showed poorly developed or under expressed actin fibres and lack of focal 

adhesions. The well developed focal adhesions on CHI-CS1.6 layers (Figure 4.5B-iv) indicate 

the adsorption of adhesive proteins like fibronectin and vitronectin present in serum [58], 

which is also in agreement with the fibronectin adsorption data achieved through QCM-D 

measurements. It is worthy to note here that presence of serum proteins is probably also a 

contributing factor in cell adhesion on CHI-CS2.6 layers, which had a lower affinity to 

fibronectin compared to CHI-CS1.6 layers lead to lower cell count and spreading. The initial 

cellular events like adhesion and spreading are dependent on the ligation of integrin molecules 

to extracellular matrix proteins like fibronectin [62]. Adhesion of cells is a prerequisite for 

further cell growth, during ligation of integrins to extracellular matrix components leads to 

prevention of apoptosis and promote signalling through mitogen-activated protein (MAP) 

kinase pathways [63],[64]. Therefore, initial adhesion responses can be used for predication of 

cell proliferation and also differentiation. 
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Figure 4.5: (A) Adhesion of C2C12 cells on polyanion (HEP/CS1.6/CS2.6) terminated 

multilayers. Data represent means, standard deviations and ANOVA. Significance level of p ≤ 

0.05 is indicated by the asterisks. (B) Fluorescence images of C2C12 cells plated on terminal 

HEP (i and ii), CS1.6 (iii and iv) and CS2.6 (v and vi). The left column of images show cells 

A 

B 
(i) 

150 µm 

(iii) 

(v) 

150 µm 

150 µm 

(ii) 

N.A. 

(iv) 

(vi) 

(iv) 
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stained with FDA while right one immuno-fluorescence staining. The red staining shows actin, 

green vinculin and blue nuclei of cells. White arrows show focal adhesions positive for 

vinculin. Red arrows show actin stress fibres. 

 

The proliferation of C2C12 cells on different multilayer systems was studied after incubation 

periods of 24 and 72 h. The quantification of cell growth or viable cells was measured by 

performing QBlue assay after the different incubation periods (see Figure 4.6A). QBlue assay 

measures metabolic activity of cells and can be therefore takes as measure for quantity of 

living cells on substrata [65]. The data obtained via QBlue assay suggested that cell growth 

was lower on CHI-HEP layers compared to CHI-CS1.6 and CHI-CS2.6 layers after 24 and 

72 h which is in line with the findings of adhesion studies. On both CHI-HEP and CHI-CS1.6 

layers (Figure 4.6B-i – HEP, Figure 4.6B-iii - CS1.6), cells showed a reduced degree of 

spreading and a tendency to form bulky aggregates in contrast to cells seeded on CHI-CS2.6 

layers (more spread phenotype). The CHI-CS2.6 multilayers showed increased cell growth in 

span of 72 h. Besides the quantitative findings, cell morphology studied during cell growth 

with phase contrast microscopy also indicated most surface coverage on CHI-CS2.6 layers by 

C2C12 cells. Improved growth of cells on CHI-CS2.6 multilayers was already visible after 

24 h of incubation as shown in Figure 4.6B-v. These differences in cell growth between 

different polyanion multilayers were also maintained after 72 h with an increase in cell 

numbers from 24 to 72 h most strikingly for CHI-CS2.6 multilayers. We assume that such 

improved cell behaviour on CHI-CS2.6 multilayers might be due more secretion of proteins 

as C2C12 cells are able to activate FN synthesis under certain circumstances [60]. In addition, 

moderate changes in multilayer structure of CHI-CS2.6 during the long term culture could 

also improve interaction with proteins and support growth of cells. CHI-CS1.6 multilayers 

supported continuous cell growth in aggregates (Figure 4.6B-iv) while CHI-HEP layers led to 

more evenly distributed cells on the substratum like CHI-CS2.6 after 72 h. However in 

general coverage of surface by cells depicted in the micrographs Figure 4.6B coincided well 

with the quantitative data presented in Figure 4.6A. Although cell adhesion experiments 

suggested that cell growth should be highest on CHI-CS1.6 multilayer, this was not the case. 

This suggests that water content of multilayers could be an additional parameter that controls 

long-term cell responses. The higher amount of coupled water in CHI-HEP multilayers could 

be the reason for the weaker cell growth on these layers smilar to observations of Discher et al. 

on hydrogels [66]. Water content was also quite high in CHI-CS1.6 multilayers and this 

seems to become more important when cells start to grow. The observation that C2C12 cells 
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form larger cluster and aggregates, which was peculiar, indicates also a different nature of 

substraum that promotes migration of cells. CHI-CS2.6 multilayers had much lower water 

content and dissipation values, which obviously seems to be a promoter of cell growth [67]. 

Hence the selection of either HEP, CS1.6 or CS2.6 for formation of multilayers may provide a 

tool to adjust cell adhesion and growth to the desired extent.  

 



 139 

 

Figure 4.6: (A) Cell proliferation measurements done after 1 (grey bars) and 3 (black bars) 

days of C2C12 cell culture on polyanion (HEP/CS1.6/CS2.6) terminated. Data represent 

means, standard deviations and ANOVA Significance level of p≤0.05 is indicated by the 

asterisks. (B) Phase contrast images on polyanion CHI-HEP (i and ii), CHI-CS1.6 (iii and iv) 

A 

B 
(i) (ii) 

(iii) (iv) 

(v) (vi) 
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and CHI-CS2.6 (v and vi) terminated layers after incubation times of 1 day (i, iii, and v) & 

3 days (ii, iv and vi). 

 

4.5. Conclusion 

This current work shows that polyelectrolyte multilayer (PEM) coatings prepared from three 

different polyanions (HEP/CS1.6/CS2.6) paired with CHI assembled at pH 4 can be used to 

attain multilayer systems with varying bulk and surface properties along with specific effects 

on cell behaviour. Since HEP is a natural GAG with limited abundance, cellulose sulfates 

might be potential alternative materials to prepare bioactive surface coatings. Therefore, 

immobilization of these cellulose sulfates was done on a model biomaterial as multilayer 

coatings and characterized physico-chemically and biologically to acquire a deeper 

knowledge about their construction and bioactivity as surface coatings. The results achieved 

from the various characterization techniques depicted that CHI-HEP and CHI-CS1.6 

multilayers have higher layer mass and are more hydrated as compared to CHI-CS2.6 which 

possessed lower mass adsorption with little or neglectable water content. Nearly both 

polyelectrolytes (CHI and HEP) contributed similarly in CHI-HEP multilayer fabrication 

following the formation of distinct layers, while dominance of polyanions and formation of 

more intermingled layers was realized for CS-based films. Due to the presence of sulfate 

groups along with carboxylic groups in HEP and solely sulfate groups in CS, different type of 

chemical interactions with amino groups of CHI appeared, which led to a multilayer 

formation process with specific growth patterns, hydration, mechanical properties as well as 

fibronectin adsorption and cellular response. CHI-HEP multilayers showed almost no 

fibronectin adsorption and significantly lower cell count and spreading, pointing to an 

unfavorable conformation of HEP in the multilayer system depriving the interaction of HEP 

molecules with adhesive proteins where as CHI-CS1.6 and CHI-CS2.6 multilayer systems 

favoured fibronectin adsorption as well as cell response. The multilayers prepared from 

cellulose sulfates have shown the ability of making an advantageous position as surface 

coatings that very well promotes the adhesion and growth of cells. Moreover such multilayers 

could also be used as potential reservoirs for loading small bioactive molecules like growth 

factors as these cellulose sulfates were also found to be capable of binding with growth 

factors like FGF-2 and BMP-2. The above mentioned multilayer layer systems might be very 

useful for making bioactive coatings of tissue engineering and implants for regeneration of 

bone and other tissues.  
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4.8. Supporting Information 

 

Results 

Characterization of multilayer formation 

 

Table S4.1: Multilayer mass measured through SPR and QCM-D.  

Voigt (ng/cm
2
)
c 

Multilayer systems 

 

ΓSPR
a 

(ng/cm²) 

∆mQCM-D
b 

(ng/cm
2
) 

mean χ^2 

7th layer (HEP-CHI) 663 2655 3960 ± 340 3E5 
CHI-HEP 

8th layer (CHI-HEP) 812 3257 4410 ± 290 2E5 

7th layer (CS1.6-CHI) 749 1837 2910 ± 90 3E3 
CHI-CS1.6 

8th layer (CHI-CS1.6) 924 2085 2992 ± 92 3E3 

7th layer (CS2.6-CHI) 643 312 640 ± 100 9E3 
CHI-CS2.6 

8th layer (CHI-CS2.6) 796 354 680 ± 120 1E4 

 

a) SPR masses were estimated using equation (1) (see main text); b)QCM-D masses were 

estimated using the Saurbrey equation and the frequency shift at the 5th overtone and 
c)QCM-D masses evaluated through Voigt modelling. 

 

To estimate the mass of a multilayer build-up in QCM-D, the Sauerbrey equation can be used 

if the layers are assumed to be rigidly attached to the surface and the energy dissipating from 

the system is disregarded. In order to take the dissipation into account, another model based 

on continuum mechanics using a Voigt element can be used to describe viscoelastic properties 

of the adsorbed layer.[1] 

 

Figure S4.1: Schematic illustration of a viscoelastic Voigt element with a dash pot (viscous) 

and spring (elastic) in parallel. 



 148 

A one-layer frequency independent model in the modeling software QTools (Biolin 

Scientific) was used. A density of 1100 kg/m3 was assumed and the 5th to 9th overtone was 

used.  

 

Adhesion and growth of C2C12 cells on multilayers 

 

 

 

Figure S4.2: Size of C2C12 cells plated 4 hours in DMEM with 10 % FBS on 

polyanion (HEP/CS1.6/CS2.6) terminated multilayers prepared with either of the polyanion 

paired with CHI. Data represent means, standard deviations and ANOVA. Significance level 

of p<= 0.05 is indicated by the asterisks. 

 

Reference 

[1] M.V. Voinova, M. Rodahl, M. Jonson and  B. Kasemo, Viscoelastic acoustic response of 

layered polymer films at fluid-solid interfaces: Continuum mechanics approach, Phys Scripta, 

59 (1999) 391-396. 
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Chapter 5 

 

Effect of molecular composition of heparin and cellulose sulfate on 

multilayer formation and cell response 

 

Neha Aggarwal, Noomi Altgärde, Sofia Svedhem, Kai Zhang, Steffen Fischer, Thomas Groth 

 

 

 

5.1. Abstract  

Here, Layer by layer method was applied to assemble films from chitosan paired with either 

heparin or a semi-synthetic cellulose sulfate (CS) that possessed a higher sulfation degree than 

heparin. Ion pairing was exploited during multilayer formation at pH 4 while hydrogen 

bonding is likely to occur at pH 9. Effects of polyanions and pH value during layer formation 

on multilayers properties were studied by surface plasmon resonance (“dry layer mass”), 

quartz crystal microbalance with dissipation monitoring (“wet layer mass”), water contact 

angle and zeta potential measurements. Bioactivity of multilayers was studied regarding 

fibronectin adsorption and adhesion/proliferation of C2C12 myoblast cells. Layer growth and 

dry mass were higher for both polyanions at pH 4 when ion pairing occurred, while it 

decreased significantly with heparin at pH 9. By contrast CS as polyanion resulted also in 

high layer growth and mass at pH 9, indicating a much stronger effect of hydrogen bonding 



 150 

between chitosan and CS. Water contact angle and zeta potential measurements indicated a 

more separated structure of multilayers from chitosan and heparin at pH 4, while CS led to a 

more fuzzy intermingled structure at both pH values. Cell behaviour was highly dependent on 

pH during multilayer formation with heparin as polyanion and was closely related to 

fibronectin adsorption. By contrast, CS and chitosan did not show such dependency on pH 

value, where adhesion and growth of cells was high. Results of this study show that CS is an 

attractive candidate for multilayer formation that does not depend so strongly on pH during 

multilayer formation. In addition, such multilayer system also represents a good substrate for 

cell interactions despite the rather soft structure. As previous studies have shown specific 

interaction of CS with growth factors, multilayers from chitosan and CS may be of great 

interest for different biomedical applications. 

 

5.2. Introduction 

Chemical and physical surface modifications are frequently employed to adjust biomaterials 

to specific medical applications.1 Passivated coatings are used to make blood-compatible 

devices2, bioactive surfaces which are desirable in many tissue engineering applications.3 

Bioactive surfaces can be prepared by chemical binding of biogenic molecules like peptides, 

proteins or carbohydrates to establish covalent bonds, while adsorption exploits physical 

forces between surfaces and molecules.4 The latter techniques are not only easier but also 

more useful to maintain the bioactivity of rather labile species like proteins that may be 

damaged during chemical reactions. The layer-by-layer (LBL) method introduced by Gero 

Decher et al. represents such a technique based on electrostatic attraction and ion pairing by 

alternating adsorption of oppositely charged polyelectrolytes onto charged substrate.5 A large 

variety of biomolecules like proteins, DNA and also many carbohydrates represent 

polyelectrolytes and can be used to form multilayers by the LbL technique.6 Since the LbL 

technique is solution-based, complex material geometries and inner surfaces can be modified, 

which is advantageous for modification of implants and tissue engineering scaffolds.7 Another 

great advantage of the LbL technique is that the characteristics of multilayer films like charge, 

wetting properties, thickness and viscoelasticity can be tuned by the choice of 

polyelectrolytes (molar mass, charge density, chain stiffness) as well as the suspending 

solution properties (pH value, ionic strength, temperature).7,8 Many recent studies have looked 

at the interaction of cells with multilayers made of synthetic polyelectrolytes like poly 

(styrene sulfonate) (PSS) and poly (allyl amine) (PAA).9 In general, cell adhesion was lower 
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on polyanion-terminated multilayers and higher on polycation-terminated multilayers even 

after exposure to proteins like collagen and fibronectin.10,11 Since, cells require in general 

specific adhesive ligands for the interaction with integrins,12 the adsorption of specific 

adhesive proteins like fibronectin or vitronectin is crucial for the bioactivity of surfaces.13 

While much can be learnt from multilayer systems with such synthetic polyelectrolytes, 

medical applications of multilayers require the use of degradable and biocompatible 

polyelectrolytes.  

Glycosaminoglycans (GAGs) have attracted increased interest recently due to their 

biocompatibility, degradability and intrinsic bioactivity.14 For example, heparin represents a 

strong polyanion that contains specific disaccharide units composed of either 

β-D-glucuronic acid or α-D-iduronic acid and 2-N-sulfo-glucosamine connected by a 

1-4-glycosidic linkage. Heparin interacts with a large variety of proteins that regulate 

adhesion, movement, growth and differentiation of cells.15 Heparin has been used as 

component of hydrogels16 but also in forming multilayers on material surfaces11 in the field of 

tissue engineering. However, an obvious disadvantage of heparin is the isolation from animal 

sources like porcine mucosa or bovine lung. This is not only limiting its availability in larger 

quantities but also related to significant differences regarding molecular composition, which 

varies between species and from batch to batch.15 Therefore, synthetic routes to modify 

natural occurring polysaccharides to achieve controlled heparinoid features might be of great 

use for many biomedical applications. For example, cellulose a naturally occurring polymer 

of anhydroglucose units linked by β-(1-4)-glycosidic bonds is one of the most abundant 

polysaccharides on earth. Chemical modifications of cellulose by regioselective carboxylation 

and sulfation have been carried out to achieve molecular similarity and bioactivity to 

heparin.17 Recent studies showed that cellulose sulfates (not the ones which were having 

carboxylic groups) had a higher bioactivity towards growth factors in comparison to 

heparin.18, 19 Cellulose sulfates also demonstrated a high anticoagulant activity, like heparin in 

cooperation with anti-thrombin III.20 Hence cellulose sulfates may represent an interesting 

material for production of hydrogels or bioactive surface coatings in different biomedical 

applications. Heparin has been successfully used in many studies with success as a bioactive 

surface coating.11 By contrast only a few studies applied cellulose sulfates (CS) in multilayer 

coatings, i.e. to generate blood compatible surfaces21 or in preparation of microcapsules.22 So 

far, no studies about the effect of cellulose sulfate multilayers on adhesion and growth of cells 

exists. Therefore, it would be interesting to learn whether a cellulose sulfate with somewhat 

higher degree of sulfation and molecular weight would behave similarly to heparin regarding 
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film formation, surface properties and bioactivity towards protein adsorption, cell adhesion 

and proliferation.  

In this study, polyelectrolyte multilayers (PEMs) were assembled either using heparin or 

cellulose sulfate as the polyanion and chitosan as a polycation that possesses good 

biocompatibility.23 The cellulose sulfate selected here has demonstrated a moderate mitogenic 

and a high osteogenic activity in cooperation with growth factors FGF-2 and BMP-2 in 

previous studies.18,19 Since changes in the pH value of solutions affect charge and 

conformation of weak polyelectrolytes i.e. chitosan, variation in pH value were applied to 

affect formation of multilayers and resulting intrinsic and surface properties.11, 24 The 

bioactivity of these multilayers was studied regarding the adsorption of fibronectin and 

adhesion and growth of C2C12 myoblast cells. The result of this study show that multilayers 

from cellulose sulfate and chitosan possess certain advantages compared to those made of 

heparin and chitosan regarding their bioactivity and lower dependency on pH value during 

layer formation.  

 

5.3. Materials and Methods  

5.3.1. Materials. 

Microcrystalline cellulose (MCC) with an average DP of 276 was received from 

J. Rettenmaier & Söhne GmbH (Rosenberg, Germany). N,N-dimethylformamide (DMF) was 

freshly distilled and deionized water was used in all experiments. Dialysis membrane from 

Spectrum Laboratories Inc (Rancho Dominquez, USA) has an approximate molecular weight 

cut off of up to 500 Daltons. Other chemicals were all of analysis grade and used as received. 

Multilayer fabrication was done on glass cover slips of size 15 x 15 mm (Menzel, Germany), 

which were cleaned for 2 hours with 0.5 M NaOH (Roth, Germany) dissolved in 

96% ethanol (Roth, Germany) followed by excessive rinsing with micropure 

water (10 X 5 minutes). New gold-coated sensors for SPR (IBIS Technologies, Hengelo, The 

Netherlands) and gold-coated AT-cut quartz crystals for QCM-D (Q-sense, Göteborg, 

Sweden) measurements were cleaned using 99.8% ethanol (Merck, Germany) and rinsed 

thoroughly with micropure water. After cleaning, sensors were immediately incubated over 

night in solution of 2 mM mercaptoundecanoic acid (95%, MUDA, SIGMA) in ethanol (p.a.) 

to obtain a negatively charged surface by the formation of a self-assembled monolayer 

exposing carboxyl groups.  
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Polyelectrolyte solutions of poly (ethylene imine) (PEI) (MW 750.000 g/mol, SIGMA, 

Germany), heparin (min 150 IU/mg, MW 8.000-15.000 g/mol, Applichem, Germany), 

cellulose sulfate and chitosan (medical grade) with a deacetylation degree of 85 % (MW 

500.000 g/ mol, 85/ 500/A1, Heppe, Germany) were dissolved in deionized water containing 

0.14 M NaCl at a concentration of 2 mg/ml under stirring. 0.05 M acetic acid was also added 

to the chitosan solution and it was solubilised at 50°C for 3 hours. 

 

5.3.2. Synthesis of cellulose sulfate (CS) 

The acetosulfation of cellulose was carried out as described before.25 Briefly, 0.5 g cellulose 

was suspended over night in 25 ml DMF. The acetosulfating reagent, consisting of sulphuric 

acid and acetic anhydride in DMF was dropped into the cellulose suspension. After being kept 

at 50°C for 6 hours, the solution was cooled down to RT and poured into a saturated ethanolic 

solution of anhydrous sodium acetate. The precipitate was collected and deacetylated using 

1 M ethanolic solution of sodium hydroxide at RT. Then, the deacetylated product was 

collected through centrifugation. After washing with 4% sodium acetate solution in ethanol, 

final products were dissolved in water. The pH value of the solution was adjusted to 8.0 with 

acetic acid/ethanol (50/50, w/w) and the solution was filtered, dialyzed against deionized 

water and lyophilized. 

 

5.3.3. Characterization of cellulose sulfate (CS) and heparin 

The contents of carbon, hydrogen and nitrogen were determined with Elemental Analyser 

vario EL from Elementar (Hanau, Germany). The content of sulphur was measured with 

Elemental Analyser Eltra CS 500 (Neuss, Germany). Total DSS was calculated according to 

the equation:  

total DSS = (S%/32)/(C%/72)                                                                                                   (1) 

The 13C NMR spectra were recorded at RT on Bruker DFX 400 spectrometer (Bruker) with a 

frequency of 100.13 MHz, 30° pulse length, 0.35 acq. time and a relaxation delay of 

3 seconds. The scans of 20000 were accumulated and D2O was used. 

Molecular weights of CS in the form of mass and number-average molecular weights (MWw 

and MWn) are measured by size exclusion chromatography (SEC) with PSS Suprema 3000 

and 100 Å columns (Polymer Standards Service GmbH, Mainz, Germany). The detection was 

carried out with a Waters 410 reflective index (RI) detector (Waters Corporation, Milford, 
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MA, USA) and 0.1 mol/l NaCl aqueous buffer was used as mobile phase. The columns were 

calibrated with pullulan standards (Sigma-Aldrich, Switzerland). Empower Pro 

software (Waters Corporation) was used for the analysis. 

 

5.3.4. Polyelectrolyte multilayer assembly 

Cleaned glass cover slips or gold-coated sensors were used as substrate for the multilayer 

deposition. A PEI layer was prepared as an anchoring layer for a homogenous coating and to 

obtain a surface with positive charge, followed by adsorption of heparin (HEP) or cellulose 

sulfate (CS) as the anionic layer and then chitosan (CHI) as the cationic layer. The multilayer 

films were fabricated by immersing the glass cover slips in polyelectrolyte solutions for 

7 minutes followed by rinsing with deionized water containing 0.14 M NaCl (3x4 minutes). 

By alternating adsorption of CHI and HEP or CS, multilayers were build up to 7th and 8th 

layer with CHI and HEP/CS terminal layers, respectively. The pH value of the PEI and 

polyanionic (HEP/CS) solutions were adjusted to pH 4 and 9 with either HCl or NaOH, while 

the pH value of chitosan solution was kept constant at pH 4 as it becomes insoluble at pH 

values higher than 6. The two different systems prepared from polyanions HEP and CS paired 

with CHI at pH 4 and 9 conditions are abbreviated as CHI-HEP (4-4), CHI-HEP (4-9), 

CHI-CS (4-4) and CHI-CS (4-9). 

 

5.3.5. Characterization of multilayer properties 

5.3.5.1. Measurement of multilayer growth and mass  

Surface plasmon resonance (SPR) using IBIS-iSPR equipment (IBIS Technologies B.V., 

Hengelo, Netherlands) and quartz crystal microbalance with dissipation monitoring (QCM-D) 

measurements using an E4 instrument (Q-Sense, Göteborg, Sweden) were performed to 

follow the multilayer formation process. Principally, SPR is based on the change in refractive 

index (RI) at the gold-liquid interface of the SPR gold sensor surface, caused by the 

adsorption of molecules. This is measured as a shift in the angle of the incident light (m°) and 

is proportional to the mass (ΓSPR) of molecules adsorbed on the surface. For the instrument 

used here, this was estimated as26: 

122 m° ≈ 1 ng/ mm²                                                                                                                  (2) 
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Hence the “dry” mass of adsorbed polyelectrolytes was approximated by equation (2) 

disregarding small changes in refractive index of surface coatings due to adsorption of either 

chitosan or the different polyanions and salt ions as observed by others27  

The QCM-D technique is described in detail elsewhere.28 Shortly, the QCM-D sensor (a 

quartz crystal disc) oscillates at its resonance frequency f when an alternating potential is 

applied. Mass adsorption on the sensor surface leads to a shift in this frequency (∆f). The ∆f is 

related to the change in adsorbed mass (∆mQCM-D) and can be estimated for thin, rigid, and 

evenly distributed surface films using the Sauerbrey equation.29  

∆mQCM-D = -C∆fn/n                                                                                                                   (3) 

where n (n = 1, 3, 5,..., 13) is the overtone number and C is the mass sensitivity constant that 

depends on the quartz crystal. For the crystal applied here, f0 = 5 MHz and 

C = 0.177 mg/ m²Hz. The coupled water into the adsorbed film was estimated by comparing 

the mass obtained by QCM-D and SPR (assuming that the two masses were obtained under 

equivalent condition). 

The same data can be exploited to determine the effective film density (ρeff) using the 

following equation  

ρeff=ρf (ΓSPR / ∆mQCM-D)+ρ0 (1 - ΓSPR / ∆mQCM-D)                                                                    (4) 

where ΓSPR is adsorbed amount calculated from SPR measurements, ρf is the bulk density of 

polymer (ρCHI = 1410 Kgm-3), and ρ0 is the density of the liquid (997 Kgm-3).30 

The adsorbed mass is here calculated using the fifth overtone (n = 5) and is referred to as the 

Sauerbrey sensed mass, ∆mQCM-D and the total thickness (d) of the layers was calculated using 

the effective density as  

d = ∆m / ρeff                                                                                                                             (5) 

The dampening of the oscillatory motion as the driving potential is switched off is related to 

structural properties of the added layer on the sensor surface, and it is quantified as energy 

dissipation (∆D). 

In both SPR and QCM-D measurements, the polyelectrolytes were introduced into the flow 

cell of the device onto gold sensors treated with mercaptoundecanoic acid presenting 

carboxylic groups. This makes the gold surface negatively charged and the condition 

comparable with the glass for the multilayer formation process. First, the positively charged 

polyelectrolyte PEI was introduced to adsorb on the sensor surface for 7 minutes followed by 
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rinsing with NaCl solution for 12 minutes. After the formation of PEI, alternately HEP or CS 

and CHI layers were adsorbed up to 8 layers at pH 4 and 9. Each adsorption step was 

followed by the rinsing step described above to remove unbound polyelectrolyte.  

The adsorption of plasma fibronectin (Roche, Germany) on the polyanion terminal layer was 

measured by QCM-D. Fibronectin was reconstituted and diluted to 20 µg/ml in phosphate 

buffered saline (PBS, 150 mM NaCl, pH 7.4) and was introduced into the flow cell of 

QCM-D after the formation of last polyanion layer (valid for both type of pH conditions of 

both systems). The protein adsorption process was monitored for 1 hour to estimate the 

protein adsorption capacity of the terminal polyanion layer. All measurements were done 

twice and values obtained with both techniques are represented as averages. 

 

5.3.5.2. Water contact angle and surface zeta potential measurements 

Static contact angles were measured with ultrapure MilliQ water using an OCA15+ 

device (Dataphysics, Filderstadt, Germany) to determine the wettability of multilayer 

surfaces. Minimum three samples per pH combination and terminal multilayer surface were 

measured using the sessile drop method. 3-4 drops of 3 µl water with a flow rate of 0.5 µl/s 

were applied and for each droplet, at least 10 independent measurements were recorded by the 

software of OCA15+ device. Each measurement was done twice, in triplicates and values 

obtained are represented as averages. 

Streaming potential measurements were carried out to obtain zeta (ζ) potentials of multilayer 

surfaces by using a SurPASS device (Anton Paar, Graz, Austria). Glass cover slips with 

specific dimensions for the measuring chamber were used for sample preparation and zeta 

potential measurements. Two identical multilayer modified cover slips were fixed on stamps, 

which were placed oppositely in the SurPASS flow cell. The width of the flow cell was 

adjusted to a distance that a flow rate of 100 to 150 ml/min was achieved at a maximum 

pressure of 300 mbar. 1 mM potassium chloride was used as electrolyte. 0.1 N hydrochloric 

acid was used for pH titration. First, the pH value of the electrolyte was adjusted to pH 10.5 

using 1 N sodium hydroxide before starting the measurement. The measurements repeated 

twice from pH 10.5 to 2.25 were performed by an automated titration program by using 

titration steps of 0.03 µl from pH 10.5 to 5.0 and 0.25 µl from pH 5.0 to 2.25. 
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5.3.6. Biological studies  

5.3.6.1. Cell culture 

Cryoconserved C2C12 cells (skeletal muscle cell line) (DSMZ, Germany, Product Nr.: ACC 

565) were thawed and grown in Dulbeccos modified Eagle medium (DMEM, Biochrom, 

Germany) at 37ºC in humidified 5% CO2/95% air atmosphere using a NUAIRE® DH 

Autoflow incubator (NuAire USA). DMEM was supplemented with 10% fetal bovine 

serum (FBS, Biochrom), 2 mM L-Glutamine, 100 U/ml Penicillin and 100 µg/ml of 

Streptomycin (Biochrom, Germany). Cells were harvested from the almost confluent culture 

flask by using 0.25% Trypsin, 0.02% EDTA (Biochrom, Germany) followed by subsequent 

washing with DMEM and resuspended in DMEM with 10% FBS at a concentration of 

25,000 cells/ml.  

 

5.3.6.2. Measurement of cell adhesion and spreading 

Adhesion of C2C12 cells was studied on glass cover slips coated with multilayer coatings of 

CHI and polyanion (HEP and CS) terminated. PEM modified glass cover slips were placed 

into 12-well tissue culture and sterilized with 70% ethanol for 10 min followed by excessive 

rinsing with sterile PBS. The resuspended cells were seeded on the sterilized samples in 

DMEM supplemented with 10% FBS (FBS, Biochrom) and incubated for 4 hours at 37°C in a 

humidified 5% CO2/95% air atmosphere. After incubation, the culture medium was replaced 

with fresh medium twice to remove non-adherent cells. 5 µl fluorescein diacetate (FDA, 

SIGMA) solution (0.01% vol/vol) was added per well containing 1 ml of cell culture medium 

and incubated for 2-3 minutes before taking the images with a fluorescence microscope 

Axiovert 100 (Carl Zeiss Microimaging, Jena, Germany) equipped with a CCD camera. 

Image processing software “ImageJ, NIH” was used to quantify the data for cell adhesion and 

area calculation of duplicate experiments with at least five images per sample. 

 

5.3.6.3. Cell morphology 

The morphology of C2C12 cells was studied after 4 hours incubation at 37ºC on terminal 

polyanion layers (either CS or heparin) in DMEM supplemented with 10% FBS (FBS, 

Biochrom) by phase contrast an immunofluorescence microscopy. Adherent cells were fixed 

with a 4% Paraformaldehyde solution (RotiHistofix®, Roth GmbH) and rinsed with PBS. The 

cells were then permeabilized with 0.5% vol. Triton X-100 in PBS for 5 minutes. After 
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extensive rinsing with PBS, non-specific binding sites were blocked with 1% wt. bovine 

serum albumin (BSA, Merck) in PBS at RT for 30 minutes. C2C12 cells were stained by 

subsequent incubation with BODIPY® phalloidin (Invitrogen, Germany) to visualize actin, 

and mouse monoclonal antibody against vinculin (SIGMA) and Cy2®conjugated AffiniPure 

Goat Anti-Mouse IgG-conjugated anti-mouse immunoglobulin (Dianova, Germany) to show 

focal adhesions. Cell nuclei were stained with TO-PRO®3 Iodide (Invitrogen, Germany). All 

incubations were performed for 30 minutes followed by extensive washing with PBS. The 

samples were finally mounted with Mowiol (Roth, Germany) and examined with confocal 

laser scanning microscopy (LSM 710, Carl Zeiss MicroImaging GmbH, Jena, Germany) 

using a 63X oil immersion objective. 

 

5.3.6.4. Growth of C2C12 cells 

CHI-HEP and CHI-CS multilayers prepared on glass cover slips were placed in 12-well plates. 

1 ml (25,000 cells/ml) C2C12 cells suspended in DMEM with 10% FBS were seeded either 

on terminal CHI or polyanion terminated multilayers and cultured for 1 and 3 days. Growth of 

cells was monitored by a phase contrast microscopy with Axiovert 100 equipped with a CCD 

camera and pictures were taken at the different days of culture. The quantity of viable cells 

was measured the same day with QBlue fluorescence assay (BioChain, USA), which 

quantifies the metabolic activity of cells. On the measuring day, medium with FBS was 

removed, samples were transferred into the new 12-well plates (to avoid the inclusion of cells 

grown on well plate surface as the cover slips were square shaped) and were washed with 

DMEM only, once. Then 500 µl fresh DMEM were added to each well followed by 50 µl 

Qblue assay reagent. After 3 hours of incubation at 37ºC, 100 µl of the supernatant was 

transferred from each well to a 96-well black plate. Fluorescence intensity (excitation 

wavelength 544 nm, emission wavelength 590 nm) was measured with a fluorescence plate 

reader (BMG LABTECH, Fluostar OPTIMA, Offenburg, Germany). 

 

5.4 Results and Discussion 

5.4.1. Synthesis of cellulose sulfate and analysis of chemical compositions 

Cellulose sulfate (CS) was prepared through acetosulfation of cellulose using sulfuric acid as 

sulfating agent (Table 5.1). The compositions of synthesized CS and commercial 

heparin (HEP) were studied by 13C NMR spectroscopy according to previous studies17,19,25,31 
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(Figure 5.1) and elemental analysis. The distribution of substituents within the repeating units 

are summarised in Table 5.1.  

 

Figure 5.1: 13C NMR spectra (120-10 ppm) of (a) heparin and (b) cellulose sulfate in D2O at 

room temperature. 

After the sulfation of primary hydroxyl groups at C6 position of anhydroglucose unit (AGU) 

of cellulose, the signal of C6 shifted from 60 ppm to 66 ppm (Figure 5.1b)17, 25Thus, the ratio 

of integrals of signals ascribed to C6´and (C6´+C6), IC6´ and I(C6´+C6), is equal to the partial 

sulfation degree at C6 position (DSS6). Subsequently, the partial DSS6 was estimated based on 

IC6´/(IC6´+I(C6´+C6)) according to a previous studies.25,31 After the sulfation of hydroxyl groups 

at C2 position of cellulose, the signal of C1 shifted from 102.5 to 100.5 ppm (Figure 5.1b). 

Similar to DSS6, the partial DSS2 was estimated using the integrals of signals derived from C1 

and C1´ according to IC1´/(IC1´+ I(C1´+C1)) (see Table 5.1).25 At the same time, signals between 

80 and 82 ppm are attributed to C2 and C3 with sulfate groups at these positions.25,31 The sum 

of DSs of all functional groups determined by 13C NMR is close to that determined by 

elemental analysis shown as DSs in Table 5.1. The slightly lower sum determined by 13C 

NMR might be due to some sulfation at C3 position, which was below detection limit. 

Within the 13C NMR spectrum of HEP shown in Figure 5.1a, the signal around 102.5 ppm is 

attributed to C1, while the shifted signals of C1´ between 96 and 101 ppm are due to the 

sulfation at C2 positions, which can be hydroxyl groups of the acidic repeating units or the 

amino groups of glucosamine units.25,32 Thus, the partial DSS2 was calculated to be 0.8, based 

on the ratio between the signal’s integrals of C1´and (C1´+C1) (see Table 5.1). The signals 

between 65 and 68 ppm are attributed to sulfated C6 position.25,33 Using the integrals of the 
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signals ascribed to C6S and the signals of (C1´+C1), the partial DSS6 can be estimated as 

0.27 (see Table 5.1). The sum of partial DSS6 and DSS2 is altogether 1.07, which is close to 

the total DSS determined by elemental analysis (see Table 5.1). Moreover, the glucosamine 

units within HEP backbone are generally sulfated or acetylated at amino groups.32,33 The 

carbons of CH3-groups in acetyl groups showed signals around 22 ppm (Figure 5.1a). The 

signals between 50-60 ppm are derived from C2 with sulfated or acetylated amino groups.25,33 

Based on the ratio of the integrals of signals ascribed to C2(NS+NAc) and (C1´+C1), the content 

of glucosamine units within the backbone of HEP was estimated to be 74%. Thus, the content 

of acidic repeat units as β-D-glucuronic acid and α-D-iduronic acid is 26%, i.e. the degree of 

oxidation (DO) is approximately 0.26 for the heparin backbone. Moreover, C6 in carboxyl 

groups represents a signal at 175 ppm within the 13C NMR spectrum of HEP (Figure 5.1a). 

These carbons can be found in both β-D-glucuronic acid and α-D-iduronic acid as repeating 

units of HEP.33 In comparison, no carboxyl groups are expected and found within the 

repeating units of CS (Figure 5.1b). 

The molecular weight of CS was determined via SEC (chromatogram not shown here). It is 

obvious that the length of cellulose chains was reduced during the sulfation process, 

comparing the MWn of 37549 for CS and MWn of 44712 for starting cellulose (Table 5.1). 

However, the degree of sulfation of monomeric units of CS was significantly higher 

(DSS ~ 1.6) with no carboxylic groups compared to HEP (DSS ~ 1.0). The relatively low 

degree of sulfation of HEP compared to values reported by others sheds also a light on the 

variability of molecular composition of HEP depending on species and sources.15 

 

Table 5.1: Preparation and characterization of CS and heparin 

DSS
b 

samples 
molar 

ratioa 

reaction 

temperature 

(°C) /time (h) 
DSS6 DSS2 

total 

DSS 

DO MWw MWn MWw/MWn 

CS 3 / 8 50 / 6 0.91 0.55 1.57 0 77748 37549 2.07 

Heparin n.a. n.a. 0.27 0.8 1.01 0.26 
8000-

25000 
  

 

a Molar ratios in mol sulphuric acid and mol acetic anhydride per mol AGU; b DSS6, DSS2 and 

DO were analysed with 13C NMR spectroscopy. The total DSs were determined via elemental 



 161 

analysis. The integration values are generally accurate within 5% fault range. (n.a. - not 

applicable), MWw of heparin: provided by the data sheet from the supplier.  

 

5.4.2. Characterization of multilayer formation 

The surface sensitive analytical techniques, SPR and QCM-D were used here to study the 

multilayer growth of CHI-HEP and CHI-CS systems in dependence on the pH regime. These 

investigations were used to deduce the amount of adsorbed polysaccharides (SPR) as well as 

the total layer mass including solvent (QCM-D). The SPR angle shifts were used to calculate 

the layer mass according to equation (2). Figure 5.2a & b show the effect of pH on adsorbed 

mass during multilayer formation with HEP and CS as polyanions and CHI as polycation. The 

obtained multilayer mass calculated with equation (2) represents a reasonable approximation 

for CHI-HEP multilayers at pH 4.2 and 150 mM NaCl since it is comparable with the results 

obtained by other groups.27 The multilayer growth for the CHI-HEP (4-4) system was 

exponential as also shown for others polysaccharide-based multilayers systems.14 Recent 

studies suggested that diffusion of CHI is responsible for exponential film growth in 

HEP-CHI multilayers.34 However, QCM-D dissipation measurements in the present study 

indicate that HEP and not CHI is the diffusible species (see Figure 5.3c & d). This may be due 

to the fact that CHI in the present study has a higher molecular weight than in the previous 

work.34 Layer mass increase was significantly higher at pH 4 compared to pH 9 (Figure 5.2a 

& b). Here, ion pairing dominates, and protonation of CHI amino groups leads to the 

adsorption of more material.35 Indeed, only a low increment of layer mass was observed 

during assembly of CHI-HEP (4-9) system. Ion pairing cannot occur here since the amino 

groups of the previously adsorbed CHI are not protonated. Hence, hydrogen bonding should 

become the prevailing mechanism, which was shown recently for HEP-CHI interaction in 

other studies.36 Notably both HEP and CHI contributed almost equally to the layer mass 

increase at both pH values as evident by SPR measurements. By contrast, a different 

behaviour was observed for CHI-CS multilayer system. The SPR curves for the CHI-CS 

system (Figure 5.2a & b) show a much higher increase of the adsorbed mass during CS 

deposition (even layer number) as opposed to CHI deposition steps (odd layer number) under 

both pH conditions, representing a staircase-shape. Previous studies on multilayer formation 

with polysaccharides provides evidence for a dominating role of sulfate groups over 

carboxylic groups using poly-L-lysin.14 However, this does not explain why more material 

was adsorbed because in these studies, increasing charge density of molecules lead to lower 
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layer mass.14 The staircase pattern, which was observed during the formation of CHI-CS 

multilayers, might be due to charge compensation by addition of chitosan and formation of a 

quasi-soluble complex with CS thereby stripping it off from the surface. This could explain 

why there was almost no increase in the mass adsorption when CHI was deposited. Previous 

studies have also shown such phenomenon of formation of a quasi-soluble complex with the 

negative polymer, stripping it off from the surface and resulting in a lower film thickness.37 It 

is also interesting to note that the difference in mass adsorption for CHI-CS multilayer 

between pH 4 and 9 was not so great in comparison to CHI-HEP system. Since ion pairing 

cannot occur during adsorption at pH 9, hydrogen bonding might be the prevailing 

mechanism for CS adsorption also here. It might be speculated here that the hydrogen 

bonding capacity of CS is an essential component during adsorption at both pH values 

because of the intermediate degree of sulfation, remaining hydroxyl groups can undergo 

hydrogen bonding to CHI. In this context it is also noteworthy that others observed adsorption 

of CHI under acidic and basic conditions on cellulose, which was explained by the structural 

similarity of both polymer backbones.38 Hence, the higher sulfate content and ability to form 

hydrogen bonds may add to the higher contribution of CS to multilayer mass compared to 

HEP. 

Findings of QCM-D measurements are shown in Figure 5.3. For the CHI-HEP (4-4) system, 

the multilayer growth was also exponential while the mass increase was very low and showed 

a rather linear behaviour for CHI-HEP (4-9) system. The low layer thickness displayed in 

Table 5.2 calculated by comparison of “dry” layer mass measured with SPR and “wet” by 

QCM-D according to equation (4) & (5), shows that at pH 9 only very thin surface coatings 

were generated, indicating adsorption and desorption of material with each steps. This might 

be due to the fact that the HEP was adsorbed at pH 9 followed by CHI adsorption at pH 4, 

which may lead to stripping of adsorbed HEP and complexation in solution.37 On the other 

hand, the layer thickness increase after deposition of the 8th HEP layer at pH 4 was about 

5 nm, which is on the length scale of the hydrodynamic radius of HEP according to a previous 

study.35 It is also important to note that addition of HEP did not change the relatively high 

water content of multilayers at pH 4 (75 %), while a slight decrease of multilayer hydration 

was observed at pH 9 (Table 5.2). Again layer mass increase for the CHI-CS system showed a 

staircase-shaped curve with lower mass increase by CHI but higher by CS at pH 4, although 

the effect was not so pronounced as observed during SPR measurements. A similar behaviour 

was observed during multilayer formation from poly-L-lysin and hyaluronan in another 

study.14 This was particularly obvious at pH 9 when a rather linear mass increase was 
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observed during the last deposition steps (see Figure 5.3b). In strong contrast to the CHI-HEP 

system, the layer mass at pH 9 regime was higher than at pH 4. Particularly the observed 

linearity of mass increase at pH 9 at later deposition steps indicates that also CHI adsorption 

contributes to layer mass increase and uptake of water.  

 

 

Figure 5.2: Multilayer mass ΓSPR calculated from SPR angle shifts at (a) pH 4 and (b) pH 9 

(CHI was always kept at pH 4). Solid lines (■): CHI-HEP system, dashed lines (▲): CHI-CS 

system. Layer 1 is always PEI, even layers: polyanion, odd layers: polycation. 

 

The obvious inverse relationship between “dry” layer mass measured by SPR and “wet” mass 

by QCM-D for both pH regimes shown in Table 5.2 points to the fact that the CHI-CS (4-4) 

a 

b 
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multilayers must be more condensed due to electrostatic cross-linking than CHI-CS (4-9), 

where hydrogen bonding is anticipated and sulfate groups from CS and amino groups from 

CHI counter ions and couple water, respectively. This supports further the idea that hydrogen 

bonding in the CHI-CS system is an important parameter during multilayer formation at both 

pH values that leaves part of charges unpaired that contribute to attraction of counter ions and 

water molecules inside the layer. Additional evidence for a different way of layer built-up 

comes from calculation of layer thickness shown in Table 5.2. Here, the increase in layer 

thickness at the addition of the 8th layer CS is lower than for HEP at pH 4 despite the higher 

molecular weight of CS, which indicates either a different conformation of molecules or by 

the formation of a highly intermingled layer with integration of CS molecules inside CHI. 

Such intermingling of polyanions with CHI was suggested recently for HEP by Boddohi et 

al.35 and seems to be more dominant for CS in the current study.  

 

 
  

Figure 5.3: (a & b) shows QCM-D sensed mass calculated by the Sauerbrey equation while 

(c & d) measurement of dissipation change ∆D by QCM-D at (a, c) pH 4 and (b, d) pH 9 

d c 

a b 
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(CHI was always kept at pH 4). Solid lines (■): CHI-HEP system, dashed lines (▲): CHI-CS 

system. Layer 1 is always PEI, even layers: polyanion, odd layers: polycation 

 

The dissipation measurements by QCM-D also revealed striking differences between both 

multilayer systems (Figure 5.3c & d). For the CHI-HEP system fluctuation of dissipation were 

observed with increase of dissipation after addition of CHI and a strong decrease after 

addition of HEP. These effects were also dependent on the pH value during multilayer 

formation with larger changes seen at pH 4. The increase in stiffness after addition of HEP is 

a strong hint that HEP and not CHI is the diffusible species in this system that leads to 

additional cross-linking of multilayers. This may be due to the higher molecular weight of 

CHI used in the current work compared to previous studies where CHI was suggested to be 

diffusible species.34 Moreover, previous studies have shown diffusion of HEP in multilayer 

systems with similar effects on film elasticity that was explained by increased electrostatic 

cross-linking inside films after addition of HEP.27 No such differences were observed for 

CHI-CS system. Here an almost linear increase with addition of either CHI or CS was 

observed with little difference between pH values during layer formation except the final 

steps at pH 9. Indeed the increasing dissipation values suggest a softer nature of films formed 

from CHI and CS particularly at pH 9. The higher water uptake under these conditions 

indicates that unpaired charges of CS as well as polar amino and hydroxyl groups take up 

essential quantities of water. 

QCM-D studies were also used to measure the adsorption of fibronectin on the terminal 

polyanion layer. Fibronectin was used as a representative to measure the protein adsorption 

abilities of these multilayer surfaces for later cell adhesion and growth studies which were 

carried out in the presence of serum proteins (which also contains fibronectin). Table 5.2 

shows fibronectin adsorption on both types of multilayer systems at both pH set-ups. 

Fibronectin addition on CHI-HEP (4-9) multilayers showed a decrease in frequency, which 

indicates adsorption of fibronectin, while for CHI-HEP (4-4) multilayers the frequency 

increased, which might be due to loss of material from the multilayer. This is in line with 

previous studies showing that there is no adsorption of fibronectin on terminal HEP layers at 

pH 4.39,24 On the other hand, fibronectin adsorption was seen for both of the CHI-CS systems, 

but was higher for CHI-CS  (4-4) system. 
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Table 5.2: Multilayer mass, water content, layer thickness and apparent fibronectin 

adsorption on terminal HEP and CS layer  
 

 

 

pH 

regime 

ΓSPR
a
 

(ng/cm²) 

∆mQCM-D
b 

(ng/cm
2
) 

Water 

contentc
 

Layer 

thicknessd
 

(nm) 

Fibronectin 

adsorptione
 

(ng/cm²) 

pH 4 663 2655 75% 24.1 - (HEP-CHI) 

7th layer pH 9 323 726 56% 6.2 - 

pH 4 812 3257 75% 29.6 0 (CHI -HEP) 

8th layer pH 9 398 797 50% 6.6 549 

pH 4 749 1837 59% 15.8 - (CS-CHI) 

7th layer pH 9 535 2614 80% 24.2 - 

pH 4 924 2085 56% 17.7 832 (CHI -CS) 

8th layer pH 9 615 2988 79% 27.6 248 

 

â)SPR masses were estimated using equation (2); b)QCM-D masses were estimated using the 

Saurbrey equation and the frequency shift at the 5th overtone; c)apparent water content was 

approximated by (mQCM-D - mSPR)/mQCM-D*100. d)Layer thickness was calculated as described 

above in section 2.5.1 by equations (4) and (5). e)QCM-D frequency shifts (∆f) were used for 

calculation of fibronectin adsorption by Sauerbrey equation (3).  

 

5.4.3. Measurements of wetting properties 

Static water contact angle (WCA) measurements were done after the deposition of each layer 

for both types of multilayer systems prepared at pH 4 and 9. Figure 5.4a & b show the WCA 

values of clean glass, PEI (1st layer), polyanions (even number layers) and CHI (odd number 

layers). CHI-HEP multilayers showed alternating values with lower WCA for HEP and higher 

for CHI at both pH regimes. Contact angles measured for CHI-HEP (4-4) system showed 

greater differences as compared to CHI-HEP (4-9). This is a strong support of the idea that 

both electrolytes were more separated forming ad-layers constituted by either CHI or HEP. 

These differences in contact angles between the CHI and HEP layers solely represent the 
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characteristics of terminal layer and indicate the formation of more distinct layers without or 

less intermingling of polyelectrolytes during the fabrication of such multilayer systems. HEP 

is by far more hydrophilic because of the charged carboxylic and sulfate groups at pH 4. 

Hence lower contact angles are found when HEP is added. Similar findings were made by 

other groups showing also an oscillation of water contact angles during multilayer formation 

from CHI and HEP at acidic pH values and the same ionic strength.27  

By contrast lower differences were observed with CHI-HEP (4-9) layers, which indicate a 

more intermingled nature of multilayers. On the other hand, no such alternating WCA values 

were observed in CHI-CS multilayer systems formed at both pH 4 and 9. After the WCA 

increase due to the adsorption of PEI there was a small increase of WCA for both pH 4 and 

pH 9 regime. However, WCA values for final layers were higher in case of pH 4 compared to 

pH 9.The fact that no changes of wetting properties were observed strongly supports the idea 

that CS is rather integrating into CHI layers than forming well separated ad-layers. In addition 

the finding that mean WCA values at pH 9 were lower than at pH 4 is in line with the higher 

water content of this system as shown in Table 5.2 and allows the conclusion that more CS is 

adsorbed. 

 

 

a 
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Figure 5.4: Water contact angle (WCA) measurements during multilayer formation at (a) 

pH 4 and (b) pH 9 (CHI was always kept at pH 4). Solid lines (■): CHI-HEP system, dashed 

lines (▲): CHI-CS system. Layer 1 is always PEI, even layers: polyanion, odd layers: 

polycation. 

 

5.4.4. Measurement of zeta potentials 

Figure 5.5 shows zeta potentials of the terminal CHI and polyanion (HEP or CS) layers 

prepared at pH 4 and pH 9 in dependence of pH value of electrolyte solution (1 mM KCl). 

The results show that whatever the pH was during layer preparation and independent of the 

terminal layer (either CHI or polyanion), zeta potential was positive at acidic pH values and 

became negative at basic pH values during the automatic titration process. Zeta potential 

measurements of polyelectrolyte multilayer systems which are in contrast to WCA 

measurements are not only sensitive to terminal layer composition, but also represent a 

potential permeable swollen surface layer.40 Accordingly in multilayer systems polycations 

dominate the potential at acidic pH values while the negative charges of polyanions are 

displayed at basic pH values. When comparing the positive zeta potentials at pH 3 it is 

obvious that zeta potentials of CHI-CS multilayer were about 20 mV lower than CHI-HEP, 

except when CHI was terminal layer for systems formed at pH 9. This is well in line with the 

conclusions drawn from SPR and QCM-D studies that CHI is a minor component in the 

CHI-CS system. Such model is also supported by the observation that the point of zero 

charge (when zeta potential is zero) was about one pH unit lower for CHI-CS systems 

independent on terminal layer and pH during formation (see Figure 5.5a-d). A comparison of 

zeta potentials when CHI was the terminal layer (see Figure 5.5a and c) shows equal or lower 

b 
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potentials for the CHI-CS system that may be due to the higher content in sulfate groups of 

CS compared to HEP. On the other hand zeta potentials in the acidic range (above pH 7, 

Figure 5.5b) shows lower zeta potentials for the CHI-HEP system, while no such difference 

was detected in multilayer formed at pH 9. This supports further the idea of  more separated 

multilayers in CHI-HEP (4-4) system with a domination of the polyanion HEP as terminal 

layer on surface charge and more intermingled, fuzzy multilayers formed by CHI-CS at both 

pH conditions and CHI-HEP (4-9) system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Zeta potential measurements of outermost CHI (7th) and polyanion (8th) terminal 

layers for both multilayer systems (HEP and CS) prepared at (a, b) pH 4 and (c, d) pH 9. (a, c) 

show CHI terminal layers, (b, d) polyanion terminal layers. Solid lines (■): CHI-HEP system, 

dashed lines (▲): CHI-CS system 

 

 

c d 
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5.4.5. Adhesion and growth of C2C12 cells on multilayers 

Cell adhesion studies were performed to study the effect of multilayer composition and pH 

during their formation on adhesion and growth of cells. Here C2C12 cells were selected as a 

useful model because of their ability to differentiate into myotubes or osteoblast-like cells 

depending on mechanical properties of substrata, but also presence of osteogenic growth 

factor BMP-2.41,42,19 Multilayer surfaces (without any pre-adsorption of proteins) were seeded 

with C2C12 cells in medium containing 10% fetal bovine serum, which contains also 

adhesive proteins with HEP-binding domains like vitronectin and fibronectin.43 Cells were 

stained with fluorescein diacetate (FDA) and micrographs were used for analysis of cell 

numbers and size. Results of quantitative evaluation are shown in Figure 5.6.  

 

 

Figure 5.6: Adhesion (left) and size (right) of C2C12 cells plated 4 hours in DMEM with 

10 % FBS on polyanion (HEP or CS) terminated multilayers prepared at either pH 4 or pH 9. 

(HEP - black bars, CS - hatched bars). Data represent means, standard deviations and 

ANOVA Significance level of p<= 0.05 is indicated by the asterisks. 

 

The quantitative analysis of cell adhesion after 4 hours showed a strong effect of pH value 

during assembly of multilayers for the CHI-HEP system. Here the number of adhering cells 

but also their size, i.e. their spreading was significantly lower on CHI-HEP (4-4) system as 

compared to CHI-HEP (4-9). The low number of adhering cells and their low degree of 

spreading are in agreement with the lack of fibronectin adsorption shown here and in previous 

studies.39, 24 Such finding is somewhat surprising because the presence of HEP should enable 

significant binding of fibronectin due to its HEP-binding domain.15 However, provided HEP 

adsorbs on chitosan at pH 4, when both molecules are highly charged, side-on with little loops 
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then the required steric interaction of HEP with fibronectin HEP-binding domains might be 

impaired. Similar findings on low binding of the growth factor BMP-2 to HEP that possesses 

a HEP-binding domain, were also made in ternary multilayer systems with hyaluronan and 

HEP as polyanions.44 In addition also the higher water content of multilayers formed at pH 4 

could be a reason for the lower cell adhesion as it is observed on hydrogels in general.45 On 

the other hand, the similar or even higher water content and also dissipation values of CHI-CS 

multilayers formed either at pH 4 or pH 9 do not show such low cell adhesion (see below), 

which supports the idea that the lack of interaction of HEP with adhesive proteins is a major 

reason for the observation. By contrast, cell adhesion and spreading of C2C12 cells was high 

on CHI-HEP (4-9) multilayers, which is also in line with fibronectin adsorption, lower layer 

thickness and water content of these surface coatings. However, such a straight forward 

interpretation of cell adhesion on multilayers formed at both pH values from CHI-CS was not 

possible. There was no dependency of cell adhesion and spreading on pH value during 

formation of CHI-CS multilayers. The number of adhering cells were even exceeding those 

on terminal HEP layers of CHI-HEP (4-9) system, while cell spreading remained comparable. 

The possible reason behind such cell behaviour on both types of CHI-CS multilayers (pH 4 

and 9) can be attributed to their protein (fibronection/vitronectin) binding ability. The 

adsorption of proteins might have played a more important role for cell adhesion and 

spreading than the differences in water  content and other multilayer properties. Hence it is 

important to notice that the critical fibronectin concentration to promote adhesion and 

spreading might have been already achieved in accordance to studies of Garcia et al. and K. 

Kirchhof.46, 39 Also along with fibronectin, vitronectin possesses also a heparin-binding 

domain that promoted cellular interactions and leading to the formation of focal adhesion 

addressing alpha v beta 3 integrins47 and is also the major attachment factor in serum. It is 

also interesting to note that cell spreading on CHI-HEP (4-4) multilayers corresponds well to 

data from another study about C2C12 cell spreading on soft multilayers formed from 

poly-L-lysin and hyaluronan while spreading on CHI-CS multilayers that have apparently 

similar mass and viscoelastic properties like CHI-HEP (4-4), is similar to cell behaviour on 

cross-linked PLL-HA multilayers in the study of Ren et al.48  

Additionally immune fluorescence studies were carried out with C2C12 cells adhering for 

4 hours under the same conditions as described above. The images of C2C12 cells show in 

Figure 5.7 the staining of actin cytoskeleton by BODIPY-phalloidin (red), focal adhesions 

with vinculin by a monoclonal antibody (green) and nuclei by TO-PRO-3 (blue). Also here a 

strong effect of pH during multilayer formation was evident for CHI-HEP system, because 
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C2C12 cells were round and loosely attached on CHI-HEP (4-4) multilayers and were not 

retained during immunofluorescence staining. Hence, no images could be made for cells on 

these surfaces. On the other hand appearance and size of C2C12 cells on terminal HEP 

layers (pH 9 regime) and CS layers (pH 4 regime) were not very different, which corresponds 

also well to the quantitative data from adhesion studies shown in Figure 5.6. Hence 

Figure 5.7a shows here only C2C12 cells on terminal HEP layers prepared at pH 9 conditions. 

The cells are elongated with long actin stress fibres (red structures), while there were only 

poorly developed focal adhesions positive for vinculin at the cell periphery (green staining). 

Cells plated on terminal CS layers of CHI-CS (4-9) shown in Figure 5.7b expressed more 

longitudinal actin stress fibres and also numerous longer focal adhesions, positive for 

vinculin. Since cells were seeded in the presence of serum, adsorption of adhesive proteins 

from serum may precede the adhesion process of cells. The well developed focal adhesions of 

cells in Figure 5.7b indicate integrin ligation to adhesive proteins as major process of 

adhesion that is related to integrin clustering in focal adhesions.49  

  

 

Figure 5.7: Fluorescence images of C2C12 cells plated on terminal HEP (a) and CS layer (b) 

in DMEM and 10% FBS for 4 hours. Both multilayers systems were prepared at pH 9. The 

red staining shows actin, the green vinculin and the blue nuclei of cells. White arrows show 

focal adhesions positive for vinculin. Red arrows show actin stress fibres. 

 

a b 
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Cell growth requires adhesion of cells with ligation of integrins to extracellular matrix 

components to prevent apoptosis and promote signal transduction via the mitogen-activated 

protein (MAP) kinase pathways.50 51 Hence adhesion measurements may be used for 

predication of later cell responses in terms of cell proliferation and also differentiation. 

Growth of C2C12 cells was studied on terminal polyanion layers for 24 and 72 hours. Data on 

quantity of viable cells after the different incubation periods were obtained by QBlue test and 

are shown in Figure 5.8. The cell growth was lower on terminal HEP layers compared to CS 

terminal layers after 24 and 72 hours, which is in accordance with the lack or lower 

fibronectin adsorption on HEP terminal layers and also closely related to the findings of 

adhesion studies. It was also detected that cell growth on multilayers prepared at pH 4 was 

lower than on multilayers prepared at pH 9. The fact that C2C12 cell growth was also 

dependent on pH during formation of CHI-CS multilayers is related to the observation of 

focal adhesion formation in Figure 5.7b although quantitative adhesion data showed only 

slightly higher count for cells on CHI-CS (4-9). It underlines also the need for more detailed 

studies on the adhesion process including expression of focal adhesions and involvement of 

receptor components. Beside the quantitative estimate of growth also cell morphology was 

studied with phase contrast microscopy. The corresponding micrographs are shown in 

Figure 5.9. The delayed growth of C2C12 cells on multilayers prepared at pH 4 is also visible 

in the appearance of cells after 24 hours incubation shown in Figure 5.9a (terminal layer HEP) 

and 5.9c (terminal layer CS). Cells on both polyanion layers had a reduced degree of 

spreading and tended to form bulky aggregates. By contrast, cells seeded on multilayers 

prepared at pH 9 (Figure 5.9e – HEP, Figure 5.9g - CS) had a more spread phenotype 

although also here cells tended to develop cell-cell contacts. These differences in cell growth 

between pH 4 and 9 during multilayer formation were also maintained after 72 hours and are 

visible by lower coverage of substrata (compare Figure 5.9b & d with 5.9f & h). It is also 

interesting to note that CS as terminal layer in systems prepared at pH 4 (Figure 5.9d) still 

promoted the growth of cells in huge aggregates while HEP as terminal layer provoked 

already more distribution of cells on the substratum (Figure 5.9b). However in general 

coverage of substrata and appearance of cells corresponded quite well to the quantitative data 

presented in Figure 5.8. Hence, variation of pH during multilayer formation from CHI-HEP is 

a useful tool to control cell adhesion on biomaterials while multilayers based on CHI-CS are 

less sensitive vs. change of pH during formation. 
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Figure 5.8: Cell proliferation measurements done after 1 (grey bars) and 3 (black bars) days 

of C2C12 cell culture in DMEM with 10% FBS on polyanion (HEP or CS) terminated 

multilayers prepared at different pH conditions. Graph consists of two parts, one with the 

measurements done on layers prepared at pH 4 while the other part for the layers prepared at 

pH 9. 
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Figure 5.9: Phase contrast images of long term C2C12 cells cultured in DMEM and 10% 

FBS on polyanion terminated multilayer prepared at different pH regimes, pH 4 (a-d) & 

pH 9 (e-h) for 1 day  (a, c, e, g) & 3 days (b, d, f, h). 
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5.5. Conclusions 

The aim of this work was to compare the effect of chemical composition of two different 

polyanions adsorbed at two different pH conditions on multilayer bulk and surface properties 

and how this affects the behaviour of cells. Since HEP represents a natural 

glycosaminoglycan, CS a semi-synthetic one was selected as an alternative potential 

candidate for surface coatings. The adsorption process at pH 4 was most likely dominated by 

ion pairing 52, while hydrogen bonding was leading when polyanions were adsorbed pH 9.36 

During these studies it was found that pH has a great effect on multilayer mass, water content, 

surface properties and cell responses in multilayer systems composed of HEP and CHI. The 

cell response, also pH driven, was predominantly due to the conformation of HEP in the 

multilayers that either allows binding of adhesive proteins or not and less related to the water 

content and mechanical properties of CHI-HEP multilayer systems. On the other hand 

multilayers prepared from CHI-CS showed little differences in properties with changing pH 

value, which indicated that hydrogen bonding has made an important contribution to the 

bonding of CHI in this system. Hence, CS despite of having relatively high sulfation degree, 

the remaining hydroxyl groups provided such systems which are less dependent on 

environment conditions like pH value, represented also an advantage during multilayer 

formation. More importantly, CS possessed a high bioactivity to promote adhesion and 

growth of cells on multilayers in addition to their ability to bind growth factors with 

HEP-binding domains like FGF-2 and BMP-2 provides them with huge advantages for 

making bioactive coating of tissue engineering and implants for regeneration of bone and 

other tissues.  
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Chapter 6 

 

Multilayer films by blending heparin with semi-synthetic cellulose sulfates: 

Physico-chemical characterisation and cell responses 

 

Neha Aggarwal, Thomas Groth 

 

6.1. Abstract  

Here, we report fabrication of polyelectrolyte multilayers by blending a natural 

glycosaminoglycan (heparin) with semi-synthetic cellulose sulfates as polyanions paired with 

polycation chitosan. Two types of polyanionic blends were prepared by mixing heparin with 

either cellulose sulfates (CS) of high (CS2.6) or intermediate (CS1.6) sulfation degree in 

equal mass ratios. Multilayer growth was monitored by surface plasmon resonance (SPR) and 

quartz crystal micro balance with dissipation monitoring (QCM-D) where as surface 

wettability was measured by water contact angle measurements (WCA). Both SPR and 

QCM-D showed differences in biomolecular mass adsorption and dissipation values for 

different multilayers and also helped in estimating the hydration levels of layers. WCA 

indicated arrangement of polyanion and polycation layers within the multilayer systems, 

weather distinct layers or more intermingled multilayers were established. Overall 

physico-chemical characterization data suggested a dominating incorporation of heparin over 

CS in blend multilayer systems. Biological interactions of these blend multilayers investigated 

with C2C12 cells also indicated a leading contribution of heparin in the blend systems. This 

current study suggested that heparin was preferentially incorporated over cellulose sulfates 

that are highly sulfated and points towards the dominance of carboxylic groups over sulfate 

groups in interacting with amino groups of chitosan.  

 

6.2. Introduction 

The appropriate design of material surfaces with nanoscale precision is a rapidly developing 

field with applications in biosensing and biomedical materials. Layer-by-layer (LBL) 

technique, introduced by Gero Decher and co-workers in 1990s,1 is a widely utilized 
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technique to reliably engineer the surfaces and tailor various properties (surface and bulk) of 

multilayer films. This versatile technique is based on the alternate assembly of oppositely 

charged polyelectrolytes (i.e., a polyanion paired with a polycation) to form polyelectrolyte 

multilayer assemblies. A large array of polymeric materials or polyelectrolyte can be 

integrated to form such multilayer films and hence a diverse range of functionalities can be 

achieved for the biomaterial coatings.2-3 During the formation of multilayers the alternate 

adsorption of polyelectrolyte is typically driven by electrostatic interactions and subsequent 

ion pairing on to a charged substrate.4 While, ion pairing is probably the most abundant 

driving force applied during the multilayer assemblies, other forces like hydrogen bonding, 

hydrophobic interactions and covalent bonding has also come into picture.5 The use of such 

alternate driving forces with a flexible range of polyelectrolytes facilitates the inclusion of a 

wide variety of functionalities in the multilayer assemblies thereby increasing the spectrum of 

their potential applications as biomaterial coatings.2 

Biomolecules, especially originating from the extracellular matrix of mammals are being 

widely exploited for designing of biocompatible and bioactive materials.6 Heparin, the most 

sulfated glycosaminoglycan, is commonly known for its anti-thrombogenic activity, but 

interacts also with a large variety of proteins that regulate adhesion, growth and 

differentiation of cells.7 Heparin represents a strong polyanion, composed of either 

β-D-glucuronic acid or α-D-iduronic acid and 2-N-sulfo-glucosamine connected by a 

1-4-glycosidic linkage. Due to the high affinity of heparin towards several growth factors,8 it 

is often incorporated into the hydrogels 9 and also recently used in making multilayer coatings 

on biomaterial surfaces.10-11 However, the use of heparin has certain draw-backs. The 

isolation of heparin from animal sources, e.g., porcine mucosa or bovine lung limits its 

availability in larger quantities and also leads to substantial chemical heterogeneity and 

variability of physiological activity.12,7 Therefore, previous studies were conducted to replace 

heparin by modification of more abundantly occurring polysaccharides like cellulose to 

achieve heparinoid features.13-14 Regioselective sulfation of cellulose has been carried out to 

achieve molecular similarity and bioactivity to heparin,15 particularly with respect to 

interaction with growth factors and cells, when added as soluble substance to culture 

media.16-17 However, cellulose sulfates (CS) are also interesting candidates for LbL technique 

as they inherit high charge density depending on the degree of sulfation, which led to their 

application to make blood compatible multilayers.14 Recently, we also showed that 

multilayers composed of CS may be used to modulate adhesion and growth of cells.18 
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An innovative enhancement in LBL technique for tuning of film properties by blending of 

either polyanions or polycations has been introduced recently.19-20 A number of studies have 

been reported that highlights the inherent simplicity of the blending technique and ability to 

enhance the functionality of the LBL films.21-22. Most of the work done in this direction was 

focused on the control of film’s chemical composition, stability, growth regime, thickness and 

their response to protein adsorption23-24 by applying an appropriate blend ratio of the used PE. 

For example, the study on blends of HA-PSS built with PLL had shown the preferential 

adsorption of PSS over HA and also anomalous evolution of film thickness.25 Stability of 

films prepared from several low molecular weight species was also improved by blending 

them with PSS.26 Additionally, Crouzier et al. showed that blending can enhance the 

bioactivity of multilayer films by demonstrating the ability of HA-HEP blend films as 

potential growth factor reservoir and also probed the bioactivity of these films by measuring 

the alkaline phosphatase activity of C2C12 myoblast cells cultured on the films.22 

As discussed above, heparin is a biomolecule with wide application potential but due to its 

natural origin, varying bioactivity and relative scarcity, replacement by semi-synthetic 

molecules with heparinoid activity is desirable. In addition, some previous studies showed 

that ability of heparin to interact with proteins having heparin-binding domains is dependent 

on its way of incorporation.10,27-28 Relatively homogenous composed terminal heparin layers 

displayed negligible adsorption of fibronectin – a protein that possesses heparin binding 

domains10,28 and were cytophobic. It was hypothesized that a side-on arrangement of heparin 

inhibits interaction of heparin with fibronectin. By contrast, mixed (intermingled) 

composition of terminal layers promoted adsorption of fibronectin and adhesion and 

spreading of cells, which might be related due to a more loopy conformation.10,29 Since 

previous studies have shown that sulfation degree of glycosaminoglycans is an important 

parameter for multilayer composition and properties.22 We were interested to see how 

physical multilayer properties and cell behaviour changes with blending of either an 

intermediate sulfated cellulose (CS1.6) or a highly sulfated cellulose (CS2.6) with heparin as 

polyanions paired with chitosan as the polycation. Our studies show that heparin tends to 

displace the sulfated cellulose (CS1.6/CS2.6) yielding multilayer properties more comparable 

to heparin-chitosan multilayer systems but with different effects on the cell response.  
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6.3. Materials and Methods 

Polyelectrolyte solutions, poly (ethylene imine) (PEI) (MW 750,000 g/mol, Sigma, Germany), 

heparin (HEP) (min 150 IU/mg, MW 8,000-15,000 g/mol, Applichem, Germany), and two 

different cellulose sulfates synthesized (see below) CS1.6 and Cs2.6 were prepared by 

dissolution under stirring at a concentration of 2 mg/ml in water containing 0.14 M NaCl. To 

prepare the blends, heparin and cellulose sulfate (CS1.6/Cs2.6) were dissolved in equal mass 

ratios (1 mg/ml each) in water containing 0.14 M NaCl. The two types of blends were 

abbreviated as HEP+CS1.6 and HEP+CS2.6. Chitosan (CHI) solution was prepared from 

medical grade chitosan with a deacetylation degree of 85 % (MW 500,000 g/ mol, 

85/ 500/ A1, Heppe, Germany) in 0.14 M NaCl and 0.05 M acetic acid at 50°C for 3 h. 

Cellulose sulfates (CS) were a kind gift from Dr. Steffen Fischer. Their synthesis and 

characterization has been described in much detail elsewhere.30 The sulfation degree and 

molecular weight of CS and heparin are outlined in Table 6.1 

 

Table 6.1: Characterization of CS and heparin 

DSS
b 

Samples 
DSS6 DSS2 

total 

DSS 

DOb MWw MWn 
MWw/

MWn 

Heparin(HEP) 0.27 0.8 1.01 0.26  

*8000-

25000  

CS1.6 0.91 0.55 1.57 0 77748 37549 2.07 

CS2.6 1 1 2.59 0 64961 36197 1.79 

 

a molar ratios in mol sulfuric acid and mol acetic anhydride per mol AGU for CS1.6 and mol 

chlorosulfonic acid per mol AGU for CS2.6, respectively.b DSS6, DSS2 and DO (degree of 

oxidation) were analysed with 13C NMR spectroscopy. The total DSs was determined by 

elemental analysis. *MWw of heparin: provided by the data sheet from the supplier. 

 

Polyelectrolyte blend multilayers were deposited on microscopy glass cover slips (Menzel, 

Germany). Cover slips were cleaned for 2 h with 0.5 M NaOH (Roth, Germany) dissolved in 

96% ethanol (Roth, Germany) and rinsed repetitively with micropure water (10 x 5 min). 
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99.8% ethanol (Merck, Germany) was used to clean new gold coated sensors for SPR (IBIS 

Technologies, The Netherlands) and AT-cut gold-coated quartz crystals for QCM-D (Q-sense, 

Sweden) measurements. After thorough rinsing with micropure water sensors were dried with 

nitrogen (1 bar) and were kept overnight in an ethanol (p.a.) solution of 2 mM 

mercaptoundecanoic acid (MUDA, 95%, Sigma, Germany) to generate a negatively charged 

self-assembled monolayer exposing carboxyl groups on sensors surface.31  

 

Polyelectrolyte multilayer assembly: Polyelectrolyte multilayer films were fabricated on 

glass cover slips or on gold coated sensors. A first layer of PEI was formed on the substrates 

to obtain an anchoring layer with a positive charge. This was followed by adsorption of a 

polyanion layer of HEP or CS1.6 or CS2.6 or the blends (HEP+CS1.6 / HEP+CS2.6). Then a 

polycation layer of CHI was deposited. Each layer was assembled by incubating glass 

surfaces in polyelectrolyte solutions for 7 min followed by rinsing with an aqueous solution 

containing 0.14 M NaCl (3 x 4 min). Up to 8 multilayers with polyanion as terminal layer 

were built by alternating deposition of polyanions and polycation. The pH value of each 

polyelectrolyte solution and rinsing solution was adjusted to pH 4 by using either HCl or 

NaOH. The different systems prepared from polyanions paired with CHI are abbreviated as 

CHI-HEP, CHI-CS1.6, CHI-(HEP+CS1.6), CHI-CS2.6 and CHI-(HEP+CS2.6). 

 

6.3.1. Characterization of multilayer properties 

Multilayer growth measurement: Surface plasmon resonance (SPR) and quartz crystal 

microbalance with dissipation monitoring (QCM-D) measurements using IBIS-iSPR (IBIS 

Technologies B.V., Netherlands) and E4 instrument (Q-Sense, Sweden) were executed to 

follow the multilayer build-up process. SPR is based on the change in refractive index (RI) at 

the gold-liquid interface of the gold sensor surface which is caused by the adsorption of 

molecules. This is measured as a shift in the angle of the incident light (m°) and it is 

proportional to the mass (ΓSPR) of molecules adsorbed on the surface. The ‘optical’ mass of 

the adsorbed molecules during the formation of each layer was calculated by equation (1) 32  

122 m° ≈ 1 ng/ mm²          (1) 

While the optical’ mass was quantified by SPR, the ‘acoustic’ mass of the adsorbed molecules 

was quantified by QCM-D measurements. Shortly, the QCM-D sensor (a quartz crystal disc) 

oscillates at its resonance frequency f when an alternating potential is applied. Mass 

adsorption on the sensor surface leads to a shift in this frequency (∆f) which is related to the 
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change in adsorbed mass (∆mQCM-D) and can be estimated for thin, rigid, and evenly 

distributed surface films using the Sauerbrey equation (equation 2) 33.  

∆m = - C∆f/n           (2) 

where n (n = 1, 3, 5,..., 13) is the overtone number and C is the mass sensitivity constant 

specific for the quartz crystal, here C = 0.177 mg/m²Hz for (f0 = 5 MHz). The coupled water 

into the adsorbed film was estimated by comparing the mass obtained by QCM-D and SPR 

(assuming that the two masses were obtained under equivalent condition). 

The dampening of the oscillatory motion when the driving voltage of the quartz crystal is shut 

off is related to structural properties of the added layer on the sensor surface, and it is 

quantified as energy dissipation (∆D). 

Both SPR and QCM-D investigations were made in the flow cell of each device onto gold 

sensors pre-treated with MUDA. PEI was introduced to adsorb on the sensor surface for 7 min 

followed by rinsing with NaCl solution for 12 min. After the formation of PEI layer, similarly 

successive layers were built by alternate adsorption of polyanions and CHI layers up to 8 

layers. 

Water contact angle (WCA): Static contact angle measurements were done by an OCA15+ 

device from Dataphysics (Germany) to determine the wettability of multilayer surfaces. By 

applying the sessile drop method, 3 to 4 samples of each type of multilayer system and 

terminal multilayer surfaces were measured by dispensing 3-4 drops of water. For each 

droplet, at least 10 independent measurements were recorded by the built-in software. 

 

6.3.2. Biological Investigations 

Short-term cell adhesion studies were conducted on different multilayer film surfaces using 

the skeletal muscle cell line C2C12 (DSMZ, Germany, Product Nr.: ACC 565). Cryo 

conserved cells were thawed and expanded by culturing them in Dulbecco’s modified Eagle 

medium (DMEM, Biochrom AG, Berlin, Germany) supplemented with 10% fetal bovine 

serum (FBS, Biochrom AG), 2 mM L-Glutamine, 100 U/ml Penicillin and 100 µg/ml 

Streptomycin (Biochrom AG) in humidified 5% CO2/95% air atmosphere using a NUAIRE® 

DH Autoflow incubator (NuAire corp., Plymouth, Minnesota, USA). C2C12 cells were 

harvested from pre-confluent cultures by trypsinization using 0.25% Trypsin, 

0.02% EDTA (Biochrom AG) followed by subsequent washing with DMEM and resuspended 

in DMEM with 10% FBS at a concentration of 25´000 cells/ml.  
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For the cell adhesion studies, multilayer coated glass substrates were placed in 12-well tissue 

culture plates followed by sterilization with 70% ethanol for 10 min and excessive rinsing 

with sterile PBS. C2C12 cells with a concentration of 25´000 cells/ml or 6000 cells/ cm2 were 

seeded using DMEM supplemented with 10% FBS, 2 mM L-Glutamine, 100 U/ml Penicillin 

and 100 µg/ml Streptomycin on the sterilized multilayer surfaces and incubated for 4 h at 

37°C in a humidified 5% CO2/95% air atmosphere. After incubation, culture medium was 

aspirated and exchanged with fresh medium twice to remove the non-adherent cells. The 

attached cells were stained by adding 5 µl FDA (fluorescein diacetate) solution (0.01% 

vol/vol) to each well containing 1 ml of cell culture medium (over the multilayer samples) and 

incubated for 3-5 min. Images were made after the staining with a fluorescence microscope 

Axiovert 100 (Carl Zeiss Microimaging, Jena, Germany) for analyzing the cell morphology 

and quantification of cell attachment and spreading which was done by Image processing 

software “ImageJ, NIH”. 

Immunofluorescence staining was performed for the detailed study of cell morphology on 

each multilayer surface after 4 h of cell culture at 37ºC by fluorescence microscopy. Attached 

cells were fixed with Roti® – Histofix (Roth, Germany) for 15 min and rinsed with PBS. Cell 

permeabilization was done by 0.1% (v/v) Triton X-100 in PBS for 10 min after cell fixation, 

followed by three times rinsing with PBS. 1% bovine serum albumin (BSA, Sigma, Germany) 

in PBS was applied for blocking the non-specific binding sites. Adherent cells were double 

stained by subsequent staining of focal adhesion complexes with mouse monoclonal antibody 

against vinculin (Sigma, Germany) and Cy2®conjugated AffiniPure Goat Anti-Mouse 

IgG-conjugated anti-mouse immunoglobulin (Dianova, Germany). Actin filaments were 

stained with BODIPY®phalloidin (5µM, Molecular Probes, Germany) and each incubation 

step was performed for 30 min followed by extensive washing with PBS. Each sample was 

mounted on objective holders with Mowiol® 4-88 (Merck, Germany) and investigated with 

Confocal Laser scanning microscope (LSM 710, Carl Zeiss MicroImaging GmbH, Jena, 

Germany) using 63x immersion oil objective. ZEN software was used to process the acquired 

images. 

 

6.4 Results and Discussion 

6.4.1. Multilayer growth measurement 

The multilayer build-up process was examined by applying surface sensitive SPR and 

QCM-D analytical techniques. SPR, which is an optical technique allowed the determination 
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of adsorbed mass of macromolecules (optical/ dry mass), where as QCM-D (an acoustic 

technique) helped in deducing the information about adsorbed mass of macromolecules along 

with their hydration state as total absorbed mass (acoustic/ wet mass). Additionally, the 

information about the viscoelastic properties was also achieved by the QCM-D dissipation 

measurements. Figure 6.1a shows the multilayers mass calculated with equation (1) for the 

CHI-HEP, CHI-CS1.6 and CHI-(HEP+CS1.6) systems while Figure 6.1b for the CHI-HEP, 

CHI-CS2.6 and CHI-(HEP+CS2.6) systems. CHI-HEP system is included in both graphs for 

better comparison between the single and blend systems. The results show clear differences in 

the multilayer growth patterns of the different polyanion systems. An exponential layer 

growth was visible for the CHI-HEP multilayer system as also shown before for other 

polysaccharide-based multilayers systems.11 The obtained multilayer mass was also consistent 

with previous studies by Lundin et al.34 Here, it is indicated that ion pairing dominates, and 

protonation of CHI amino groups led to the adsorption of more HEP to accomplish complete 

charge reversal.35 

 

 

Figure 6.1: Multilayer mass ΓSPR calculated from SPR angle shifts. Layer 1 is always PEI. 

Even layers: polyanions, odd layers: polycation CHI. [a] ΓSPR for the CHI-HEP (Solid lines, 

■), CHI-CS1.6 (gray solid lines, ▲) and CHI-(HEP+CS1.6) (dashed lines, ●) systems. [b] 

ΓSPR for the CHI-HEP (Solid lines, ■), CHI-CS2.6 (gray solid lines, ▲) and 

CHI-(HEP+CS2.6) (dashed lines, ●) systems. 

 

On the other hand, both multilayer systems of CS (CHI-CS1.6 & CHI-CS2.6), showed 

slightly larger adsorbed mass as well as different increment behavior compared to CHI-HEP 

system. The growth patterns of CS systems (Figure 6.1a,b) appeared staircase-like with an 

a b 



 190 

indication of more mass adsorption during the adsorption of CS (even layer numbers) in 

comparision to the CHI deposition steps (odd layer number except PEI, the very first layer), 

as also shown in our recent studies for the CHI-CS1.6 layers.18 When the blends of either of 

these semi-synthetic cellulose sulfates with HEP were applied as polyanions, also distinct 

multilayer growth regimes were achieved during SPR studies (Figure 6.1a,b). The 

CHI-(HEP+CS1.6) multilayer system has shown somewhat an exponential growth similar to 

CHI-HEP system where as a staircase-like pattern was achieved with the CHI-(HEP+CS2.6) 

(in similarity with the pure CS systems as have also such staircase-like growth patterns).  

The results of QCM-D measurements were done along with SPR measurements for the 

calculation of adsorbed multilayer mass (see Figure 6.2). The adsorbed mass was calculated 

by Sauerbrey equation (2). Sauerbrey equation is valid for rigid films, which represents a 

good approximation here as the dissipation responses shown in Figure 6.3 are relatively small 

compared to the frequency response and the films thickness is still relatively low. The overall 

adsorbed mass increment measured by QCM-D for each type of multilayer system (except for 

CHI-CS2.6 system) was much larger than the corresponding mass measured by SPR, which 

indicates that a substantial amount of water was coupled within these multilayer systems. 

Comparison of layer masses obtained by SPR and QCM-D and the resulting water content of 

the terminal polyanion (8th) layer are summarized in Table 6.2. Each multilayer system seems 

to be highly hydrated, which was also observed by others for polysaccharide-based multilayer 

systems.34,11 An exception was CHI-CS2.6 multilayer system that seems to be highly 

condensed. QCM-D studies also deduced the exponential multilayer growth for the CHI-HEP 

system. Similar to SPR results, the QCM-D curve for the CHI-CS1.6 layers also depicted the 

staircase like pattern. However, the CHI-CS2.6 system expressed a very low growth 

regime (Figure 6.2b). The reason for such staircase pattern might be due to the charge 

compensation by addition of CHI and also forming a quasi-soluble complex with CS thereby 

stripping it off from the surface as also shown in a previous study.36 Hence there was almost 

no increase in the mass adsorption when CHI was deposited. Additionally the CHI-CS1.6 

layers contains a noticeable amount of water (Table 6.2) and that might be because of the 

presence of hydrogen bonds between CHI and the remaining hydroxyl groups of intermediate 

sulfated CS.18 In case of CHI-CS2.6 multilayer system, the total adsorbed mass observed by 

QCM-D was lower then the optical mass estimated by SPR and which might be due to an 

overestimation of layer mass by SPR due to the strong condensation of the multilayer system. 

CHI-CS2.6 multilayers had the lowest mass adsorption possibly due to the very high charge 

density of CS2.6, which requires less CS to compensate the charges of CHI. Koetse et al. have 
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also shown that the cellulose sulfates with higher charge density produce thinner layers  

during multilayer assembly.37 The multilayer growth of blend systems as studied by QCM-D 

had also shown exponential growth like CHI-HEP system (Figure 6.2). For the 

CHI-(HEP+CS1.6) system, the SPR and QCM-D data correlates as for both measurements the 

layer growth was found to be exponential. Contrastingly, the layer growth of 

CHI-(HEP+CS2.6) system depicted by SPR was step-wise staircase-like and by QCM-D 

exponential (except for the third layer). These differences between the SPR and QCM-D 

multilayer growth observation can be attributed to the measurement of entrapped water by 

QCM-D at each adsorption step (Table 6.2).  

 

 

Figure 6.2: The mass for increasing numbers of layers in the multilayer structures obtained 

by QCM-D using the Sauerbrey equation. Layer 1 is always PEI. Even layers: polyanions, 

odd layers: polycation CHI. [a] ∆mQCM-D for the CHI-HEP (Solid lines, ■), CHI-CS1.6 (gray 

solid lines, ▲) and CHI-(HEP+CS1.6) (dashed lines, ●) systems. [b] ∆mQCM-D for the CHI-

HEP (Solid lines, ■), CHI-CS2.6 (gray solid lines, ▲) and CHI-(HEP+CS2.6) (dashed lines, 

●) systems. 

 

The dissipation results showed oscillating increasing and decreasing ∆D values upon 

adsorption of CHI and HEP, respectively which points towards a swelling or stiffening of 

multilayers. On the other side, the CHI-CS1.6 system showed an almost linear increase with 

addition of either CHI or CS1.6 indicating a more homogeneous nature of the films34 while 

the CHI-CS2.6 system seemed to be a condensed system as the dissipation values were very 

low and remained almost constant. The dissipation curves for the blend systems also showed 

alternating trends like CHI-HEP system. For both CHI-(HEP+CS1.6) and CHI-(HEP+CS2.6) 

a b 
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systems, the dissipation values decreased with adsorption of 

polyanions (HEP+CS1.6 / HEP+CS2.6) and increased with CHI adsorption with an exception 

of third layer adsorption in case of CHI-(HEP+CS2.6) system. Here, the CHI adsorption as 

third layer showed no increase in the dissipation value. The results of both SPR and QCM-D 

provides a strong indication towards the preferential adsorption of HEP over CS in the blend 

multilayers. In case of CHI-(HEP+CS1.6) multilayer system, HEP seems to be preferentially 

incorporated within the layers. This is suggested from the multilayer growth curves obtained 

from SPR and QCM-D (Figure 6.1a & 6.2a), which are similar to the CHI-HEP multilayer 

growth curves (exponential). Inrestingly for CHI-(HEP+CS2.6) blend system, the multilayer 

growth trend achieved through SPR shows a striking similarity with pure CHI-CS2.6 

system (also staircase-like), but not during the QCM-D measurements when also the coupled 

water comes into play. Then, the adsorbed mass pattern (Figure 6.2b) and dissipation 

curves (Figure 6.3b) of CHI-(HEP+CS2.6) followed the trend of CHI-HEP system. The 

higher mass adsorption with high amount of entrapped water (Table 6.2) and the alternating 

dissipation values give a clear indication of HEP dominance. In both type of blend multilayers 

of HEP and CS, HEP seems to be the preferentially incorporated polyanion, when they were 

paired with CHI. This indicates that carboxylic groups play certainly a major role here, as 

HEP that contains also carboxylic groups along with sulfate has shown his striking dominace 

over CS which have only sulfate groups. Also to add up, carboxylic groups have a great 

affinity towards the surrounding water (considered as a kosmotrope),38 which is in line with 

the higher water content of the blend multilayer systems (Table 6.2). Interestingly, previous 

studies by Crouzier et al. showed a preferential interaction between sulfate groups and amino 

groups compared to carboxylic groups during multilayer formation of gylcosaminoglycans 

and poly-L-lysin.22 Although, no direct evidene for a preferential interaction of carboxylic  
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Figure 6.3: The corresponding QCM-D dissipation change (∆D) in the multilayer structures 

observed by QCM-D. Layer 1 is always PEI. Even layers: polyanions, odd layers: polycation 

CHI. [a] ∆D for the CHI-HEP (Solid lines, ■), CHI-CS1.6 (gray solid lines, ▲) and 

CHI-(HEP+CS1.6) (dashed lines, ●) systems. [b] ∆D for the CHI-HEP (Solid lines, ■), CHI-

CS2.6 (gray solid lines, ▲) and CHI-(HEP+CS2.6) (dashed lines, ●) systems. 

 

Table 6.2: Illustration of Multilayer mass and water content 

Multilayer systems 
ΓSPR

a 

(ng/cm²) 

∆mQCM-D
b 

(ng/cm
2
) 

Water 

contentc 

8th layer [CHI-HEP] 812 3257 75% 

8th layer [CHI-CS1.6] 924 2085 56% 

8th layer [CHI-(HEP+CS1.6)] 769 3793 80% 

8th layer [CHI-CS2.6] 796 354 - 

8th layer [CHI-(HEP+CS2.6)] 792 3467 77% 

 

a)SPR masses were estimated using equation (1); b)QCM-D masses were estimated using the 

Saurbrey equation and the frequency shift at the 5th overtone; c)apparent water content was 

approximated by (mQCM-D - mSPR)/mQCM-D*100. 

 

 

 

a b 
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6.4.2. Measurements of wetting properties  

Static water contact angle (WCA) measurements are frequently used for the characterization 

of the terminal layer composition during multilayer deposition.10,34 Here, they were also used 

to study the wetting properties of the multilayer systems after the deposition of each layer as 

shown in Figure 6.4. An alternating trend of WCA values was obtained with CHI-HEP 

multilayers where WCA were lower when HEP was adsorbed while it was higher with CHI 

adsorption. Such alternating WCA differences with progression of each layer reflect the 

varying molecular composition of the terminating layer and points toward the formation of 

more separated layers constituted either from HEP or CHI observed also in other studies.34,10 

On the contrary, CHI-CS1.6 multilayer system did not show such alternating WCA values as 

demonstrated in Figure 6.4a. The average WCA were also quite high for the CHI-CS1.6 

layers and only slight changes in WCA were observed after the subsequent addition of CS1.6 

and CHI. This suggests that the layers formed here were not sharply separated but rather 

intermingled. In addition, the WCA measurements suggest that terminal layers are dominated 

by one polyelectrolyte that is probably CS1.6 as also suggested by SPR data. However the 

WCA of CHI-(HEP+CS1.6) blends displayed alternating values like CHI-HEP system, which 

indicates again a dominating incorporation of HEP over CS1.6, when their blend was 

adsorbed as a polyanion. Although it is also noteworthy that the average WCA were higher 

for the blend system in comparison to pure CHI-HEP system, which points to a subdued 

presence of CS1.6 forming a ternary system with the other polyelectrolytes. Figure 6.4b 

illustrates that the changes in the WCA of CHI-CS2.6 multilayers were only small with 

adsorption of each layer which also points towards the formation of less separated multilayers 

of both CHI and CS2.6. While when CS2.6 was replaced by its blend with HEP during 

multilayer formation, an oscillating trend of WCA similar to CHI-HEP system was found. 

Though the WCA differences for CHI-(HEP+CS2.6) system from one to next layer were 

smaller then those of the CHI-HEP system. The achieved oscillating WCA suggested a 

changing composition of the terminal layers through blending of CS2.6 with HEP and 

indicated that HEP is an important partner of CHI in formation of ternary systems. The results 

again points towards the dominating presense of HEP in CHI-(HEP+CS2.6) multilayers 

which is also consistant with multilayer growth data as shown above.  
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Figure 6.4 Static water contact angles (WCA) during multilayer formation up to 8 layers. 

Layer 1 is always PEI. Even layers: polyanions, odd layers: polycation CHI. [a] WCA for the 

CHI-HEP (Solid lines, ■), CHI-CS1.6 (gray solid lines, ▲) and CHI-(HEP+CS1.6) (dashed 

lines, ●) systems. [b] WCA for the CHI-HEP (Solid lines, ■), CHI-CS2.6 (gray solid lines, 

▲) and CHI-(HEP+CS2.6) (dashed lines, ●) systems. 

 

6.4.3. Adhesion measurements and morphological studies of C2C12 cells on multilayers 

Cell adhesion and spreading are perquisites for growth and differentiation.6 Polyelectrolyte 

multilayer coatings on implants and tissue engineering scaffolds have been also suggested 

before for the improvement of cell behaviour.39 Therefore C2C12 cells were seeded on the 

different multilayer surfaces (terminal polyanion, 8th layer) for 4 h to learn about the effect of 

multilayer molecular composition on the cell attachment and their morphological features. 

C2C12 cells were seeded in the culture medium supplemented with 10% fetal bovine serum 

that contains adhesion proteins.40 C2C12 were chosen as a model as they can differentiate into 

myotubes or osteoblast-like cells based on their environmental conditions like properties of 

substrata and presence of osteogenic growth factors.41-42,17 After seeding and incubating for 

4 h, cells were stained with fluorescein diacetate (FDA) and the micrographs which were 

taken from the microscope were used for analysis of cell count and size. Figure 6.5.depicts the 

results of quantitative evaluation of both cell count (Figure 6.5a) and their average 

size (Figure 6.5b). The cell count as well as the cell spreading (cell size) were found to be 

significantly lower on both CHI-HEP and CHI-(HEP+CS1.6) multilayer systems in 

comparison to the other three CHI-CS1.6, CHI-CS2.6 and CHI-(HEP+CS2.6) systems. This 

lower number of adhering cells and their low degree of spreading on CHI-HEP multilayers is 

related to their inability to bind adhesive proteins like fibronectin, as already observed in 

previous studies.43,28. Although HEP should bind fibronectin,7 results of cell adhesion studies 

a b 
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indicate that this is not the case. Obviously, the conformation of HEP in the multilayer 

systems created by ion-pairing is unfavourable to interact with HEP-binding domains of 

proteins, which was also found by others with low binding of BMP-2 growth factor to HEP.22 

On the other hand, we found previously that CHI-CS1.6 multilayers are capable of fibronectin 

adsorption and support of cell adhesion and growth.18 Although, fibronectin represents a 

minor compound in serum as attachment factor, also the other vitronectin, which is majorly 

present in the serum possesses also a HEP-binding domain and promotes cell adhesion and 

focal adhesion formation44. Similar to the CHI-CS1.6, CHI-CS2.6 multilayer systems 

promoted also significant cell adhesion and spreading, which indicates likewise to CS1.6 that 

CS2.6 have also supported the adsorption of adhesive serum proteins. In case of blend 

multilayers, the CHI-(HEP+CS1.6) multilayer system had shown low cell count and 

spreading, very much similar to CHI-HEP multilayers. This again indicates along with the 

data from QCM-D and WCA studies a dominating presence of HEP in CHI-(HEP+CS1.6) 

blend system. HEP as dominating polyanion blocks obviously the cellular interactions on 

these blend layer surfaces like in CHI-HEP system. By contrast, the CHI-(HEP+CS2.6) 

multilayers provided the best surface for cell attachment and spreading. The cell count and 

spreading was much higher than on CHI-HEP layers and also they had shown improved cell 

count in comparison to CHI-CS2.6 multilayers. Here, it might be speculated that 

conformation of HEP in these ternary system of CHI-(HEP+CS2.6) is quite different than the 

other systems [CHI-HEP and CHI-(HEP+CS1.6)]. The improved bioactivity of such blend 

system also points towards the importance highly sulfated CS2.6 which was when mixed with 

HEP has positively affected its interactions with the surrounding adhesion proteins in turn 

with the cells. 

The morphology of C2C12 cells supports finding of the quantitative studies and are shown in 

Figure 6.5c & 6.6. The morphology of cells shown in Figure 6.5c depicts that cells were 

round and on CHI-HEP and CHI-(HEP+CS1.6) multilayers (Figure 6.5c -i and iii). 

Oppositely elongated and well spread C2C12 cells were found on CHI-CS1.6 and 

CHI-(HEP+CS2.6) multilayer surfaces (Figure 6.5c -ii and v). CHI-CS2.6 

multilayers (Figure 6.5c -iv) provoked more cell spreading and better attachment of cells in 

comparison to CHI-HEP and CHI-(HEP+CS1.6) multilayers but weakly in comparison of 

CHI-CS1.6 and CHI-(HEP+CS1.6) multilayers. Immune fluorescence studies  show the 

staining of actin cytoskeleton by BODIPY-phalloidin (red) and focal adhesions with vinculin 

by a monoclonal antibody (green). On CHI-HEP multilayers, cells were poorly attached, got 

detached during the washing steps included in the immunofluorescence staining procedure. 
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Hence no cells were detected on these multilayers during the microscopic survey (no image of 

cells on CHI-HEP multilayers in Figure 6.6).Along with it, CHI-(HEP+CS1.6) systems also 

did not provoked a noticeable cell count and cell spreading on their surface (Figure 6.6b). 

Contrastingly well attached and spread cells were observed on CHI-CS1.6 multilayer 

surfaces (Figure 6.6a) with longitudinal stress fibres and well developed focal adhesions 

which indicate the integrin ligation to adhesive proteins from serum  since cells were seeded in 

the presence of serum. Adhesion and spreading are dependent on the ligation of integrin 

molecules that are expressed in focal adhesions by integrin clustering.45 The cells on terminal 

CS2.6 layers (Figure 6.6c) showed longitudinal actin fibres but less focal adhesions where as 

the CHI-(HEP+CS2.6) multilayers had expressed well developed focal adhesion plugs with 

actin fibres (Figure 6.6d). For better visualization of actin cytoskeleton and focal adhesions, 

we provide separate images of actin and vinculin staining in “supplementary information” 

(Figure S6.1). It is well known that cell adhesion is a prerequisite for further cell growth and 

during adhesion, ligation of integrins to extracellular matrix leads to prevention of apoptosis 

and promote signalling.46 Hence, the initial cell responses observed here can be taken as 

indications of further growth and differentiation of cells.  

 

        

Figure 6.5: Adhesion (left, 6.5a) and size (right, 6.5b) of C2C12 cells plated 4 hours in 

DMEM with 10 % FBS on polyanion (HEP/CS1.6/HEP+CS1.6/CS2.6/HEP+CS2.6) 

terminated multilayers. Data represent means, standard deviations and ANOVA. Significance 

level of p<= 0.05 is indicated by the asterisks. 
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Figure 6.5c: Fluorescence images of C2C12 cells plated on (i) CHI-HEP, (ii) CHI-CS1.6, 

(iii) CHI-(HEP+CS1.6), (iv) CHI-CS2.6 and (v) CHI-(HEP+CS2.6) multilayers in DMEM 

and 10% FBS for 4 hours.  

 

 

Figure 6.6: Fluorescence images of C2C12 cells plated on (a) CHI-CS1.6, (b) 

CHI-(HEP+CS1.6), (c) CHI-CS2.6 and (d) CHI-(HEP+CS2.6) multilayers in DMEM and 
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10% FBS for 4 hours. The red staining shows actin and green vinculin of cells. White arrows 

show focal adhesions positive for vinculin. Red arrows show actin stress fibres.  

 

6.5. Conclusions 

The preparation of polyelectrolyte multilayers via facile LBL technique offers the creation of 

a wide range of biomaterial coatings with potential adjustment of bioactivity towards proteins 

and cells. Here, we presented a comparative study on physical and biological multilayer film 

properties prepared from HEP, semi-synthetic CS and their blends. It was shown that blending 

of HEP with two different CS resulted in multilayers that differ dramatically in their 

bioactivity. Although HEP tended to displace major parts of both the intermediately and 

highly sulfated CS, the latter was obviously able to provoke a conformation of HEP that 

supported adsorption of adhesive proteins from serum and attachment of cells. Although the 

exact molecular mechanism of superior bioactivity of HEP in blends with highly sulfated 

CS2.6 was not unravelled here, but showed directions how the bioactivity of 

glycosaminoglycans in multilayer coatings can be tailored towards a specific type of protein 

and cell. Since HEP is a natural glycosaminoglycan with limited abundance, cellulose sulfates 

represent potential alternative materials in making bioactive surface coatings as well as 

diluting agent of HEP in blends, thereby merging the useful properties of natural and 

semi-synthetic polyelectrolytes. Overall, the blending of polyelectrolytes with different 

bioactivity in multilayer coatings provides additional possibilities to regulate multilayer 

properties and their biological response, which makes them useful for a large variety of 

biomedical application reaching from blood contacting surfaces to implant materials. We also 

propose that conformation of HEP and other polyelectrolytes in the different multilayer 

systems might be characterised by using detailed X-ray diffraction analysis and further details 

of molecular interactions and dynamics can be studied by solid state NMR in future 

investigations. 
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6.8. Supplementary Information  

 

 

Figure S6.1: Fluorescence images of C2C12 cells plated on (a-i, ii) CHI-CS1.6, (b-i, 

ii) CHI-(HEP+CS1.6), (c-i, ii) CHI-CS2.6 and (d-i, ii) CHI-(HEP+CS2.6) multilayers. The 

left column of images show cells stained in red positive for actin while right one the green for 

vinculin for clear visuals of actin fibres and focal adhesions. 
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Chapter 7 

 

Conclusions and Outlook 

 

The PhD study was aimed to develop nanostructured multilayer surface coatings by exploiting 

distinct polyanions at different pH conditions to guide cell adhesion and growth. Here, 

multilayers prepared with three different polyanions (HEP, CS1.6, and CS2.6) paired with 

CHI as polycation, showed varying bulk and surface properties along with specific effects on 

cell behaviour. The selection of polyanions with varying degree of sulfation and adjustment of 

pH during multilayer assembly provided a tool to control multilayer properties and, with this, 

protein adsorption and cell interactions. The current study showed that by simple adjustment 

of the HEP solution pH during multilayer assembly, PEM coatings of HEP and CHI led to 

unique properties tailoring adhesion and growth of C2C12 cells. Additionally, pH variation 

also influenced the wettability of terminal layers as well as rendered differences in 

biomolecular mass adsorption during layer build-up and distinct surface morphology of 

resulting multilayers. 

Semi-synthetic CS that were prepared with heparinoid features depicted their abilities to 

modulate growth factor-induced proliferation of 3T3 cells and even stronger mitogenic effects 

than HEP. Due to the remarkable bioactivity of CS, it was reasonable to use them as potential 

candidates for HEP substitution, since HEP is a natural GAG with limited abundance and 

large variation of bioactivity depending on source and isolation conditions. Thus, they were 

also immobilized along with HEP to assemble LBL multilayer films that were characterized 

physico-chemically and biologically to acquire a deeper knowledge about their construction, 

effect of molecular composition and bioactivity as surface coatings. Later on, the effect of 

changing pH values during multilayer build-up was also studied for PEM prepared with 

CS1.6 (middle sulfated CS). However, these layers did not show such dependency on pH 

value in comparison to the other systems since only low differences in properties and cell 

behaviour were found. Hence, these results depicted that CS is an attractive candidate for 

multilayer formation that does not depend strongly on pH during multilayer formation and 

provides an attractive substrate for cell immobilisation. Since blending of PEL is also an 

attractive innovation of the LBL technique that provides more opportunities to tailor the 

multilayer properties, it was additionally applied here by mixing CS with HEP during 

adsorption of polyanions. The results showed that HEP was preferentially incorporated and 
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tended to displace both the intermediately and highly sulfated CS. Merging of the useful 

properties of natural and semi-synthetic PEL and also diluting HEP as GAG with limited 

abundance provided additional possibilities to regulate multilayer properties and their 

biological response. Overall, these extensive studies showed that pH variation during 

multilayer deposition is a useful tool to tailor the properties and biological responses of the 

multilayers. Finally, semi-synthetic CS as a another very important prospective as multilayer 

component was investigated, which proved to be a potential alternative material in designing 

surface coatings and which very well promoted adhesion and growth of cells. Such multilayer 

systems might be useful for bioactive coatings of TE constructs and implants for regeneration 

of bone and other tissues.  

The current work opens another end regarding the functionality of such distinct multilayers 

and their ability for a sustained delivery of biomolecules like growth factors. Since CS are 

capable of binding growth factors like FGF-2 or BMP-2 in a similar manner like HEP, it is 

motivative to use the HEP- and CS-based multilayers as potential reservoirs and delivery 

systems for growth factors and similar molecules. Preliminary experiments were performed at 

the end of this study to test the release potential of HEP- and CS1.6-based multilayers. For 

these investigations, a higher number of multilayers was deposited (up to 9 bilayers) at pH 4 

because these multilayers were thicker with more absorbed molecules, which, in turn, might 

be able to bind more ligands and provide more efficient conditions for sustained release of 

growth factors. BMP-2 (Genescript, USA) was uploaded at a concentration of 250 ng ml-1 for 

48 h on CHI/HEP and CHI/CS1.6 multilayers. 

 

Figure 7.1: Released amounts of BMP-2 from different multilayer systems after 22 days 

detected and evaluated by ELISA method. HEP/CHI and CS1.6/CHI indicates the CHI 
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terminating layers, while CHI/HEP and CHI/CS1.6 shows the polyanion (HEP and CS1.6) 

terminating layers.  

After loading, each well was washed once with 100 µl PBS (pH 7.4) followed by addition 

100 µl of fresh PBS to each well and stored at 4°C on a shaker. The amount of released BMP-

2 was determined after 22 days by a BMP-2 ELISA (Enzyme-linked immunosorbant assay) 

development kit (Peprotech GmbH, Germany). The results showed that CS-based multilayers 

released higher quantities of BMP-2 in comparison to the HEP ones (see figure 7.1).  

It is important to note that only CHI-terminating multilayers were able to substantially release 

BMP-2 to a higher degree, whereas the polyanion-terminating multilayers released 

comparatively low amounts. However, these preliminary results require extended 

investigations related to the uploading and study of release kinetics of BMP-2. From this point 

of view and also regarding the interactions of FN with the multilayers, it is of high importance 

to study the conformation of PEL within the different multilayer systems by using X-ray 

diffraction analysis and other methods such as solid-state nuclear magnetic resonance (NMR) 

for further details of molecular interactions and dynamics in the future. 
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FGF    - Fibroblast growth factor 

FN      - Fibronectin 

FNG   - Fibrinogen 
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LB      - Langmuir-Blodgett 

LBL   - Layer-by-layer 

MAP      - Mitogen activated proteins 

MAPK   - Mitogen-activated protein kinase  

MCC      - Microcrystalline cellulose 

MMPs     - Matrix metalloproteinases 

MSC       - Mesenchymal stem cells 

MUDA    - Mercaptoundecanoic acid  

NMR    - Nuclear magnetic resonance 

PAA    - Poly (acrylic acid) 

PAH    - Poly (allylamine hydrochloride) 

PBS     - Phosphate buffered saline  

PEG    - Poly (ethylene glycol) 

PEL    - Polyelectrolytes 

PEM   - Polyelectrolyte multilayers 

PEI     - Poly (ethylene imine) 

pFN    - Plasma fibronectin  

PGA   - Poly (L-glutamic acid) 

pI       - Isoelectric point 
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PLL    - Poyl-l-lysine 

PSF    - Penicillin-streptomycin-fungizone 

PSS    - Poly (styrene sulfonate) 
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QCM-D   - Quartz crystal microbalance with dissipation 

RGD   - Arginine-glycine-aspartate 
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RI        - Refractive index  

RT       - Room temperature 
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